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ABSTRACT

An ICP-AES Spectral Library for 71 elements has been built with spectra
acquired using high purity standards with a UV-Visible Fourier transform spectrometer.
This Spectral Library is one of the only spectroscopic data sets that provide complete
coverage (i.e. full spectra) for the elements with spectral lines exclusively from ICP-
AES. It also provides spectral line intensities for the ICP discharge, which is important
for interference considerations. This Spectral Library has superior wavelength accuracy
that is inherent to FTS. The overall average wavelength error of the Spectral Library
was no greater than 1.05 pm when compared with literature data. As this Spectral
Library is stored and distributed in an interactive format, it should bring revolutionary
change to the way spectral data can be used.

As such, it is expected that the Spectral Library will find wide range of
applications in both industrial and academic environments. Some applications,
including scanning spectrum simulation with spectra addition, spectral line
identification with spectra subtraction, and assessment of spectral interferences for
commercial ICP-AES spectrometers, are introduced as examples. In addition to the
MAC based SpectroPlot Program, instructions are provided for two Microsoft Windows
based commercial software packages which allow access to the Spectral Library with
IBM-PC compatible computers.

Some other related work, including analysis of solution mixtures on the ICP-FTS:
direct analysis of solid form Standard Reference Materials with a powder pump coupled
to the ICP-FTS; and the calibration with solid standards using the powder pump for the

ICP-FTS are also presented in this thesis.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACKNOWLEDGEMENTS

[ would like to express my sincere appreciation to my supervisor, Dr. Gary
Horlick, for all he has taught me and shared with me. His guidance, understanding,
patience, and friendship have been invaluable. This work could not have been done
without his great enthusiasm and generous support.

Special thanks to Drs. Mark McDermott, John-Bruce Green, Mariusz
Klobukowski, Mark Freeman, and Ramon Bames for their precious advice and
valuable time.

[ would like to thank everyone in the department who have helped and
encouraged me. Special thanks to Youbin Shao, for his friendship and help in
everything, including many useful discussions on instrumentation and spectroscopy:
to Albert Chilton and the electronic shop, for their help in electronics of the FTS
instrument; and to Lin Ferguson, for printing and preparing the thesis for editing.

My thanks also extend to the Department of Chemistry, University of
Alberta; and to Dr. Samantha Tan and ChemTrace Corp.

Finally [ wish to thank my lovely wife, Yali Shu, and son, Shuyang Liu,
whose patience and encouragement have always been with me along this long

Journey pursuing my degree. It is their love and support that made the difference.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

CHAPTER 1. INTRODUCTION 1
1.1, THESIS OBJECTIVE. ....ccceeuereereruemrneesessceceeessencssesssentsssssessssssssesseraneessssaneens 1
1.2.  ICP-AES ANDITS APPLICATION.....ccoeeemiimiiiniieneince e seeecseaesaesennesennnes 3

1.2.1.  Role of ICP-AES in Elemental Analysis.........cccccoccovvenenernoccccnne 3
1.2.2. A Brief Review of Analysis with ICP-AES. ... 4
1.2.3.  ICP-AES Remains COmMPEHLIVE. ....c..covieeminnrnreieeeeaeeeeeeeeeeeeaees 5
1.3.  ICP-AES INSTRUMENTATION. .......cccitirtmrnmneniiettcseet et enees 7
L3 1. OVEIVIEW.....ereeeece ettt eee s et e et se s sa e sa s s e et e sanne 7
1.3.2.  Simultaneous SPectrOMELET. ..........c.coouririiriiiiicnrecerteesceececneenee e 8
1.3.3.  Scanning SPECIIOMELET. ..........cccceeeereutrrerermnueieraneanaenransessesneesaseeen 11
1.3.4.  Founer Transform Spectrometer. ...........ccccovmieiieeecieniincenieeeeennen 13
1.4.  THE NEED FOR ICP-AES SPECTRAL REFERENCE DATA ........ccooiiiiiiiins 15
1.5.  ICP-FTS: SOLUTIONS FOR THE SPECTRAL LIBRARY.......ccecovvemirurrenmreenccnne 21
1.5.1.  Digital Fourier Transform...........ccccoeevervinimeienninieecrereeccreere e 21
1.5.2.  Building the Spectral Library with ICP-FTS...........c.cocooceiienrnenne. 30
REFERENCE .....coutiiitntirteiiieesee et et stan et et e seeste e s st etebsse s sanssssassssassnssnennensnse 32

CHAPTER 2. ICP-FTS AND OPERATIONS 43

2.1.  THEUYV - VISIBLE FTS INSTRUMENT. ....cocoutiruirirntrmencnienetennneseneeneeeseseeene 43
2.1.1. Optical SYSEM. ......coveiiieiirientcrteenteeeeet ettt e e 43
2.1.2.  Drive Motion Control System. .......cccccceemoirinnerreererieereeeeeeere e 45
2.1.3.  Data AcQUISItION SYSIEML. ........ceceeeuiereienerneriereeneeeeee e cveereeneseeareeas 46

2.2. OPERATION OF THE INSTRUMENTS ........cccceemmtrimrietntrinnesrnnseesesesssesessneeseeens 48
2.2.1.  Operation of the ICP. ..ot 48
2.2.2.  Operationof the FTS ....c.cccooiiiriirentececeneee et 50
2.2.3.  FTS operation parameters............ccccecuevueuererenenireersseseesesensnssessessesnnes 54

2.3, SOLUTIONS. ......oueuiurmenterinienstetianeeaeasstesesseseetaessessessssasassssesessasssesesenssasennan 55

REFERENCE.........cecoieteteeteesnecnienseeensesessestessesessesessssssassssessessonsesssnsassesssesssesssnsessnn 58

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 3. THE ICP-AES SPECTRAL LIBRARY 59

3.1.  INTRODUCTION TO THE SPECTRAL LIBRARY .....ccccoeoeimiiiinrininniiiniicccennnne 59
3.2, WAVELENGTH CALIBRATION.....c.cccociutiritiinieeccneienessns e eeses s saeaeas 62
3.2.1.  Calibration of the SPectra.........cceeocemuereriiniicncrre e 65
3.2.2.  Major Spectral Lines of the Elements ...............ccccoooiiiiiiiiniinnnnn. 65
3.3.  SPECTRAL LINE WAVELENGTH ACCURACY .....ccceouimmmrirrnennenininnrencenneas 68
3.3 1. OVEIVIEW . ittt e e et e e sae e s e s s e et sa e e e 68
3.3.2. A Close Look at Wavelength Accuracy. ...........cccccceereiiiinicccncncnnnens 73
3.3.3.  Line Hyperfine Structure and Wavelength Accuracy.......cccccceceeee.e. 79
3.3.4. Wavelength Bias in FTS Measurement..........c.ccccocvneenecrnncenennnnnnnn. 86
3.3.5.  Calibration with Average Laser Wavelength .............................. 101
3.4.  SPECTRAL LINE SHAPE AND RESOLUTION .......ccccoooiiiniminrncicccccenne 110
3.5. CONTROL OF SPECTRAL QUALITY. cc.coviiiiiiiiniiiiiceceecee et 115
3.5 1. AHAS LINES. .ottt et 115
3520 AT IDES ettt st et 118
3.5.3.  Lines from Other SOUrCES........c.ccoccrrtmvmmuerererienererenreeeeeeesneeenennes 123
REFERENCE ........uiiiiiieieieieteteeteete e et et ae e s st s st eseese e e e st e e e sae e e s annesnnns 126

CHAPTER 4. SOME APPLICATIONS FOR THE

SPECTRAL LIBRARY 127
4.1. INTERACTIVE ICP-AES SPECTRAL DATA....c.coceiiiiiiiinineeieeeeeeee, 128
4.2.  REMOVAL OF ARGON LINES WITH SPECTRA SUBTRACTION.......c..c.c......... 135
4.3.  SCANNING SPECTRUM SIMULATION AND SPECTRAL LINE
IDENTIFICATION ...couiiiiiiiiteieeteeteeeee st esee et et ne s s s e 144
4.3.1.  The Objective of the Simulation............cccoceeevcrneeirrneceernnee. 144
4.3.2.  Spectrum Simulation and Resolution Control ................cccoveuen....... 145
4.3.3.  Identification of Spectral Lines ........ccccccvveievincneneenicereceeean, 150
4.4.  ASSESSMENT OF SPECTRAL INTERFERENCE. .....c..ccoooemuerinrinneeeeeeneeeenen. 157
44.1.  Simulation of Optima Spectral Windows...........cccccoceeeririevurrennnne.. 157
4.42. Interference on Rare Earth Elements...........cccocooiiiiiinnen, 164
REFERENCE ...ttt e ee s s st set et s e saeese et eaeata s ne s e sasenesesnnas 169

Reproduced with permission of t

he copyright owner. Further reproduction prohibited without permission.



CHAPTER S. THE SPECTRAL LIBRARY FOR MICROSOFT

WINDOWS PLATFORM
5.1.  DEVELOPING SPECTRAL LIBRARY FOR WINDOWS PLATFORM. ..............
5.1 The NEd. . ettt
5.1.2. Design Guidelines for the User Interface ...........ccocovevecenninnceee
5.1.3. Some Comments on the Interface Development..........................
5.2.  SPECTRAL LIBRARY BASED ON ORIGIN. ......cocommirininrcciriirecrenineeene
5.2.1.  The Spectral Library Interface..........cccccocoeeivcnieuiniinncnincncenens
5.2.2.  Viewing the SPectra.........ccceovmvmminiimiceeniiciienceeteeee e
5.2.3.  Viewing Spectra in Detail..........ccccooemrirevienenieeecieeeeeeeeeccrceee
5.24. Fast Fourier Transform in Onigin. ...........ccccocceevieeinnnnnnnnnenenne.
5.2.5. Wavelength Calibration in Origin. .........c..cccoiieiiivcecicnnnnnnnnaenenes
5.3.  SPECTRAL LIBRARY BASED ON WAVEMETRICS' IGORPRO...................
5.3.1.  Strength and Weakness of Ig0r Pro.........c.ccccoeeceiininnnnnnnnncns
5.3.2. Viewing Spectra or Interferograms with Igor Pro .......................
5.3.3.  Founer Transform and Wavelength Calibration...........................
5.3.4. Advanced FFT Operation ..........cccccccocoeveniriieonencnininecnceneceee

REFERENCE......cuitiiittiiiiteeecteeesretesseeaeeaeesssetentesssasesssessnsneessasossensssaesssenansenss

CHAPTER 6. MEASUREMENT OF MIXTURES WITH
ICP-AES-FTS

6.1.  QUALITATIVE MEASUREMENT OF AQUEOUS MIXTURES.....ccccevvrrenrennne
6.1.1. NIST Water Standard ............coccoveemnieieerereeereeeeeeeeee e
6.1.2. Qualitative Measurement of Multi-element Solutions .................

6.2. POWDER PUMP SAMPLING ICP-FTS MEASUREMENT ....ccovvveeeernrnnnnnn.

6.3. QUALITATIVE MEASUREMENT FOR SOLID STANDARD

REFERENCE MATERIALS. ...eeveeeeeeeeeeeeeteeeeeeeeeeaveeeeeeessnennneseesassesssssssseens
6.4. CALIBRATION OF ICP-FTS WITH SOLID SAMPLES. ..cceeeeveveeeeeeeeeennnnn
REFERENCE ......uuutitteiieiccieieeeaeesaseseeeseseeessssseesesmeesasoeeeeeesssssnssaeeeeassneessnnsssess

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

170

170
170
171
173
175
175
177
179
185
187
190
190
191
196
199
201

203
203
203
204
217

230

... 241



CHAPTER 7. SUMMARY AND FUTURE DIRECTIONS. 245

7.1.  SUMMARY OF CURRENT RESEARCH WORK. ......ccocoeevtmtmeuerercenccecncnnnne 245
7.2.  FUTURE DIRECTIONS FOR THE SPECTRAL LIBRARY. ......cccooeriemerrnuccencncne. 249
7.2.1.  Improvements to the SPECHTa. ..........ccocerrveeuirierieeenereeeeee e 249
7.2.2.  Improve the accessibility to the data. ..........cccocooeeinnneneecenceninnnnen. 251
7.2.3.  Nottheend........cooeeeerieeiceieeceereeseeeeree et enees 292
APPENDIX 253
A-1. TABLE OF CONTENTS FOR THE CD-ROM ........ccccviiiiirirceeeeeeceerennene 253
MaAC-OS SECHOM.........cooveeeeeieeeeeieieteieceereerete et eer e e aessaeenne e e saaeseseeeennans 253
WINAOWS SECHOM .........veeeieeieeieieeeeeeeteee ettt eb e sneersesnneneas 253
A-2. CIRCUITRY FOR SOME FTS CONTROL UNITS.......coceeveurerreienerrreceeneeeevenenenns 254

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF FIGURES

Figure 1-1. A typical ICP-AES instrument..............ccccooenieoininmmninnnicenteneencceenne 7
Figure 1-2. The processes sample experiences in an ICP-AES analysis. ................... 8
Figure 1-3. Optical and detection systems of the Perkin Elmer Optima. .................. 10
Figure 1-4. Czerny-Turner Mount. ............cocoomierereeennnrieicccrtncnesteccceennes 12
Figure 1-5. Basic Components of a Michelson interferometer................ccccocccceenee. 14
Figure 1-6. Mg HCL and ICP Spectra showing different spectral lines.................... 18
Figure 1-7. NIST ASD Home page and a list of Mg lines. .........ccooovviimnnnnnn, 20
Figure 1-8. Time and Frequency domain description of a sine wave...............c........ 22
Figure 1-9. Aliasing of a 175 Hz sine wave to a 25 Hz sine wave.............c.ccocc....... 26
Figure 1-10. Aliasing illustrated by Flame emission spectra. ........cccccceceeceneeenennen. 28
Figure 2-1. Optical system for the Fourier Transform Spectrometer........................ 44
Figure 2-2. The Plasma-Therm ICP-2500 system. .........c.ccceceurcnmceeecnerreenceencnnennes 48
Figure 2-3. Diagnosis for ICP robustness with Mg spectral line ratio. ..................... 49
Figure 2-4. Important diagnosis signals for the FTS routine operation..................... 51
Figure 3-1. Elements covered by the I[CP-AES Spectral Library........c...ccceeveeeneee. 60
Figure 3-2. Some UV interferograms from the Spectral Library. .........c..cccoooeeeeee. 63
Figure 3-3. UV spectra for the first row of the transition metals. ............ceceeerrecnne. 64
Figure 3-4. Reference laser apparent wavelength values vs. element. ...................... 70
Figure 3-5. Spectral line wavelength errors vs. element. ............c.ccoooeveeeerecrecnnnnen. 71

Figure 3-6. Spectral line wavelength errors vs. standard deviation of laser

apparent wavelength..............ccovriniircneercrree e 72
Figure 3-7. Wavelength errors AL vs. wavelength for Fe UV lines. ........ccccouu..e..... 76
Figure 3-8. Wavelength errors AA vs. wavelength for some “large error” lines. ...... 79
Figure 3-9. Some Ho visible lines with hyperfine structure.............cccceeooeverenrernene.. 81
Figure 3-10. Line shape of some Ho lines. ................ccooueveveeeeiveeeeeiececreneeceeens 82
Figure 3-11. Some observed hyperfine structure...........c.coooeveeecimererreeriereecce. 85
Figure 3-12. Wavelength errors and correction factors for Ar visible lines............... 88
Figure 3-13. Wavelength errors vs. wavelength for La, Cr, Sc, Ce, Y, and Nd. ....... 89
Figure 3-14. Wavelength errors verse wavelength for all visible lines. .................... 91

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3-15. Wavelength errors vs. wavelength for Nb, Sn, Gd, Hf, Sb and Cu. ..... 94
Figure 3-16. Wavelength errors vs. wavelength for Pb, Pt, and Yb.......................... 96
Figure 3-17. Wavelength errors vs. wavelength for all UV lines............ccccccooo. 98
Figure 3-18. Wavelength errors under different standards for Pb, Cu, Sn, and Sb.. 100
Figure 3-19. Wavelength errors of Ag lines calibrated with average

apparent reference laser wavelength (632.8438 nm)..........cccccecec.. 103
Figure 3-20. Wavelength errors of Cu lines calibrated with average

apparent reference laser wavelength (632.8438 nm).........ccccceceeueeeen. 104
Figure 3-21. Wavelength errors of Co lines calibrated with average

apparent reference laser wavelength (632.8438 nm).........cccccueeneenen. 105
Figure 3-22. The mean of wavelength errors of spectra calibrated with

average apparent reference laser wavelength (632.8438 nm). ........... 107

Figure 3-23. The standard deviation of wavelength errors for spectra

calibrated with average apparent reference laser wavelength . .......... 108
Figure 3-24. Spectral lines from Gaussian bell shape interferograms..................... 112
Figure 3-25. Spectral lines from triangular shape interferograms. ......................... 113
Figure 3-26. Spectra demonstrate the resolution of the spectral library.................. 114

Figure 3-27. Ca UV spectrum measured with 1000 and 10,000 ppm solutions...... 116
Figure 3-28. Cd UV spectrum measured with 1000 and 10,000 ppm solutions...... 119

Figure 3-29. Ag visible spectrum before and after the removal of argon lines. ...... 120
Figure 3-30. Co visible spectrum before and after the removal of argon lines. ...... 121
Figure 3-31. Zinc visible spectrum before and after the removal of argon lines..... 122
Figure 3-32. Lines introduced to Zn and Sb spectra by impurity elements.............. 124
Figure 3-33. Lines introduced to by impurity or COUnter-ions. ...........c..ceceeveeeevenee. 125
Figure 4-1. Boron UV interferogram at different scale. ................cococcooveveeerrenennnn. 129
Figure 4-2. Boron UV spectrum and the detailed structure of the two doublets. .... 130
Figure 4-3. Measuring spectral information with the SpectroPiot. ......................... 131
Figure 4-4. Beryllium UV interferogram at different scale..................c.cceuvveneneee..e. 133
Figure 4-5. Beryllium UV spectrum and detailed spectral features. ....................... 134
Figure 4-6. Removal of Ar lines in Pd visible spectrum. .............c....c.coovevernenenennene., 136
Figure 4-7. Background subtraction for Ba visible interferogram. ........................ 138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4-8. Ba visible spectra before and after background subtraction. ................ 139

Figure 4-9. Ar lines removed from Ba visible spectrum ............ccccoeeniinnncnenne. 140
Figure 4-10. Background subtraction for Ce visible interferogram. ...................... 141
Figure 4-11. Ce visible spectra before and after background subtraction. .............. 142
Figure 4-12. Ar lines removed from Ce Spectrum............coevrieomnmecennicninneceenee 143
Figure 4-13. ICP-AES scanning spectrum for a mixture of seven metal ions......... 144
Figure 4-14. Simulated spectrum of the mixture and the constituent

element spectra from the Spectral Library.........cccccoccvininnnnnnn. 146
Figure 4-15. Comparison of the scanning and the simulated spectra. ..................... 147
Figure 4-16. Simulated interferograms of different length for the mixture............. 148
Figure 4-17. Resolution decreased as a result of reduced interferogram length. .... 149
Figure 4-18. Overview of the constituent elemental spectra. ...........cccceevvvieninnnnn.. 151
Figure 4-19. Identification of dominant lines forCdand Zn . .................. 153
Figure 4-20. Identification of Cu and Ca after removal of dominant lines. ............ 154
Figure 4-21. Simulated Optima optical windows (sub-array) for P lines................ 158
Figure 4-22. Simulated Optima subarrays 054 and 120 for Pb ..............c..ccccocoeee. 160
Figure 4-23. Simulated Optima subarrays 042 and 081 for Pb ................c..cc.ccol 161
Figure 4-24. Effect of interfering line intensity change. .............cccoovnniiis 162
Figure 4-25. Fe interferes on U analysis............ccocoerveiiiinininncncrcieiceecerceene 165
Figure 4-26. Sinulation of spectral window for Ho 339.898 nm line...................... 167
Figure 4-27. Simulation of spectral windows for a scanning spectrometer. ........... 168
Figure 5-1. A prototype user interface for the Spectral Library. ........................... 172
Figure 5-2. The user interface of the Spectral Library built on Origin ................... 175
Figure 5-3. A line plot for B UV spectrum data in Origin. ..........cccccecvevvnencnnncnee. 178
Figure 5-4. Boron UV spectrum displayed in Origin. .........ccccccovevvinvrvnencnnennnne. 179
Figure 5-5. Data Reader ToOIST. .........................comeeereeeeeeeeeeeeeeeeeeeennraeeeeaas 181
Figure 5-6. Property window fOr X-aXIis. ......c.ccceeoeerienrnrnenerieceeseeneeeecneeneseeaens 182
Figure 5-7. Select a section of spectrum with Data Selector tooi.. .......................... 183

Figure 5-8. Plot a section of spectrum with Extract Worksheet Data window. ...... 184
Figure 5-9. The parameter control dialog of FFT function. ..........ccccccenveererenennnen. 185
Figure 5-10. The calculation result listing for the FFT. ...........ccccoveieeninincrrennen, 186

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5-11. The spectra plotted after FFT in Origin. .............ccoverennevnnnnnne. 186
Figure 5-12. Extracting amplitude data of a spectrum from a FFT worksheet........ 188

Figure 5-13. Set Column Value dialog.for wavelength calibration. ....................... 189
Figure 5-14. Spectral Library Interface for Igor Pro................ouoevviinnnnnnen. 191
Figure 5-15. Loading delimited text data into Igor Pro. ..................ccccviurnnnnnnen. 193
Figure 5-16. Boron UV interferogram displayed in Igor Pro. ....................c..c........ 194
Figure 5-17. Use cursor and “info box” for precise data readout. ........................... 195
Figure 5-18. FFT INIGOF Pro..........cccooouiiiiciiiiiicieccieecscte e 197
Figure 5-19. Delete Points dialog boxX. .........c.ccoonviiniiiiiiniiiiicccccenees 198
Figure 5-20. FFT option dialog. ..........cccoririoieiininirieecceecereeeie e 199
Figure 5-21.Boron 249 doublet transformed with enhanced resolution. ................. 201
Figure 6-1. UV spectrum and line assignment for NIST SRM 1634d. ................... 205
Figure 6-2. Visible spectrum and line assignment for NIST SRM 1634d............... 206
Figure 6-3. Identification of Ag in SM-20 with spectrum subtraction. ................... 208
Figure 6-4. Spectral line identification for Mn, Fe, and Cr in SM-20..................... 210
Figure 6-5. Spectral line identification for Cd, V, and Co in SM-20 ..................... 211
Figure 6-6. Spectral line identification for Zn, Ni, and Cu in SM-20. .................... 212

Figure 6-7.Positive “residual” caused by intensity difference during
spectrum subtraction for Mn 267.610 nm line..........ccccoovverrrrvenurennnnen. 213

Figure 6-8. Ag 243.779 nm line reduced to a “residual” by spectrum

subtraction of adjacent strong Ni and Mn lines. .......cccccoovevieeninnnnnn. 215

Figure 6-9. Ag 241.318 nm line was lost after spectrum over-subtraction. ............ 216
Figure 6-10. A single scan 16k interferogram and spectrum of Cu powder............ 225
Figure 6-11. Cu visible interferogram and spectrum by powder pump-

SamPpling ICP-FTS. ...ttt e 226
Figure 6-12. N1 visible interferogram and spectrum from powder pump-

Sampling ICP-FTS ...t 227
Figure 6-13. Visible interferogram and spectrum for Ni coated Cu

particles from powder pump-sampling ICP-FTS ................cccocc.o....... 229
Figure 6-14. Elements in the NIST SRM 2704 Buffalo River Sediment................. 233
Figure 6-15. Elements in the NIST SRM 1632 Coal..........ccccceovurvmnnrenirreeernnne. 235

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 6-16. Elements in the NIST SRM 1575 Pine Needle...........ccocccecvennneen.. 237
Figure 6-17. Elements in the Pepper Bush (Japan)............cccccocvvrninnencninnnne. 239
Figure 6-18. Calibration lines for ICP-FTS for solid mixture TS-6 (matrix

Si0,) sampled with powder pump. .........cccccoccevcrvenenrenrcennniecrennennnn.. 242
Figure 6-19. Calibration lines for ICP-FTS for solid mixture G-7 (matrix

Graphite) sampled with powder pump. .........cccoceviieeincnnccicne. 243

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF TABLES

Table 2-1. Operation Conditions for the ICP-2500 system.............ccccccevmeerinininnnnn. 49
Table 2-2. Operation parameters for FTS and data acquisition. ............cccoveerennene. 54
Table 2-3. Standard solutions and concentration used. ...........cccoveeeeeiicrrccnccnnnennc. 56
Table 3-1. Calibration of Mg UV SPeCtiUmL. ........coceveruirereirrieerieneeceeeeseseereneene 66
Table 3-2. Major spectral lines of Fe in the UV region...........cccooceeeenincnnniciicnnnnns 67
Table 3-3. Wavelength accuracy for Fe visible lines (A in nm) ..o 74
Table 3-4. Wavelength accuracy for Fe UV lines (A innm) ........coceeiivninnnnce. 75
Table 3-5. Comparison of wavelength errors with different wavelength standards.. 78
Table 3-6. Ho visible lines...........coccoomeenie et 83
Table 3-7. Ho visible line wavelength at lower resolution............c.ccoccoviniincecnnnee. 84
Table 3-8. Least square fitting results for trend lines (visible lines) ..........c.cc.ccc..... 90
Table 3-9. Sub-regions for statistical analysis. ...........coccceeuiieiinncniinineeeeeecene 92
Table 3-10. t value calculated for wavelength errors and correction factork. .......... 93
Table 3-11. Critical t values at confidence level of 95%..........ccoooeeenircivnnennnncnn 93
Table 3-12. Least square fitting results for trend lines (visible lines) ....................... 95
Table 3-13. UV Sub-regions for statistical analysis. .........cccocceocenrninnininncncne. 95
Table 3-14. t value calculated for wavelength errors and correction factor k. .......... 97
Table 3-15. Least square fitting results with different standards (UV lines)............. 99
Table 3-16. Calculated t for comparison of spectral line wavelength values *....... 108
Table 3-17. Alias lines found in the spectral library .........c.ccocceivriniiinnnnnnnnennn. 117
Table 4-1. Spectral line assignment of the scanning spectrum..........c..ccccevienenn. 156
Table 5-1. Important tools in the Origin toolbox. ..........cccoevereeeveceeceeeeeeceene. 180
Table 6-1. Elements in the NIST SRM 1643d .............cccoveeinincnicneeeeeeeane. 204
Table 6-2. Composition of the standard solution...........c..ccccoceeeeevenrrnienineeecennen, 207
Table 6-3. Spectral lines in the UV spectrum of SM-40 ............ccoeervevecennrnncnnnn.e. 218
Table 6-4. Spectral lines in the visible spectrum of SM-40 ..............cocooirennenenne. 219
Table 6-5. Spectral lines in the UV spectrum of SM-50 ...........cccoceevrirenrenrcnennn... 220
Table 6-6. Spectral lines in the visible spectrum of SM-50 .........cc..coooververeninnn.e. 221

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 6-7. Typical experiment conditions for the ICP-FTS measurement

with powder pump sampling. .............cccoceevevvenenvenernceeseerececsneeneeeenen. 224
Table 6-8. Spectral line wavelength values for Cu and Ni powder. ........................ 228
Table 6-9. Constituent elements of the solid SRMs. .........coooervreieiiccrenrecenieeneennen. 232
Table 6-10. Spectral lines found in NIST SRM 2704 Buffalo River Sediment ...... 234
Table 6-11. Spectral lines found in NIST SRM 1632 Coal...........cccccoeereevevvenennnen. 236
Table 6-12. Spectral lines found in NIST SRM 1575 Pine Needle.......................... 238
Table 6-13. Spectral lines found in Pepper Bush ............ccocooomiiiiniiiecniicciceeee, 240
Table 6-14. Sample uptake for the Powder Pump-ICP-FTS calibration. ................ 241

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1. Introduction

1.1. Thesis Objective.

Inductively Coupled Plasma — Atomic Emission Spectrometry (ICP-AES) is
a powerful analytical atomic spectroscopic method for elemental analysis. Because
of its high efficiency, high sensitivity, wide linear dynamic range, and near freedom
from chemical interferences, [CP-AES has replaced the traditional volumetric
methods and atomic absorption spectrometry and become the method of choice for
medium to low level elemental analysis (1-4).

Many advances have been made since the first commercial ICP-AES
instrument was introduced to the analytical community in 1974. Over thirty years of
research and development have led to a better understanding of the ICP source and
the dramatically improved measurement systems for the emission signal (5-22).

In contrast to these substantial advances, research on and development of a
comprehensive spectral line database has been slow (23). Except for a few published
works (24, 25), currently nearly all authoritative atomic spectral line references are
based on arc and spark emission spectra, and thus inadequate for predicting spectral
interference in ICP-AES (26-31). In addition, these traditional references are printed
wavelength tables omitted much of the information and visual effects that spectra
carry.

This research project is designed to provide the analytical community with an
interactive spectral library for ICP-AES. It will provide full coverage for all elements

in the Periodic Table with genuine ICP-AES data for correct spectral line position
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and relative intensity, along with accurate and precise wavelength values available
only with a Fourier Transform spectrometer. As this spectral library will be
distributed on CD-ROM in common electronic data format, it will also provide
unparalleled interactivity and visual effects for any user with a personal computer.
As well, this library will contain all the vital information that are lost during the
conversion of spectra to wavelength tables, and it will provide an invaluable data

source for future work on modeling and simulation for ICP-AES.
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1.2. ICP-AES and its Application.

1.2.1. Role of ICP-AES in Elemental Analysis.

In 1992 Velmer A. Fassel wrote that “The most significant event that
occurred during the past decades in the field of analytical atomic spectroscopy was
the emergence of various atmospheric-pressure, flame-like plasmas as vaporization,
atomization, excitation, and ionization sources for analytical atomic spectroscopy.
Judged on the basis of their acceptance by the analytical spectroscopy community,
by their growth in usage, and by the number of commercial instruments sold, ICPs
undoubtedly have had the greatest impact to date.” (32)

Indeed, since the introduction of the ICP to the atomic spectroscopy by
Stanley Greenfield and Velmer Fassel in 1964 (2, 33), analytical techniques based on
the ICP, notably ICP-AES and ICP-MS, have revolutionized trace metal analysis.

Traditionally elemental analysis had been the market of flame atomic
absorption, and occasionally spark and arc emission (34). When ultra low detection
limits were required, graphite fumace AA was used (6, 7, 34). Although flame AA
has the advantage of low cost and ease of operation (35), sample throughput is
limited by the inherent weakness of a single element method. Also, because of the
relatively low temperature of the excitation source (flame or furnace), chemical
interference has been another major problem for atomic absorption methods (9).

For ICP-AES or ICP-MS, the high temperature ICP source (6000 to 10000°C
compared to 2000 to 3000°C for AA) provides a much better excitation source (12).

At such a high temperature, almost all elements except those with very high
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excitation potentials can be vaporized and excited in similar conditions. Thus a
uniform experimental condition can often be used for simultaneous multi-element
detection with little compromise. This characteristic, together with the advance of
solid-state image detection technology that will be discussed in more detail later, has
made the ICP-AES the fastest elemental analysis method ever. Varian, one of the
leading manufacturers for atomic spectrometers, claims that their Vista CCD
simultaneous ICP-AES can analyze 73 elements in 35 seconds (36). Although it is
questionable whether this speed can be achieved in practical analyses, it does give a
sense of the speed of these state-of-the-art instruments. Considering the number of
measurements that an industrial lab performs everyday, the increase in sample
throughput and improvement in efficiency translate into> huge economic benefits.
The second advantage of the ICP being a high temperature source is that it
dramatically reduces chemical interferences. Although it is not true that the ICP has
no matrix effects as some early developers hoped, I[CP-AES is the technique that is
closest to the state of being free from chemical interferences (4, 5, 37). Thus, even
though ICP-AES instruments are three to five times more expensive than flame AA,
they still became the de-facto standards for elemental analysis and are commonplace

in analytical labs around the world.

1.2.2. A Brief Review of Analysis with ICP-AES.

With so many advantages, it is not surprising to find that ICP-AES has found
a very wide range of applications. Meyer and Keliher (38) indicated in a survey that,
for the first half of year 1990, environmental analysis took 30% of the total

publications of atomic spectrometry while biological applications were listed in the
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second place with 22%. The third place is food, with 15%, and then agriculture (9%),
geological (9%), industrial (9%), and metallurgical (6%). Today, ICP-AES is still the
leading method in analysis of agricultural materials (39-50), biological materials (51-
66), geological and environmental materials (67-78), metals (79-94), radioactive
materials (95-107), waters (108-112), metals speciation and pre-concentration (109,
113-121), applications in process control (79, 97, 122-134), and other newly
developed applications (88, 135-148). The scientific research and application
development of ICP-AES are constantly reviewed and updated by the Application
Update of Analytical Chemistry and the Atomic Spectrometry Update (ASU) of the

Journal of Analytical Atomic Spectrometry.

1.2.3. ICP-AES Remains Competitive.

Admittedly the rapid development of ICP-MS in the past ten years has drawn
much attention away from ICP-AES (149-152). ICP-MS shares techniques similar to
ICP-AES for excitation and ionization of the analytes but uses a mass spectrometer
as the detection system. ICP-MS offers significantly better detection limits, similar
efficiency and sample throughput, less complicated spectra, and isotope ratio and
isotopic dilution measurement (153-156).

In the recent past, ICP-MS was more difficult to operate and more expensive
than either ICP-AES or GFAA. Now with the development of fifth generation
instruments, the learning curve for [CP-MS operation has been significantly lowered
and the price of the instrument has dropped. Thus any analytical lab with reasonable

technical and financial assets should have little problem in affording an ICP-MS.
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Will ICP-AES be able to survive such a stiff competition and stay in the main stream
of elemental analysis?

The answer is YES.

According to a recent survey by Analytical Chemistry on “wet” chemical
analysis instrumentation, the market for flame AA has been rapidly declining for the
past few years. ICP-AES, although being affected by the rapid development of ICP-
MS, remains competitive (22). The competitive edge of ICP-AES over ICP-MS,
according to the author, is three fold. Firstly, the price of ICP-AES is considerably
lower than that of ICP-MS. Secondly, more industrial standards, e.g. standards from
EPA, are based on ICP-AES, and finally, ICP-AES has been accepted by many
industries as a proven technology, thus usually it is the old instruments being
replaced by new ones rather than the ICP-AES itself being replaced by new
technologies.

Certainly none of these reasons would prevent ICP-MS from gaining more
ground in elemental analysis ir: the long run. However, the current market shows that
ICP-AES is still the instrument of choice for mid- to low level elemental analysis,
with [CP-MS as the instrument of choice for ultra-low level measurements. As the
workhorse for analytical laboratories around the world, ICP-AES is, and for the

foreseen future, will remain the main force for elemental analysis.
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1.3. ICP-AES Instrumentation.

1.3.1. Overview.

In ICP-AES analysis, the sample is usually transported into the instrument as
a liquid stream that is converted into an aerosol through nebulization. The sample
aerosol is then transported to the high temperature plasma where it is desolvated,
vaporized, atomized and/or ionized, and excited (5, 6, 34). The excited atoms and
ions emit their characteristic radiation that is collected by a spectrometer that sorts
the radiation by wavelength. The radiation is detected and converted into electronic
signals that are directly related to concentration information for the analytes. A
schematic representation of a typical ICP-AES instrument is shown in Figure 1-1.

The processes samples experience in an ICP-AES analysis are shown in Figure 1-2.
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Figure 1-1. A typical ICP-AES instrument. Reprinted with permission from ref(157)
© 1997 Perkin-Elmer Corp.
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Figure 1-2. The processes a sample experiences in an ICP-AES analysis.

In this section, two types of popular commercial [CP-AES instruments. the
simultaneous spectrometer based on an echelle spectrometer and solid-state detection
and the more traditional sequential spectrometer based on a monochromator and
PMT detection will be discussed in further detail along with Fourier transform

spectrometers.

1.3.2. Simultaneous Spectrometer.

The greatest advantage of ICP-AES over atomic absorption is the ability of
simultaneous measurement for all elements. This was, however, not fully realized
until the introduction of the Optima 3000 by Perkin Elmer in 1993. Even though it
was not the first ICP-AES instrument based on a solid-state detection system, it was
the Optima that revolutionized the ICP-AES market and, in certain ways, atomic

spectroscopy. With the combined power from a high resolution echelle grating (158)
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and a Segmented-array Charge-coupled Device (SCD) detector (159) (Figure 1-3),
the Optima 3000 provides real simultaneous measurement and can, as it is claimed.
measure over 73 elements in less than a minute (160). The Optima offers over 6,000
spectral lines at different wavelengths, with a minimum of 2 to 4 selected ICP
emission wavelengths for each element, allowing the flexibility to select lines least
affected by line and matrix interference. The Optima also allows multiple
wavelength detection for the elements to enhance quality control and increase
confidence.

From Figure 1-3 it can be seen that the echelle grating of the Optima
produces a 2D echellegram on the detector plane. The subarrays on different
positions of the SCD see different portions of the spectrum simultaneously to
achieve simultaneous coverage for over 6,000 emission and background
wavelengths. As the Optima measures the spectral line emission and adjacent
background simultaneously, one can perform real-time background subtraction to
improve analytical accuracy and precision.

However, due to the nature of an echelle system, the spectral lines on the
Optima detector plane are basically of high diffraction order, and many from
different orders of diffraction. Although this would not affect routine analysis in any
way, it precludes the possibility for assembly of a spectrum from Optima line
intensity data for a given element. In addition, the incomplete wavelength coverage

of the SCD detector also excludes this possibility.
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with permission from ref(157) © 1997 Perkin-Elmer Corp..

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



An interesting design from Spectro is their CIROS CCD ICP-AES product
line (161). CIROS stands for CIRcular Optical System, which, instead of an echelle,
merges two high-resolution Paschen-Runge polychromators (34) into a single mount.
With the so-called UV-Plus technology, CIROS is able to provide continuous first
order wavelength coverage from 125 nm to 770 nm with a pixel resolution of 9
picometer. A complete wavelength “scan” from 125 to 770 nm for more than 10.000
emission lines takes less than a second. Currently there is no independent review
available for the performance of this instrument. However, light throughput is
expected to be improved with the use of first order light, and the stray light may be
reduced in a single plane optical geometry, instead of a cross-dispersion system. as is

used in echelle systems (162).

1.3.3. Scanning Spectrometer.

Most of the first generation ICP-AES instruments were scanning sequential
spectrometers with a monochromator as the wavelength dispersion device. The
Czerny-Turner mount (34) (Figure 1-4) was often the optical system of choice.

An example of a newly refined sequential ICP-AES instrument is the Ultima
from Jobin Yvon. Introduced at Pittcon 98, the Jobin Yvon Ultima was equipped
with a 2400 grooves/mm, 110 x 110 mm in size, ion-etched holographic grating
mounted on a one-meter focal length Czerny-Turner mount (22, 163). This system
provides high resolution with excellent efficiency over a wide working spectral
range. The so-called High Dynamic Detectors (HDD) detection system, which

consists of modified PMTs, provides a dynamic range from a single reading of

11
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5x10'°, approximately six orders of magnitude more than that of a CCD based
detection system.

An interesting aspect of the Ultima is that this instrument is designed to
recover the full spectral information lost after the transition of atomic spectroscopy
from photographic plates to PMTs. Combined with fast Direct Drive wavelength
scanning system and the fast reading HDD detection system, Ultima can virtually
create an digital “photographic plate”, with enhanced dynamic range, covering a full
wavelength range for about 250,000 spectral lines with at least 12 points per peak. If
wavelength calibration for the Ultima can be done accurately without too much

effort, it could be a very useful tool for ICP-AES fundamental studies.

Front-surface
mirrors

grating
Mirror Mirror

Figure 1-4. Czerny-Turner Mount. Reprinted with permission from ref (34) © 1988
Prentice-Hall, Inc.
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1.3.4. Fourier Transform Spectrometer.

In addition to using an image detector or scanning through the wavelength
range, an interferometric system (164) is another way to obtain large and continuous
wavelength coverage. The Michelson interferometer, using a periodic mirror scan
mechanism, provides wavelength and intensity information after Fourier
Transformation of the data. Compared to the conventional dispersive instruments, a
Fourier transform spectrometer (FTS) has the ability to measure absolute wavelength
values with high precision and possibly with high accuracy; it has higher energy
throughput and can achieve higher optical resolution; it also has the ability to
monitor all spectral information nearly simultaneously for an extended period thus
signal averaging can be performed to improve the signal to noise ratio in a
measurement (165, 166). The major problems for ICP-FTS not being successful in
the market place are the multiplex disadvantage, noise resulting from strong
emission lines of the plasma, and the limited dynamic range (167, 168).

The basic components of a Michelson interferometer are shown in Figure
1-5. Radiation from the source falls on a beam-splitter and is split (amplitude-wise)
into two beams of equal intensity, one is transmitted towards a fixed mirror and
another reflected to a mirror moving at constant velocity. The reflected beams from
these two mirrors are recombined at the beam-splitter and emerge as a single beam.
At the detector the re-combined beam will form either a constructive or destructive
interference pattern, or anything in between, depending on whether the optical path

difference of the two constituent light beams is exactly equal to nA, or nA/2, or in

between, respectively, where n is a integer and A is the source wavelength. With a
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monochromatic source, the interferogram observed at the detector is a cosine wave.
The frequency of this cosine waveform, or the modulation frequency, depends on the
source wavelength and the moving mirror velocity. The amplitude of this waveform
is proportional to the intensity of the incident monochromatic radiation. If the
incident radiation is polychromatic, each wavelength component will be transformed
so that the detector output is the sum of all cosine waveforms from each wavelength
component (that is, an interferogram).

Fourier transformation of this composite signal can be used to obtain
wavelength/wavenumber domain information, or spectra, from interferograms. The
concept of Fourier transformation, and its application in spectroscopy will be

discussed in further detail later in this chapter.

From
source
Beam splitter
Y
Compensstor
Movable
mirror
| ———
- ~»= To detector
Fixed mirror

Figure 1-5. Basic Components of a Michelson interferometer. Reprinted with
permission from ref (34) © 1988 Prentice-Hall, Inc.
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1.4. The Need for ICP-AES Spectral Reference Data

Compared to the traditional atomic spectroscopic techniques like arc and
spark emission spectroscopy, ICP-AES has probably received the most attention in
terms of fundamental research and application development, which it rightly
deserves considering the vast applications I[CP-AES still has today and the
revolutionary change it brought into elemental analysis (5, 32). It is surprising that,
two and a half decades after the introduction of the first commercial [CP-AES
instrument and with thousands of published research papers and several books for
this technique, the very basic data, the wavelength and intensity values from “real”
ICP emission lines, are not readily available, or at least not as readily available as for
arc or spark spectral lines.

Everyone understands and agrees that quality reference data are important,
from daily life to every field of science and technology. Just as a good dictionary is
important for language study, quality reference data for a specific technique are
always a key component for all activities related to that technique, and is often
important for techniques related to it. For ICP-AES, the reference data, noticeably
the wavelength values, intensities, and energy levels are essential to the fundamental
understanding and research, essential for the design and manufacture of the
commercial instrument, essential for the applications development, and essential for
education.

With today’s technology, quality reference data are even more important than
before (169) as reliable data are the common essential element for modeling and

simulation dominated research, for computer aided design and virtual testing, and for
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today’s industry that is driven by quality and model-based processing and
manufacturing. As for analytical atomic spectroscopy, a science where spectral data
is common language, it is surprising that reference data for ICP-AES is so sparse
compared to other techniques in this field. One would wonder what would be the
reasons behind this situation?

One of the facts that might contribute to this situation is that, compared to
other techniques, ICP-AES is built upon the vast research and development of other
atomic spectroscopic methods such as arc, spark, and glow discharge emission. As
the atomic structure, energy levels, and transition probabilities for all elements are
well defined by modem physics, one would expect much similarity for the [CP
emission compared to the well-known arc or spark spectrum. In other words, as all
atomic structures and energy levels are well characterized, ICP emission lines would
be predictable. How close is this speculation to the reality?

Let’s take Mg as an example. The emission spectra for a magnesium hollow
cathode lamp (Mg HCL) and Mg ICP are shown in Figure 1-6. It can be seen that,
determined by the atomic energy levels of magnesium, these two spectra share many
spectral lines with the same wavelength values. It is also noticed, however, that there
are some lines in the Mg HCL spectrum that cannot be found in the Mg ICP
spectrum and other lines appear with significantly different relative intensities. In
fact, even though the atomic spectral lines are determined by the atomic structure of
the element, it is common to see that spectra from different emission sources differ

significantly from each other. Thus, even for the same element, an emission
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spectrum from one source cannot be assumed to be the same as a spectrum from
another source.

The second reason behind this situation might be that the ICP is “too good”.
For spectroscopists who were accustomed to the tough sources like arc or spark, the
ICP discharge is so robust, so easy to use, so interference “free” that there is little
room left for concerns. This romantic picture, unfortunately, is not true.

Generally, two major interferences exist in analytical atomic spectroscopy:
the chemical interference and the spectral interference. Traditional sources like arc
and spark suffer from both interferences and special attention has to be paid in order
to obtain accurate results. For ICP, chemical or matrix interference is minimal, and at
the early stage of ICP-AES, the spectral lines used were limited and thus spectral line
selection was limited to some best characterized lines. With a scanning spectrometer.
line selection is generally not a problem as a portion of the spectrum can readily be
scanned to assist identifying any potential spectral interference at a particular
wavelength. For polychromator direct readers, the line decision process is simple as
lines are selected by the manufacturers and cannot be easily changed. However, if
spectral interference is suspected at a preset wavelength, that wavelength has to be
discarded and these situations can be difficult to recognize. With the advent of the
CCD detector based instruments, a broad knowledge of spectral lines becomes very
important, sometimes critical, to the successful analysis of real world samples,

particularly those with a complex matrix.
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The third explanation for this situation is a technical one. Providing a set of
complete reference data for atomic spectral lines is by no means an easy task. Itis a
heavy workload for any single research group or organization. Some attempts have
been made to obtain such data during the last two decades, but often these attempts
ended with either acquiring data for only some of the elements or collecting only
very few major spectral lines (24, 25, 170, 171). NIST started an ambitious program
in 1985 to establish an atomic spectral line database for ICP-AES from scratch (172).
The first phase of the program was to collect all spectra for all elements with a high-
resolution spectrometer at concentrations spanning six orders of magnitude. This
portion of the work was done in the early 90’s and provided realistic relative
intensity information for all spectral lines, which are valuable for line selection.
modeling, and simulation. The second projected step was to obtain wavelength
“marks” for these spectra with a high resolution ICP-FTS designed at Imperial
College (London, England). Combined with accurate wavelengths from ICP-FTS
measurements and reliable intensity information from the high-resolution
spectrometer, it was believed a high quality, fully ICP-AES based atomic spectral
database would be readily available. Spectral data for a few elements resulting from
this project appeared on the NIST website in 1995. This first version of the database
contained wavelengths and energy levels for approximately 20 elements. Then, from
1997, the process of publishing new data seemed to stop. Instead, compiled data
from the original NIST wavelength table (173) and some newly published work were
adapted into this database. Now the second version of the database, based on the

work from NIST Atomic Spectral Database (ASD) program, covers observed

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



transitions of 99 elements and energy levels of 52 elements. ASD contains data on
about 950 spectra from about 0.1 to 2000 nm, with about 70,000 energy levels and
90,000 lines, 40,000 of which have transition probabilities. The most current NIST-
evaluated data associated with each transition are integrated under a single listing,
the NIST ASD (Figure 1-7).

It can be seen that now the NIST ASD is basically an electronic version of
the modified and updated NIST wavelength table books. Because this original data
was used to make up for the slow adoption of the ICP-AES data, ASD is no longer
an exclusive ICP-AES database as originally planned. Rather, it is a general
reference data for the transition probabilities and energy levels, and, like its
predecessor, the valuable graphical representation — the spectra for the elements,

have been left out.
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1.5. ICP-FTS: Solutions for the Spectral Library.

1.5.1. Digital Fourier Transform.

In this section, the concepts and advantages of Inductively Coupled Plasma —
Fourier Transform Spectrometry (ICP-FTS) will be presented along with some

important aspects of the digital Fourier Transform.

1.5.1.1. Time and Frequency Domains.

Time and frequency domains are two basics of scientific measurements, and
the Fourier Transform is the bridge between them (164, 165, 168, 174).

In the time domain, time is used to record the order things happened. As the
moving mirror in a Michelson interferometer usually moves at constant velocity and
the moving distance is directly proportional to time, distance is sometimes used to
substitute for time as the variable for time domain functions.

In the frequency domain, frequency is used to describe the change of other
physical properties. For example, a spectrum describes what is the value of
amplitude at each frequency point. For spectroscopists, that is the basic meaning of a
frequency domain function.

Nearly all real waveforms can be described as being in either the time or
frequency domain. Figure 1-8 shows the two representation of a sine wave. On the
top is the familiar time domain sine wave, and at the bottom is its frequency domain
representation consisting of an amplitude and a phase spectrum. Although the two
representations differ visually, they represent a single wave function and, if one of

the two is known, the other can be calculated (174).
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Figure 1-8. Time and Frequency domain description of a sine wave.
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This unique relationship between the time domain waveform and the
frequency domain spectrum is the foundation of the interferometric measurements,
and the mathematical technique to get frequency domain information (including

amplitude and phase spectra) and vice versa, is Fourier Transformation (165, 168).

1.5.1.2. Fourier Transformation

In 1822, Jean Baptiste Joseph Fourier proposed that a mathematical series of
sine and cosine terms could be used to describe periodic waveforms and allow
transformation of physically realizable time domain waveforms to the frequency

domain and vice versa (175). The general form of the Fourier series is
x(t)=a, + ) _(a, cos 27t + b sin 21f,1)
n=|

Where x(t) on the left of the equation is the time domain function and the
function on the right is its frequency domain representation.

However, from a practical point of view, there is no real waveform in
spectroscopic measurements that meets the strict mathematical “*periodic”
requirement that extends from negative infinity to positive infinity. Rather, these
“periodic waveforms” only exist in a finite time window. For these types of
waveforms, as for all other non-periodic time-domain functions, Fourier analysis can

only be performed with the Fourier Integral (165):

X(f) = L x(H)e ™ dt

x0)= [ X(Ne™df
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The Fourier Transform pair above shows clearly that through Fourier analysis
the close relationship between the two representations of a waveform in the time and
frequency domain can be established. As will be seen later, this makes it possible to
get a spectrum from the time domain waveform, or interferogram, produced by a

Michelson Interferometer (165).

1.5.1.3. Digitization Noise and Signal Averaging

In FT spectroscopy, light is modulated to a relatively low frequency analog
waveform (e.g. a cosine wave in the time domain) and must be converted to its
digital representation before it can be transformed into the frequency domain with
Fourier Transformation. Digitization errors refer to the errors introduced by such
conversions. They are common to any case involving similar conversion and are not
unique to Fourier Transformation (174, 176-178).

The first type of error, Time Jitter, is introduced during data acquisition by
small errors in the sampling time (or distance). For example, if the sampling time is
controlled by a triggering level on a real-world sine wave in which frequency
variation and noise components are inevitable, then the sine wave will reach the
triggering level slightly sooner, later, or at the same time as for an ideal waveform.
This introduces small but not insignificant error on the sampling timing.

For single-shot sampling or digitization, Time Jitter is usually not a major
problem. If, however, several sweeps of the waveform are required to build up a full
complement of samples, the effect of Time Jitter is a shifting of some samples on the

waveform with respect to other samples. Fortunately, sampling errors from Time
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Jitter are often random in occurrence and like random noise can be reduced by signal
averaging.

The second type of digitization error is Quantizing Error, which originates
from the finite resolution of the digitizer. That is, when the analog waveform is
sampled, the real value often falls in between two adjacent digital levels and has to
round off to the closest digital value. Thus instead of getting a smooth line as that of
the analog waveform, the digital waveform will look like tiny “stairs” from one
digital level to another. The difference between the stepwise digital waveform and
the smooth line of the analog waveform is the Quantizing Error. As this is
determined by the nature of the analog waveform being sampled and the resolution
of the digitizer, Quantizing Error is not random in nature and thus, by itself, could
not be reduced by signal averaging.

Since Quantizing Error cannot exceed half a digital level, it is generally
small compared to other types of noise. Although using a digitizer with higher digital
resolution can reduce Quantizing Error, there is always a limit. [n practice,
Quantizing Error can actually be reduced by signal averaging. This nice surprise
comes from the fact that additional noise in the process, e.g. additive noise or jitter,
can inject a certain level of randomness into the Quantizing Error and thus made it

possible to reduce it by signal averaging (174).
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1.5.1.4. Aliasing

Aliasing is a common phenomenon when under-sampling occurs. Real life
examples are from the steady wheels of a horse wagon in a western movie to the
backwards-turning electric fan under fluorescent lights. In Fourier Transform
spectroscopy, aliasing usually occurs when the wavelength of the light signal falls
into the UV-visible range and it introduces some unique and predictable but spurious
lines into spectra (168, 179, 180).

Obviously, an exact description of a signal with unrestricted variations can be
obtained only if the intervals between sampling points approach zero. For band
limited signals, however, there is a finite sampling rate that is sufficient to include all
the information in the signal. This sampling rate, as defined by the Nyquist Theorem
(174), is twice the frequency of the highest frequency component in the signal to be
sampled. If the Nyquist frequency is not satisfied, aliasing will occur. Figure 1-9
shows how a 25 Hz alias is formed when a 175 Hz sine wave is sampled at a 200 Hz
sampling rate.(176)

EVANANNAYWANANA
V VLV YV VYV

1

{

]
!
¢

.-
-
-
-
. —
-—

Smsec.

Figure 1-9. Aliasing of a 175 Hz sine wave to a 25 Hz sine wave by undersampling.

Reprinted with permission from ref(176) © 1970 American Chemical
Society
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Most Fourier Transform spectrometers rely on the red HeNe laser that has a
wavelength of 632.8164 nm as their sampling reference (164). According to the
Nyquist rule, these spectrometers can only correctly sample any signal with a
wavelength longer than 1300 nm without aliasing. That is why most commercial FT-
IR spectrometers seldom have problems with aliasing. For a UV-Visible FTS
spectrometer, as the one used in this project, aliasing will occur for all spectra
covered if the base frequency of the red HeNe laser is use for sampling. Even though
the alias lines are completely predictable, to separate them from each other and put
them in the right position on a wavelength axis is by no means an easy task. Figure
1-10 shows an example of how a spectrum can be folded over due to aliasing (179).

A group of alkali metal spectral lines with wavelength ranging from 670 to
894 nm were sampled at an interval derived from the base wavelength of the 632.8
nm HeNe laser line. For Spectrum (a) the sampling interval was halved so that the
interferogram was sampled at intervals of 316.4 nm. All alkali metal lines were
properly sampled and no aliasing occurred as they all have wavelengths longer than
632.8 nm. Spectrum (b) was sampled with the base interval of 632.8 nm. In this case
the cut-off wavelength is 1266 nm, thus no alkali line was properly sampled
according to the Nyquist theorem and all spectral lines fold over along the
wavenumber axis. Because of aliasing, the axis is now labeled from right to left for

wavenumber in order to show correct wavelength.
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Figure 1-10. Aliasing illustrated by Flame emission spectra sampled at different
sampling rate. Reprinted with permission from ref(179) © 1977

America Chemical Society.
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The third spectrum, Spectrum (c), was sampled at twice the interval of the
HeNe laser or at a sampling interval of 1266 nm. Thus aliasing would occur again
for any line with an apparent (i.c. aliased) wavelength longer than 790 nm, that is.
the two Cesium lines. When the sampling interval was further reduced to a quarter of
the laser base frequency, all spectral lines except that of Li 670.7 nm folded over
again on the wavenumber axis as their aliased frequencies were higher than twice of
the sampling rate.

It can be seen from Figure 1-10 that, although aliasing lines are predictable
and it is not too difficult to assign a correct aliasing region and wavelength, spectra
with lines from several different aliasing regions could be misleading and very
confusing for inexperienced readers. Thus aliasing should be avoided whenever
possible for the spectral library to accommodate users of different levels.

It can also be noticed that, from spectrum (a) to (d), as the sampling
frequency decreases, the resolution of the spectrum increased significantly. It is well
known that the resolution of the frequency domain spectrum depends on the total
length of the waveform in the time domain, that is, the length of the interferograms
(179). The total number of points for the data in Figure 1-10 is fixed and at a lower
sampling frequency a longer length of interferogram is sampled and thus the higher
the resolution. In some cases, if the aliasing lines will not overlap with lines from
other regions and thus not cause confusion, this unique property of FTS can actually
be used to improve the resolution of a transformed spectrum.

Finally notice the labeling of the frequency (or wavelength) axis. The FTS

transformed spectrum has a uniform frequency axis in terms of cm™. Thus when the
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spectrum is displayed in wavelength (nm), the axis is plotted backwards from right to
left (a). If aliasing occurs and assuming only one fold over, then the spectrum will be
displayed in a “normal” axis direction (left to right) for wavelength (b). As shall be
seen later, in this speciral library, all visible spectra are displayed from long
wavelength to short wavelength (from left to right), and UV spectra are plotted with

short wavelength to long wavelength (from left to right) due to aliasing.

1.5.2. Building the Spectral Library with ICP-FTS.

As a general reference for spectroscopists, the goal for the Spectral Library is
to provide full wavelength coverage for ICP-AES with accurate wavelength values
and correct intensity information for all spectral lines. The spectra should have
reasonably high resolution, high interactivity and accessibility with personal
computers. It should also provide all the information carried by spectra that is lost in
the wavelength tables.

As discussed before, although state-of-the-art ICP-AES spectrometers have
high sensitivity, precision, and stability, they are still not suitable for this task. For
sequential scanning spectrometers the major problems are lack of the necessary
spectral resolution and difficulty in exact wavelength calibration. For solid state
based spectrometers, continuous first order wavelength coverage for the desired
wavelength range is not usually available and thus neither of the two popular
commercial spectrometers is capable of building the spectral library.

Fourier Transform Spectrometers, on the other hand, are superior in many

aspects as instruments of choice for building a spectral library.
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It is well known that FTS provides high precision and accuracy for
wavelength values for transformed spectra. The wavelength values from a Michelson
interferometer depend only on the accuracy of the wavelength of the HeNe reference
laser(180), which has been well characterized and its value is highly accurate,
reliable, and stable.

The i’th wavenumber value (a;) in a spectrum is given by (180):

o = i
' N 'l HeNe

Whereas: o; is the wave number of the ith datapoint.
N is the total data points in that interferogram.
Anene is the sampling interval measured as reference laser wavelength.

As can be seen from above equation, the wavelength value of each data point
in the spectrum is determined only by the relative position of that point in the spectra
and the reference laser wavelength value. Thus, at least in theory, the wavelength
value for every spectral line is accurate and does not vary line by line.

In practice, however, as the reference laser has to be adjusted so that it is not
perfectly perpendicular to the mirrors to avoid feedback of the laser beam into laser
cavity, the reference laser wavelength appears slightly different from its actual value.
Thus the great wavelength accuracy of FTS might not be achieved directly but the
precision remains (168). King and Horlick (181) suggested that the FTS be calibrated
for wavelength values for high accuracy work. In this method, several Fe spectral
lines with well-known wavelength values were selected. Their observed wavelength
values with the FTS were compared with the literature values and the apparent
wavelength values of the reference laser can thus be calculated. The average value of

the apparent laser wavelength was then used to re-calibrate the Fe spectrum for the
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wavelength values of all spectral lines. As the deviation of the laser wavelength is
caused by the angle of the laser mounting, under certain experimental condition this
deviation should be a constant and thus, once corrected, will re-establish the high
wavelength accuracy of the FTS.

In the present work, high-resolution interferograms for 71 elements in the UV
and visible regions are collected under optimal experimental conditions. These
interferograms are then transformed into corresponding UV and visible spectra for
each element. Then the spectra are calibrated according to the method described
above and wavelength values of up to the 30 most intense lines in each spectrum are
reported and compared to literature values. The full spectral library, including all
interferograms and UV and visible spectra are stored on a Mac HFS format CD, and
can be accessed with the SpectroPlot program developed by Greg King (181). Users
with Microsoft Windows based computers can access this library distributed in

ASCII text format with any technical graphing software.
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Chapter 2. ICP-FTS and Operations

2.1. The UV - Visible FTS instrument.

The Fourier Transform Spectrometer used in this project is a Michelson
interferometer built in this laboratory (1). This instrument is specially designed to
meet the stringent requirements for the UV-Visible spectral region. This instrument
is the result of the work of several generations of students and the latest major re-
design and modifications were done by Bruce Todd (2) in the early 90’s. This section

will discuss the operation principles in further detail.

2.1.1. Optical System.

The heart of the Fourier Transform Spectrometer is a Michelson
interferometer. Its optical system consists of five major parts (Figure 2-1): (a) A
Plano-convex quartz lens that collimates the incident light from ICP or other light
sources. (b) A quartz beam splitter mounted in a specially designed and machined
aluminum cube. (c) A fixed mirror on a mount attached to the beam splitter cube.
This mount was designed to allow very fine adjustment of the plane angle of the
fixed mirror, which is very important for the alignment of the optical system. (d) A
moving-mirror assembly which moves back forth at constant velocity. The
movement of the mirror is controlled by a sophisticated motion control system with
the maximum moving distance of +2.07 cm. The operation of this motion control
system will be discussed in further detail in the next section. (e) An off-axis
parabolic mirror reflects the output beam onto a PMT detector through an exit

aperture.
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The optical system of this instrument has three channels: the main signal
channel for the ICP source; a red HeNe laser channel for a cosine reference laser
signal for both moving mirror motion control and sample interferogram digitization
timing; and a white light channel that provides a sharp signal at the Zero Path

Difference (ZPD) position on each sweep of the moving mirror movement (2).
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Figure 2-1. Optical system for the Fourier Transform Spectrometer. Reprinted
from ref (2) with permission from Elsevier Science.
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2.1.2. Drive Motion Control System.

The motion control subsystem for the moving mirror of the FTS is one of the
most important and hard-to-build parts of the Michelson Spectrometer. Unlike most
other instruments designed for the infrared, the error tolerance for the drive velocity
for this UV-Visible FT instrument is much less in order to achieve similar signal-to-
noise ratio as that of an FT-IR due to the much shorter wavelength of the signal of
interest.

[deally, the motion control system should provide very constant and
vibration-free linear movement in a controlled distance. To achieve this, the moving
mirror drive is mounted on an air-bearing drive to reduce vibration. Powered by a
strong electro-magnetic coil, it is controlled by two different mechanisms. In “*Coarse
feedback” controlling mode, the drive is under control of feed back from an auxiliary
coil attached to the drive assembly. This control mode provides relatively steady
movement of the drive required to lock it into the “Fine feedback” mode in which the
velocity of the drive is controlled by a frequency-to-voltage (f-to-v) feedback
system.

The velocity of the moving mirror drive is designed to be 0.32 cm/sec, thus
the modulation frequency of the HeNe reference laser is 10 kHz. A digital square
wave is generated based on the reference laser signal and feeds back into the
controlling circuit. If the velocity of the drive varies, the reference laser signal and
the feedback will change accordingly. The power of the driving coil is adjusted
based on the frequency difference of the reference laser signal and design value

either to retard or accelerate the movement.
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Moving mirror position control is achieved with fringe counting. When the
drive starts moving, it is in “Coarse feedback” mode and moves at maximal distance
set by two opto-switches at each end. When instrument operation is switched to the
“Fine Feedback’ mode, the drive continues moving under “Coarse feedback”
control until it reaches the ZPD position and a digital pulse generated by the white
light signal triggers fringe counting for the position control. The drive is then said to
be “locked” into “Fine Feedback™ mode and the moving distance is defined by the
number of fringes set by the operator. On the first strike of ZPD after it is locked into
“Fine Feedback’ mode, the drive is forced to turn around at half the fringe number
after it passes the ZPD. Once turned back, the drive is allowed to move the full
preset fringe number before it is forced to turn around at the other end. Thus the
drive moves at a distance set by the number of fringes across the ZPD symmetrically

and generates double-sided symmetric interferograms.

2.1.3. Data Acquisition System.

All interferograms are recorded with PMT detectors. Again the reference
laser fringe is used as the digitization clock. The instrument is designed such that the
digitization clock rate can be set to one data point per reference laser fringe (1x), or
four data points per fringe (4x), or eight points per fringe (8x).

As discussed before, when sampled at 1x, the shortest wavelength can be
correctly sampled without aliasing is 1266 nm and thus all UV-Visible spectral lines
within the range of 200 to 700 nm will be aliasing and many lines will be folded over

multiple times. The spectra for many elements, except for those with only few lines,
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will be verv complex and thus is not desirable for a spectral library targeted for
spectroscopists of all levels.

If the digitization clock rate is set to four data point per laser fringe (4x), all
spectral lines with a wavelength longer than 316 nm, which covers the whole visible
region, can be correctly sampled without aliasing. The UV lines, however, are still
under sampled and aliasing will occur. This problem is resolved by carefully
selecting the spectral response of the PMT and using electronic bandpass filters to
separate the UV-Visible region into two different spectra (2). For the UV spectra, the
Hamamatsu (Hamamatsu Corp., 360 Foothill Rd, Bridgewater, NJ 08807) solar blind
P166 is used with electronic bandpass filter set to 21 to 35 kHz, which corresponds
to 180 to 300 nm. In this way, even though aliasing still exists and spectral lines are
flipped over on the wavelength axis, there is no overlapping between the aliasing UV
lines and visible lines since later are not detected. As long as the wavelength axis is
correctly labeled, aliasing is transparent to library users.

For the visible region data acquisition is more straightforward with a glass
covered 1P21 PMT to filter out UV lines. The electronic bandpass filter was set from

10 kHz to 20 kHz.
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2.2. Operation of the Instruments

2.2.1. Operation of the ICP.

The ICP system used in this project is an ICP-2500 from Plasma-Therm Inc.
(Route 73, Kresson, NJ 08053. Tel. 609-767-6120). Powered by a HFP 2500D
crystal-controlled RF generator operated at 27.12 MHz, this system provides a stable
analytical ICP discharge for vertical viewing (Figure 2-2).

Mermet proposed a simple method using the relative intensity ratio of Mg
ionic and atomic lines to set the parameters for optimal plasma operation (3). He
found that if the intensity ratio of the Mg 280.270 nm line verses Mg 285.213 nm
line was about 10, then the plasma was optimal for most analytical work. This
method was used to establish the plasma conditions for this project. The typical
operation parameters for the ICP 2500 listed in Table 2-1 might be slightly adjusted

to achieve this optimal plasma condition. (Figure 2-3).

Figure 2-2. The Plasma-Therm ICP-2500 system.
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Table 2-1. Operation Conditions for the I[CP-2500 system

Experiment Parameter

Torch Fassel Type
Injector Gas Flow 0.45 L/min
Intermediate Gas Flow 0.85 L/min
Plasma Gas Flow 13 L/min
Forward RF Power 1.5 kw
Observation Height 15 mm above load coil

Solution uptake rate 1 mL/min

30x10°
279.5530 nm
Intensity 3568 unit
25 -
£ 24
=]
g 280.2704 nm
= Intensity 1846 unit
€ 15
>
2
2 10 ﬂ
285.2127 nm
5 Intensity 196 unit
L
A |
0 T T T T T L
279 280 281 282 283 284 285

Wawelength (nm)

Figure 2-3. Diagnosis for ICP robustness with Mg spectral line ratio.

49

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.2.2. Operation of the FTS

As for all sophisticated instruments, the operation of the FTS requires
considerable skill and experience. Although Todd (4) documented all detailed design
principles, diagnosis, and circuitry of the FTS in his thesis, few details were included
for routine operation. This inevitably increased the difficulty of the leaming process
for those new to this instrument. Therefore a brief summary of operation procedures
is included here in the hope of lowering the learning curve for future students. This
can, however, by no means substitute for reading his thesis. The operation
procedures will make sense only to those who have solid knowledge of the
instrument.

The rest of the section describes detailed operation procedures for the FTS
instrument. Note that scope displays of key operation and diagnostic signals are
showed in Figure 2-4.

To start the FTS, first tumn on the nitrogen gas tank used for the air-bearing
drive. Then turn on the power of the velocity control unit, the drive control unit,
white light power, and the white light detector power.

Make sure the air-bearing drive can be moved smoothly by hand. Then tum
the switch marked “Mirror” on the front panel of the control unit to “Release™
position. This releases the so-called “Crow Bar” and the drive starts moving in the
“Coarse feedback mode” or “Mark Time mode™, meaning it is controlled by the feed

back signal from the auxiliary coil, not by f-to-v control as in “Fine feedback mode™.
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Now one should check the reference laser signal from the test point on the
front panel of the velocity control unit. The signal should be a cosine waveform with
frequency of about 10 kHz, and peak-to-peak intensity of at least 10 volts (Figure 2-4
A). If this signal is not available or not strong enough, check the laser power, mirror
alignment, laser alignment, and the fringe generation unit. For initial adjustment, the
gain for the laser fringe should be set to maximum by adjusting a pot inside the
fringe generation unit, and reset to about 10 volts at the end of adjustment.

Then the digital FRINJ signal should be checked. Displayed on the same
oscilloscope, FRINJ should be in-phase with the analog laser signal. Check fringe
generation unit if there is a problem with this signal.

The analog white light signal (Figure 2-4 B) is considerably more difficult to
monitor than the laser fringe since it is a transient signal and is much more sensitive
to even the slightest misalignment of the mirror. Sometimes use two scopes, an
analog one and a digital one will help, and the power to the white light bulb should
set to maximum for initial adjustment.

Once the analog white light is available, try to increase its intensity by
adjusting the alignment of the fixed mirror. Keep the white light power at maximum
and keep aligning the mirror until the central fringe of the analog white light reaches
at least 7 volts, which should be the proper trigger level for the digital white light
pulse to appear (Figure 2-4 B).

Next, set the fringe counter to a small number, say, 4096, and try to lock the
drive movement to fine feedback mode by switching the SCAN/MARK TIME

switch to SCAN position. If the drive fails to switch into the fine feedback mode, one
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should first try to continue aligning the mirror to get a higher analog white light
signal and try to lock it again. If the white light signal reaches 10 volts and the drive
still cannot be locked in to fine feedback, then the FRINJ and digital white light
pulse should be checked. Remember, however, even though the digital white light
pulse can be seen on scope for every scan when the drive is in fine feedback mode, it
can only be seen once right after the switch is lifted up into the Mark Time mode. If
the drive fails to be locked, one has to reset the switch and try again in order to catch
the digital white light signal.

Once the drive is locked into fine feedback mode, it will move back forth
around the middle position and the analog white light should be captured by the
digital scope easily. One can get almost real time response when adjusting the
alignment of the mirror. As the alignment gets better, the intensity of the analog
white light signal gets higher and the power supply voltage for the white light can be
reduced while keeping the white light central fringe above 7 volts. Then, reset the
fringe counter to a large number and measure the frequency of the analog laser
fringe. It should be at 10 kHz and be the same on each side of the drive stroke.

Turn on the computer and the counter, and lock the drive into fine feedback.
The counter should give a constant reading on every stroke of the drive, with a plus
or minus one counting error. The reading will be half of the fringe-count setting
multiplied by the clock rate settings. For example, if the fringe count is set to 16384,
and the clock rate set to 1, the counter will display 8192; if the clock rate is set to 4,
the display will be 32768. Quite often, the counter gives a number close to, but not

exactly is, the number expected. This is fine as long as the reading is constant.
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If the counting cannot be stabilized to give a constant reading, one should
check the turn around signal as outlined by Todd (4). Pay attention to the intensity of
the analog reference laser signal and the analog white light signal. At tum-around,
the laser signal should not be lower than 8 volts, while at ZPD it should not be too
high as to generate false peaks for the digital FRINJ. Todd used the analog laser
fringe to monitor the turn-around brackets. This is fine if one is experienced.
Actually, using FRINJ to monitor is easier and more intuitive. With the turn-around
signal and the FRINJ, one can even observe the number displayed by the counter

changing with even a single out-of-the-bracket turn-around.

2.2.3. FTS operation parameters.
The principals and the instrumentation of the UV visible Fourier Transform
Spectrometer have been discussed in Chapter | and in the previous section. The

operation parameters, including those for data acquisition, are listed below.

Table 2-2. Operation parameters for FTS and data acquisition.

Fringe Counted: 32768

DAQ Clock Rate: 4 x HeNe Laser frequency (40 kHz)

Interferogram Length: 131072

Signal scan Average: 32

PMT used: 1P21 for visible and P166 for UV

PMT Voltage: 500 — 650 volts

Amplifier Rising Time: 0.01 ms

Amplifier Gain: 10*- 10°

Bandpass: 10 - 21 kHz (visible), 21 - 35 kHz (UV)
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2.3. Solutions.

To assure adequate signal-to-background ratio of the spectra and to avoid
possible contamination from impurities, the measurements for the Spectral Library
used solutions of individual elements (donated by High-Purity Standards, P. O. Box
30188, Charleston, SC, 29417, Tel 803-556-3411) at a relatively high concentration
of 1000 ppm. As turned out, this concentration level was appropriate for most
elements in both UV and visible regions to obtain decent spectra that carry
information for both major and minor spectral lines.

Some elements with very strong emission lines, e.g. Mg in the UV region.
and Ca, Sr, and Ba in the visible region, would saturate the measurement system at
such a high concentration. Thus ten times diluted solutions (100 ppm) were used for
these elements in corresponding spectral regions. The dilution was made with 2%
nitric acid that was prepared with reagent grade nitric acid.

In contrast, other elements, e.g. Ca and P in the UV region, and Cd and Co in
the visible region, emit very weakly. Thus 10,000-ppm solutions from SCP Science
(2367 Guenette, St. Laurent, Quebec, H4R 2E9, Canada) were used to maintain
appropriate signal-to-background ratio. The matrix for all 10,000 ppm solutions was
2% HNO; except for P, which was in pure water.

In order to avoid contamination, all standards were stored separately from
other standard solutions in the laboratory and strictly used for the current project
only. Except for dilutions stated above, they were used directly without further

treatment.
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Table 2-3. Standard solutions and concentration used.

material for preparing solution Density Matrix Element
Element Compound/Format*  Purity (%) (g/ml) Acid (%)  Conc. (ug/ml)
Ag 99.999 1.0016
Al 99.999 1.0143
As 99.999 1.0136
Au 99.99 1.0079 HCl (2%)
B Boric Acid 99.99 1.0018 H-O
Ba Carbonate 99.99+ 1.0137 100 (vis)
Be 99.5 1.0190
Bi 99.999 1.0119
Ca Carbonate 99.99 1.0118 10,000 (U'V)
100 (vis)
Cd 99.999 1.0117 10,000 (vis)
Ce Oxide 99.99 1.0128
Co 99.998 1.0113 10.000 (vis)
Cr 99.999 1.0115
Cs Carbonate 99,999 1.0055 HNO; (1%)
Cu 99.999 1.0146
Dy Oxide 99,99 -
Er Oxide 99.99 1.0123
Eu Oxide 99.99 --
Fe 99.99 1.0151
Ga 99.999 1.0135
ad Oxide 99.99 1.0090
Ge 99.999 1.0069  Oxalic (5%)
Hf 99.9+ 1.0526 HNO; (2%)**
Hg 99.998 1.0091
Ho Oxide 99.99 1.0138
In Ammonium 99.99 1.0212 HCl (10%)
Hexachlororidate
Ir 99.999 1.0075
K Nitrate 99.999 1.0073 HNO; (1%)
La Oxide 99.99 1.0152
Li Carbonate 99.999 1.0006 HNO; (1%)
Lu Oxide 99.99 1.0150
Mg 99.99 1.0126 100 (UV)
Mn 99.99 1.0103
Mo 99.999 1.0141
Na Sodium Nitrate 99.999 1.0102  HNO; (1%)

* Pure metal is used to prepare the solution if not specified.
* * HNO; (2%) is the matrix if not specified.

56

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 2-3. Standard solutions and concentration used. (Continuing)

Source for preparing solution Density Matrix Conc.

Element  Compound/Format  Purity (%)  (g/ml) Acid (%) (ng/ml)

Nb 99.95 1.0270
Nd Oxide 99.99 -
Ni 99.999 1.0122
Os Ammonium 99.99 1.0043 HNO; (10%)
Hexachloroosminum
P Ammonium Dihydrogen 99.95 1.0022  HNO; (0.05%) 10.000 (UV)
Phosphate
Pb 99.995 1.0134
Pd 99.99 1.0422 HNO; (5%)
Pr Oxide 99.99 1.0119
Pt 99.99 1.0040 HCI (5%)
Rb Carbonate 99.99+ 1.0111
Re 99.99+ -
Rh Ammonium 99.99 1.0219 HCl (10%)
Hexachlororhodium
Ru Ammonium 99.9+ 1.0214 HCI (10%)
Hexachlororuthenium
S subboiling sulfuric acid 99.999 0.997* H.O
Sb 99.999 1.0267 HNO; (5%)**
Sc Oxide 99.99 1.0157
Se 99.99+ 1.0548
Si Sodium Silicate 99.99 1.0046* H.O
Sm Oxide 99.99 --
Sn 99.998 1.0133  HNO; (2%)**
Sr Carbonate 99.99 1.0117 100 (vis)
Ta 99.98 1.0082  HNO; (2%)**
Tb Oxide 99.99 1.0124
Te 99.99 - HCI (10%)
Th Oxide 99.99 1.0507
Ti 99.99 1.0112  HNO; (2%)**
Tl 99.999 1.0111
Tm Oxide 99.99 -
U Oxide 99.968 1.0118
\Y% Ammonium Metavanadate 99.99 1.0136
w 99.99 1.0118
Y Oxide 99.99 1.0122
Yb Oxide 99.99 1.0536
Zn 99.999 1.0089
Zr 99.84 1.0124
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Chapter 3. The ICP-AES Spectral Library

In the first part of this chapter the practical aspects of the Spectral Library,
including the content, organization, and accessibility will be discussed. Then more
in-depth discussions will be given to the important measures of spectra qualities in
the Spectral Library, such as spectral line resolution, line wavelength calibration and

accuracy, and noise and its control.

3.1. Introduction to the Spectral Library

As stated in the thesis objective (Section 1-1), the Spectral Library is built for
Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES). It is
intended to include emission spectra for all seventy elements that can be determined
with an argon based ICP-AES (Figure 3-1). However, some of the elements have
lines too weak to be detected with FTS, and thus their spectra might be incomplete.

In its simplest form, the Spectral Library has two spectra and two
interferograms to cover UV and visible regions, respectively, for each element. The
UV spectrum runs from 158 to 316 nm, with the effective wavelength coverage from
about 200 to 316 nm as spectra were acquired at atmospheric pressure without inert
gas purging. The visible spectra range is from 316 to 632 nm for the ASCII text
version. For the Mac version, the spectra goes further form 316 nm to infinity (i.e. 0
cm’'), but the effective wavelength coverage is the same as for its text counterpart.

In its complete form, the Spectral Library contains two to four spectra for the

UV region for one element: an interferogram and a corresponding spectrum; or an
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interferogram, a background interferogram, a background subtracted interferogram,
and a corresponding spectrum.

For the visible region, the complete set for an element can contain up to
seven different spectra: an interferogram and a corresponding spectrum (Spectrum
A); a background interferogram and the spectrum (Spectrum B); a background-
subtracted interferogram and the corresponding spectrum (Spectrum C). The last
spectrum is one with background Ar lines further cleared. This was usually the result
of subtraction of Spectrum B from Spectrum C, but sometimes was the result of

Spectrum A minus Spectrum B.
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Figure 3-1. Elements covered by the ICP-AES Spectral Library.
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In the SpectroPlot (1) binary file format, each spectrum takes about 650 KB
disk space, and an interferogram takes 1.2 MB. Total 142 spectra (71 for UV and 71
for visible) require 90 MB disk space with an additional 180 MB required for the
interferograms. The complete library has about 800 data files and needs 760 MB disk
space. In ASCII text format, the size of the files is even larger. A calibrated spectrum
is 1.1 MB in size, and the interferogram 2.1 MB. A Library containing only spectra
and interferograms for every element takes 450 MB.

Currently there are only a few media available to store such a huge amount of
data. Among them, CD-ROM provides a most convenient and cost-effective way for
storing and distribution. Because such a format is read-only, it also provides the
added security to prevent accidental change to the library data files.

The Spectral Library CD-ROM currently is available in either Macintosh
HFS format or in ISO 9660 format. The Macintosh HFS CD-ROM (2, 3) is
accessible solely on personal computers running Apple Computer’s MacOS. The
SpectroPlot program is included for viewing and manipulating the spectral data,
which are stored in SpectroPlot binary file format for faster execution.

The ISO 9660 format CD-ROM (2, 3) provides access to the Spectral Library
for the majority of personal computers running Microsoft Windows. Unix or Linux
users with CD-ROM drives that support the ISO 9660 standard will also be able to
access the library. Data files on the ISO 9660 CD-ROM are in tab delimited ASCII
text format and contain wavelength and intensity values for the spectra.
Unfortunately, there is no dedicated user interface available at this time for viewing

and manipulating the spectral data under Microsoft Windows or Unix/Linux. Some
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commercially available technical graphics package, such as Microcal Origin or
WaveMetrics Igor Pro, can be used for this purpose. However, users will have to
purchase them separately. Popular spreadsheet programs such as Microsoft Excel are
not powerful enough to handle the large data sets offered in the Spectral Library.

In order to give the readers a general idea of the Spectral Library, a few
interferograms and spectra are presented in Figures 3-2 and 3-3. The data files for
these spectra and all others covered by the Spectral Library can be obtained by

contacting the University of Alberta research group.

3.2. Wavelength Calibration

Wavelength accuracy is one of the greatest advantages of Fourier Transform
Spectrometry (FTS), since in FTS the wavelength is solely, in theory, determined by
the reference laser wavelength. As the laser wavelength is usually determined with
very high accuracy, the wavelength values from FTS should have high precision and
accuracy.

In practice, however, this might not be the case. As discussed in Chapter I,
beam divergence, which results from imperfect collimation of incident light and
imperfect alignment of the reference laser and main channel optics, usually results in
a slight shift in the wavelength values obtained. Thus the great wavelength accuracy
of the FTS might not be achieved directly but the high wavelength precision still
remains for a well-adjusted system. For spectroscopic studies that require ultra-high
wavelength accuracy, wavelength calibration for the FTS is a convenient way to

achieve the accuracy promised by this technique.
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Figure 3-2. Some UV interferograms from the Spectral Library.
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Figure 3-3. UV spectra for the first row of the transition metals.
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3.2.1. Calibration of the Spectra

As discussed in Chapter 1, all factors that affect the wavelength accuracy of
the FTS can be summarized into one parameter called “reference Laser Apparent
Wavelength” or Aaw. With this concept, the FTS spectra can be easily calibrated or
recalibrated to achieve high wavelength accuracy (4).

As an example, Table 3-1 shows the steps for calibration of an Mg UV
spectrum with SpectroPlot and Excel spreadsheet. The primary calibration standards

are the wavelength values from Zaidel’s “Tables of Spectral Lines” (5).

3.2.2. Major Spectral Lines of the Elements

For each spectrum in the Spectral Library, up to 30 spectral lines of the
highest intensity were used to establish calibration. The measured wavelength
values and peak relative height (ratio of peak height and that of the dominant line in
the spectra) are listed in a tabular form, as illustrated with Fe lines in Table 3-2. The
ALaw value, the value of reference Laser Apparent Wavelength for that spectrum, is
given in the heading of the table. For example, A, aw value for the spectrum listed in
Table 3-2 is 632.8438, as listed under the “Measured value™ heading. The literature
values are obtained from reference (5), the relative height values are calculated from
the original amplitude values. By comparing the relative height from the spectral
library and that from the literature, one can get information about relative intensity
changes when the source is switched from spark or arc to the ICP as Zaidel’s

intensity values are from spark and arc sources.
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Table 3-1. Calibration of Mg UV Spectrum.

Step

Action

1

[3%)

Open Mg UV interferogram from SpectroPlot, and transform it to an amplitude
spectrum and zero-fill it 8 times.

Calibrate the spectrum with the reference laser’s standard wavelength 632.81646
(6).

Use “Find Peaks...” feature of SpectroPlot to get the information for the desired
peaks, including wavelength and amplitude. The threshold was set to a value such
that up to 30 lines could be found in a spectrum.

In Excel, calculate reference laser apparent wavelength for each spectral line Ajye;.

apparent according to the following equation:

A line, lit

A laser, apparent = - laser, standard

A line, measured
where Ay 1 is the Zaidel's wavelength value of that particular line.
Mine, measured 18 the wavelength reported by SpectroPlot.

Alaser. sndard = 632.81646 nm is laser’s standard wavelength.
The mean value and the standard deviation of Ajascr, apparcnt are calculated for
all lines in the spectrum. The mean value of Ajaser, apparen: 1S the Laser Apparent
Wavelength 4 aw for this spectrum.
Use the calculated A aw to re-calibrate the spectrum with SpectroPlot, and
use “Find Peaks ...” to get the wavelength values for each line.
In Excel, calculate the wavelength error AA = Ajine. measured ~Mine, 1it for €ach
spectral line. Notice the values of Ajinc, measurcd have changed from Step 4 since
the spectrum has been recalibrated. The error absolute value Ak, of a
particular line is the absolute value of its wavelength error.
The mean of the wavelength error and the error absolute value for all
calibrated spectral lines over each spectrum are calculated. They are called
“‘average wavelength error” Ad; and “average absolute error” AAps, crr,

respectively.
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Table 3-2. Major spectral lines of Fe in the UV region.

Measured value Lit. value
Ae32s438(nm) H(%) Line A (nm) H (%) Ak (pm)  AA abs (pm)
233.2804 11.7 1 233.280 12.5 04 04
234.3498 247 1 234.349 17.5 0.8 0.8
234.8308 10.1 I 234.830 6 0.8 0.8
236.4831 9.3 i1 236.483 10.5 0.1 0.1
238.2040 83.5 I 238.207 75 -3.0 3.0
238.8632 16.1 i1 238.863 15 0.2 0.2
239.5627 61.9 I 239.560 50 2.7 2.7
239.9244 17.1 11 239.924 18 0.4 04
240.4885 35.8 I 240.488 50 0.5 0.5
240.6665 15.5 I 240.668 16 -1.5 1.5
241.0522 21.6 )| 241.052 15 0.2 0.2
241.1068 9.7 11 241.107 11 -0.2 0.2
241.3310 8.8 II 241.331 11 0.0 0.0
256.2535 12.0 I1 256.253 15 0.5 0.5
258.5878 28.2 I 258.588 325 -0.2 0.2
259.8368 35.2 11 259.837 325 -0.2 0.2
259.9398 100.0 I 259.940 100 -0.2 0.2
260.7086 29.6 1 260.709 325 -0.4 0.4
261.1876 41.6 I 261.187 40 0.6 0.6
261.3823 17.3 I 261.382 16 0.3 0.3
261.7617 11.8 I 261.762 16 -0.3 0.3
262.5667 14.7 I 262.567 22 -0.3 0.3
262.8296 13.3 I 262.829 16 0.6 0.6
263.1043 19.0 I 263.105 275 -0.7 0.7
263.1327 19.1 II 263.132 275 0.7 0.7
273.9546 18.1 I 273.955 375 -0.4 04
274.6480 10.8 I 274.648 21 0.0 0.0
274.6985 8.8 I 274.698 19 0.5 0.5
274.9321 15.6 I 274.932 30 0.1 0.1
275.5737 18.0 Il 275.574 375 -0.3 0.3
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The last two columns in the table list the wavelength error AA and the
absolute values Al in picometers for the spectral lines. These are the primary
measures of wavelength accuracy. The data for all calibrated spectral lines in the
library can be found on the CD-ROM in Adobe Acrobat PDF format. Interested

readers can refer to it for further detail.

3.3. Spectral Line Wavelength Accuracy

As discussed before, wavelength calibration of the FTS in this work was done
through the concept of reference Laser Apparent Wavelength, or #._,w. The accuracy
of the calibration result can be measured through the spectral line wavelength error
AA. In this section, the trends of wavelength accuracy (or inaccuracy) and the

possible reasons will be discussed in further detail.

3.3.1. Overview

From the calibration procedure given in Table 3-1, it can be seen that the
divergence of the A sw value from its true value reflects the overall effects of all
factors that affect the wavelength accuracy. Thus the A_aw value of a spectrum is the
measure of the degree of inaccuracy imposed by the instrument at the time of
measurement. Scatter of these values among elements would be a measure of the
overall stability of the instrument with respect to wavelength accuracy. The laser
apparent wavelength % aw values for each spectrum plotted against the elements are
shown in Figure 3-4 for the visible (top) and UV region (bottom), respectively. It can
be seen that with few exceptions, all A_aw values fall into a 10 picometer range from
632.8400 to 632.8500 nm, with an average value for the visible region being
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632.8445 + 0.0027 nm and for UV region 632.8432 + 0.0024 nm. The values for the
visible region increase slightly as the atomic number increases. Currently there is no
explanation readily available for this increase. However, as the standard deviation of
the A aw values apparently increased for the heavy elements, there might not even be
an actual increase in the wavelengths. The values for the UV spectra are less
scattered and show no apparent trend.

To see how the A, sw value affects the spectral line wavelength errors, the
mean of the line wavelength errors for each spectrum, A’.., along with that for the
wavelength error absolute values, Ak, o, Were plotted against the elements (Figure
3-5) for the visible and the UV region, respectively. It can be seen that Ak values
stay almost constantly close to zero for nearly all the elements for both visible and
UV regions. The AAus, o values remain roughly in a two-picometer range with an
average error at about one picometer.

Finally, these values were plotted against the standard deviation of the
apparent reference laser wavelength of that spectrum for all spectra (Figure 3-6).
Apparently, the standard deviation of the apparent reference laser wavelength exerts
little effect on Ak values, as they remain constantly close to zero for most elements.
The Ahans, o values do increase as the standard deviation of the apparent reference
laser wavelength increases. Least square curve fitting for both UV and visible
regions gave similar results. The slope of the curve is about 0.3 and R* about 0.6.
That is, if the standard deviation of A .w increases by one picometer, the mean of the

wavelength error absolute vaiues Al.ps, or would increase 0.3 pm.
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Figure 3-4. Reference laser apparent wavelength values for UV and visible region.

70

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4
o
A
3 37
3
a8 2 -J A A a
E o]
A
w . a A A‘ L a -
g 17 A A A A Al 4,
B O} "y A A aaty Tt A
% ok \;ﬁ AbdA A ) o a
A
S 0B Lo oD TRy BRI -0+
2 : °
-
-1 -
O  Wawlength error
uv 4 Wawlength absolute error
2 T - T T
0 20 40 60 80 100
Element (atomic number)
4
.. - Wawelength error a
o Visible , wawlengh absolute error
2 37 A
2
'L A
g 2 — 4 Fy a
~ A
g 4 4 ‘A s
£ 11 4 . LAY S a4 bt A
A L A A A LA A
g Al & & L o’ A‘A“ A
-2 O =f--vomoen ceeen .- Llleermeenan L Ahieeieenae Y e - e cecmeniicannen
2
2
- -1 —
2 T T T T
0 20 40 60 80 100
Element (atomic number)
Figure 3-5. Spectral line wavelength errors (Ao and Ak, o ) for UV and visible

regions.

71

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4
Wawelength emror

o Wawlength absolute efror
5 34
n
3
& 2-
g
w
£ 1
4 e “
2 :
2 O—y;-\ . v»-'\i'.'::s’l-“* ~ e teene reee ee -
$ :
Q
(=4
3 1

2 T T T T T T

0 1 2 3 4 5 6 7
S.D. of Apparent Laser Wawelength (pm)
5
O Wawelength emror 4
3 4+ a Wawlength absolute emror
5 2 - A s A
é, a @ o4, a4 at A
2 17 LYY S
2 At Ay
&) Q

z 0 - O O EDIRBD O 19+ Q-+ - O Orreenrae B ———
5 ° ©

-1 =

2 T T T T

0 2 4 6 8

S.D. of Apparent Laser Wawelength (pm)

Figure 3-6. Spectral line wavelength errors (Aic; and Axp,. o ) vs. standard
deviation of laser apparent wavelength.

72

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.3.2. A Close Look at Wavelength Accuracy.

In the previous section the trends of the wavelength accuracy were discussed
with respect to Zaidel’s wavelength values, but how accurate are the spectral line
wavelengths of an element? What might happen to spectral lines that have
significantly larger errors in wavelength? These will be discussed in this section.

First the spectral lines from iron were examined. Iron is an element common
in everyday life, and is one of the most studied elements. Iron lines are well known
with highly accurate and reliable wavelength values. Therefore, any quality work in
wavelength measurement should not show significant discrepancy for Iron spectral
line wavelengths.

Tables 3-3 and 3-4 list the calibrated spectral lines for Fe in the visible and
UV regions, respectively. In these two tables, A neasureq iS the wavelength calibrated

in the current study, A zjiq.i is the wavelength quoted from Zaidel’s wavelength table

(5), and A mhomc is the wavelength reported by A. P. Thorne in a relatively recent
work (7) in which Thorne and co-worker measured the spectral lines for 35 elements
emitted from ICP with a high resolution FTS (0.1 cm™).

It can be seen that, the measured wavelength values, which were based on
Zaidel's wavelength data, are generally in excellent agreement with Thorne’s
wavelength values. When compared to Zaidel’s wavelengths, the mean for the
wavelength error absolute values AA.p,. o for the visible region is 0.7 pm, with a
standard deviation of 0.9 pm, while compared to Thorne’s wavelength, this value

decreased to 0.6 pm, and standard deviation decreased to 0.7 pm.
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Table 3-3. Wavelength accuracy for Fe visible lines (A in nm)

Line A measured A Zaidel AA (pm) A Thome AA (pm)
I 356.5390 356.538 1.0 356.5380 1.0
I 357.0101 357.010 0.1 357.0099 0.2
I 358.1199 358.119 0.9 358.1194 0.5
I 360.8855 360.886 -0.5 360.8860 -0.5
I 361.8774 361.876 1.4 361.8769 0.5
I 363.1464 363.147 -0.6 363.1464 0.0
I 364.7849 364.785 -0.1 364.7844 0.5
I 371.9928 371.994 -1.2 371.9935 -0.7
I 373.7140 373.713 1.0 373.7132 0.8
I 374.5570 374.556 1.0 374.5561 0.9
I 374.8261 374 .827 -0.9 374.8262 -0.1
I 374.9489 374.949 -0.1 374.9486 0.3
I 375.8221 375.823 -0.9 375.8234 -1.3
I 376.3797 376.379 0.7 376.3790 0.7
| 376.7199 376.719 09 376.7193 0.6
I 381.5836 381.584 -04 381.5842 -0.6
I 382.0432 382.043 0.2 382.0427 0.5
I 382.5886 382.588 0.6 382.5882 04
I 382.7819 382.782 -0.1 382.7823 -0.4
| 383.4233 383.422 1.3 383.4223 1.0
I 384.0437 384.044 0.3 384.0438 -0.1
1 384.1051 384.105 0.1 384.1049 0.2
I 385.9917 385.991 0.7 385.9911 0.6
| 388.6275 388.629 -1.5 388.6282 -0.7
I 404.5803 404.582 -1.7 404.5814 -1.1
| 406.3601 406.360 0.1 406.3593 0.8
I 407.1750 407.174 1.0 407.1741 09
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Table 3-4. Wavelength accuracy for Fe UV lines (A in nm)

Line A measured A Zaidel AN (pm) A Thome A (Pm)
I 233.2804 233.280 0.4 233.2799 0.5
I 234.3497 234.349 0.7 234.3494 03
11 234.8307 234.830 0.7 234.8302 0.5
II 236.4831 236.483 0.1 236.4836 -0.5
I 238.2039 238.207 -3.1 238.2036 0.3
II 238.8631 238.863 0.1 238.8628 0.3
11 239.5627 239.560 2.7 239.5624 0.3
11 239.9244 239.924 04 239.9240 04
II 240.4885 240.488 0.5 240.4880 0.5
11 240.6664 240.668 -1.6 240.6660 0.4
II 241.0521 241.052 0.1 241.0518 0.3
11 241.1068 241.107 -0.2 241.1067 0.1
I 241.3309 241.331 -0.1 241.3309 0.0
Il 256.2535 256.253 0.5 256.2534 0.1
11 258.5877 258.588 -0.3 258.5875 0.2
I 259.8368 259.837 -0.2 259.8368 0.0
11 259.9398 259.940 -0.2 259.9394 04
11 260.7086 260.709 -0.4 260.7086 0.0
I 261.1876 261.187 0.6 261.1875 0.1
II 261.3823 261.382 0.3 261.3824 -0.1
II 261.7617 261.762 -0.3 261.7617 0.0
I 262.5667 262.567 -0.3 262.5667 0.0
II 262.8296 262.829 0.6 262.8292 04
Il 263.1043 263.105 -0.7 263.1046 -0.3
11 263.1326 263.132 0.6 263.1322 04
I 273.9545 273.955 -0.5 273.9547 -0.2
11 274.6480 274.648 0.0 274.6483 -0.3
II 274.6985 274.698 0.5 274.6981 04
Il 274.9320 274.932 0.0 274.9320 0.0
II 275.5737 275.574 -0.3 275.5736 0.1
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Figure 3-7. Wavelength errors AXA vs. wavelength for Fe UV lines.

The spectral lines in the UV region show even better agreement with
Thorne’s wavelengths. All line wavelength error absolute values decreased to or
below 0.5 pm. The three lines with large wavelength errors (based on Zaidel’s
values), Fe Il 238.207 (with error -3.1 pm), Fe Il 239.560 (error 2.7 pm), and Fe Il
240.668 (error -1.6 pm), now have error values at 0.3, 0.3, and 0.4 pm respectively,
close to the precision limit of current instrument (0.3 pm). The decrease in
wavelength errors can be clearly observed in the plot of wavelength error vs.
wavelength for iron (Figure 3-7).

To further investigate this phenomenon, spectral lines with wavelength error
absolute values Ak, greater than 2 pm were chosen and compared to the
wavelengths reported by Thome. The results for 34 lines that had Thorne’s
wavelength values available are listed in Table 3-5, and the error values verse

wavelength plot is given in Figure 3-8.
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From the data it can be seen that, among all 34 lines, 18 lines have error less
than | pm when compared with Thore’s wavelength; 9 lines have errors equals to or
great than | pm but less than 2 pm; and only 7 lines still have errors greater than 2
pm.

Among the 7 lines that have errors greater than 2 pm, 3 yttrium lines showed
clear bias on wavelength error and should be readily corrected with re-calibration
(which is not possible when using Zaidel’s wavelength as standard). In fact, the laser
apparent wavelength for yttrium UV spectrum is 632.8519 nm, significantly larger
than the average value for the UV region (632.8432 nm). The difference in line
wavelength calculated from these two laser wavelength is 3.3 pm at 240 nm.

For all 34 lines, the mean of line wavelength error absolute values Ak, orr
was 2.9 £ 3.3 pm when using Zaidel’s wavelength as standard, and was 1.2 + 1.7 pm
when using Thorne’s wavelength as standard. If the three yttrium lines were not
counted, the mean value of the line wavelength error absolute values A%p,, «r Was
increased to 3.1 £ 3.5 pm using Zaidel’s wavelength as standard, and decreased to
1.0 £ 1.3 pm using Thorne’s.

This inter-comparison indicates that some minor errors are present in the
Zaidel compilation and that overall it is not as precise a set of values as those that

can be obtained using modern FTS instruments. However, this is not the whole story

as will be seen in the next section.
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Table 3-5. Comparison of wavelength errors with different wavelength standards.

Line  Height (%) A measurcd A zaidel Al (pm) A Thome  AXA (pm)
Ag 644 241.3201 241.318 2.1 241.3188 1.3
Al 14.4 265.2478  265.243 48 265.2481 -0.3

B 1.5 208.8910 208.893 2.0 208.8889 2.1
Bi 34.2 222.8228  222.825 2.2 222.8213 1.5
Ce 54.0 429.6692 429.667 2.2 429.6679 1.3
Cr 4.1 318.0695 318.073 -3.5 318.0700 -0.5
Cr 20.0 319.7056  319.712 -6.4 319.7081 -2.5
Cr 8.7 3209183  320.921 -2.7 3209184 -0.1
Cr 0.0 321.7393  321.744 -4.7 321.7403 -1.0
Cr 6.4 4344481 434.451 -2.9 4344517 -3.6
Fe 83.5 238.2039  238.207 -3.1 238.2036 0.3
Fe 619 239.5627 239.560 2.7 239.5624 0.3
Mg 20.1 3829339  382.930 3.9 382.9349 -1.0
Mn 100.0 3442003  344.198 2.3 344.1985 1.8
Mo 100.1 379.8272  379.825 2.2 379.8253 1.9
Pb 100.0 220.3533  220.351 2.3 220.3531 0.2
Pb 16.9 283.3048  283.307 2.2 283.3056 -0.8
Sb 11.5 206.8351 206.833 2.1 206.8361 -1.0
Sb 100.0 252.8510 252.854 -3.0 252.8510 0.0
Sc 5.9 227.3128 227310 2.8 227.3109 1.9
Si 3.1 263.1281 263.131 -29 263.1283 -0.2
Sn 10.8 248.3401 248.344 -39 248.3407 -0.6
Sn 53.8 283.9969  283.999 -2.1 283.9978 -0.9
Sr 0.4 460.7309  460.733 -2.1 460.7333 -24
\% 273 271.5659 271.568 -2.1 271.5655 0.4
\Y 44.2 371.5460 371.548 -2.0 371.5466 -0.6
Y 2.2 239.8106 239.814 -3.4 239.8067 39
Y 100.0 242.2223  242.219 33 242.2187 3.6
Y 8.6 246.0593  246.062 -2.7 246.0556 37
Y 34.8 417.7528  417.755 2.2 417.7529 -0.1
Zn 27.0 206.2006  206.191 9.6 206.2000 0.6
Zn 100.0 213.8580 213.856 2.0 213.8575 0.5
Zr 13.7 255.0738  255.071 2.8 255.0744 -0.6
Zr 83.2 257.1456  257.142 36 257.1457 -0.1
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Figure 3-8. Wavelength errors Ak vs. wavelength for some “large error” lines.

3.3.3. Line Hyperfine Structure and Wavelength Accuracy

Obviously the wavelength accuracy of a measurement is dependent on the
resolution of the instrument used. If the spectral lines have hyperfine structure that
cannot be resolved, or not fully resolved by the instrument, the wavelength accuracy
of the measurement will certainly be affected. This is one of the reasons accounting
for many troublesome lines in current study.

The Ho visible spectrum, for example, is one of the worst cases for
wavelength accuracy. The mean of the wavelength error absolute is 3.5 5.6 pm,
considerably larger than the average. Close examination revealed many doublets or
even triplets, not fully resolved, in the spectrum (Figure 3-9). Ultra-high-resolution

spectroscopic studies have shown that hyperfine structure exist for these lines, as
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shown in Figure 3-10. Often it is these lines that are responsible for the largest error
in wavelength values reported from our spectra.

As can be seen in Table 3-6, which lists the calibrated Ho visible lines, the
wavelengths reported by SpectroPlot and the calculated error, and the wavelength at
the center of the lines and the calculated error, that the wavelength accuracy is much
“improved” when the wavelength of the center of the peak is used for calculation.
This suggests that a lower resolution spectrum would be more “compatible” with the
Zaidel’s wavelength values. Table 3-7 compares the wavelength errors for normally
measured wavelengths and those from a lower resolution spectrum (interferogram
length 16384 reference laser fringe, theoretical resolution 1.93 cm’, compared to
0.97 cm’ of the regular spectra in the library). It was found that some of the largest
errors in wavelength have been reduced, but some originally small errors have been
enlarged due to the reduced resolution and overall there was not much improvement.
Nevertheless, the mean in wavelength errors did reduced from 3.5 to 3.2 pm, and
standard deviation from 5.6 to 4.1 pm.

Hyperfine structure is by no means a unique property of Ho spectral lines. It
was also observed for some Re and Th UV lines (Figure 3-11), and many, if not all,
of the rare earth elements. This is inevitably one of the major factors contributing to
the wavelength differences between different studies, as the instruments used for

different measurement seldom have similar resolving power.
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Figure 3-9. Some Ho visible lines with hyperfine structure.
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Figure 3-10. Line shape of some Ho lines. Reprinted from ref (8) with permission
from Elsevier Science.
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Table 3-6. Ho visible lines.

Line Height A Zaidel A measured Error A Peak center Error

(%) (nm) (nm) (pm) (nm) (pm)
I 37.8 339.898 339.8905 -1.5 339.8975 0.5
Il 31.3 341.646 341.6461 0.1
I 11.0 342.534 342.5377 3.7 342.5335 -0.
II 14.6 342.813 342.8095 -3.5 342.8109 -2.
11 20.2 345.314 345.3126 -1.4

10.9 345.570 345.5708 0.8
Il 100.0 345.600 345.6068 6.8 345.6025 25
II 10.3 346.197 346.1961 -0.9
II 8.9 347.391 347.3966 5.6 347.3915 0.5
I 31.7 347.426 347.4242 -1.8 347.4301 4.1
II 38.1 348.484 348.4839 -0.1
II 17.1 349476 349.4860 10.0 349.4810 5.0
II 20.7 351.559 351.5530 -6.0 351.5590 0.0
| 19.3 354.605 354.6031 -1.9
11 15.6 374.817 374.8359 18.9 374.8249 79
I 58.2 379.675 379.6750 0.0
I 90.2 381.073 381.0740 1.0
11 9.6 381.325 381.3192 -5.8 381.3270 2.0
I 8.9 383.751 383.7591 8.1 383.7519 09
1 1.9 384.386 384.3886 2.6
11 17.7 385.407 385.4048 -2.2 385.4092 2.2
I 16.6 386.168 386.1656 2.4 386.1727 47
| 31.6 388.896 388.8885 -1.5 388.8966 0.6
11 98.1 389.102 389.0910 -11.0 389.1000 -2.0
II 7.9 390.568 390.5675 -0.5
11 80.9 404.544 404.5472 32
I 14.2 406.509 406.5079 -1.1
| 9.7 433.713 433.7122 -0.8
1l 16.3 435.673 435.6724 -0.6
Il 9.6 442.056 442.0586 2.6
Il 10.7 447.764 447.7641 0.1
I 16.7 462.910 462.9121 2.1
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Table 3-7. Ho visible line wavelength at lower resolution

Line Height A Zaidel A measured Error A Low Resolution Error
(%) (nm) (nm) (pm) (nm) (pm)
1 37.8 339.898 339.8905 -7.5 339.8961 -5.6
I 313 341.646 341.6461 0.1 341.6461 0.0
11 11.0 342.534 342.5377 37 342.5335 4.2
I 14.6 342813 342.8095 -3.5 3428123 2.8
I 20.2 345314 345.3126 -1.4 345.3126 0.0
10.9 345.570 345.5708 0.8 345.5701 0.7
I 100.0 345.600 345.6068 6.8 345.6033 3.5
I 10.3 346.197 346.1961 -0.9 346.1961 0.0
11 8.9 347.391 347.3966 5.6 347.3937 29
II 317 347426 347.4242 -1.8 347.4286 44
I 38.1 348.484 348.4839 -0.1 348.4854 -1.5
I 17.1 349.476 349.4860 10.0 349.4823 3.7
I 20.7 351.559 351.5530 -6.0 351.5590 -6.0
I 19.3 354.605 354.6031 -1.9 354.6038 -0.7
11 15.6 374817 374.8359 18.9 374.8274 835
I 58.2 379.675 379.6750 0.0 379.6759 -0.9
I 90.2 381.073 381.0740 1.0 381.0730 1.0
1 9.6 381.325 381.3192 -5.8 381.3270 -7.8
I 8.9 383.751 383.7591 8.1 383.7528 6.3
11 11.9 384.386 384.3886 2.6 384.3894 -0.8
I 17.7 385.407 385.4048 =22 385.4052 4.4
11 16.6 386.168 386.1656 -2.4 386.1736 -8.0
i1 31.6 388.896 388.8885 -1.5 388.8948 -6.3
II 98.1 389.102 389.0910 -11.0 389.0991 -8.1
I 79 390.568 390.5675 -0.5 390.5685 -1.0
I 80.9 404.544 404.5472 32 404.5480 -0.8
I1 14.2 406.509 406.5079 -1.1 406.5068 1.1
I 9.7 433.713 433.7122 -0.8 433.7108 1.4
11 16.3 435.673 435.6724 -0.6 435.6744 -2.0
I 9.6 442.056 442.0586 2.6 442.0619 -3.3
11 10.7 447.764 447.7641 0.1 447.7675 -3.4
Il 16.7 462.910 462.9121 2.1 462.9105 1.6
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are reprinted from ref(8) with permission from Elsevier Science.

85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.3.4. Wavelength Bias in FTS Measurement

Another concern about the FTS measurement is whether the wavelength
accuracy of FTS is wavelength dependent, or, in other words, if the FTS
measurement has wavelength bias. Previous work(9) showed that, in ICP, the band
broadening and position shifts usually occur in the order of 0.01 to 0.03 cm™".
Therefore, they should not be of major concern by the analytical chemists since this
level of resolution is not routinely available with normal spectrometers (10). Salit
and co-workers (11) measured the wavelength of Ar ionic lines in the visible region
with an upgraded version of a Chelsea FT-500 UV-visible FTS (designed by
Blackett Laboratory, Imperial College of London). They observed apparent
wavelength bias for both Ar and Hg lines. The correction factor k and the
wavenumber had a fairly good linear relationship. The least square curve-fitting of
the scanned k - o plot gave the following relationship:

k=2x10"c +1.889 x107

Where k is the wave number correction factor and o is the wave number in
cm’’. At 20000 cm™ or 500 nm, k equals to 5.9 x 10 ~/, and the wave number shift is
about 0.012 cm™". When the wavelength decreased from 500 to 350 nm, the value of
correction factor increased about 30%.

This type of wavelength bias, even if exists, will not be a major concern for
the Spectral Library, since the error level is far beyond the resolution of the library
and thus will not be noticed. Nevertheless, it is still worthwhile to have a look at the

wavelength bias issue of the Spectral Library.
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Argon visible lines provided a convenient source for the examination of the
instrumental wavelength dependence. Their wavelength errors were plotted against
corresponding wavelength (Figure 3-12, top). It can be seen that, although there is no
definite linear relationship, there is a trend that the wavelength errors decrease as the
wavelength increases. Least square curve fitting gives a slope of —0.034, or 3.4 pm
change in wavelength error per 100 nm change in wavelength, R” equals 0.48. The
same trend was observed when Thorne’s Ar wavelength values were used. The slope
for the least square fitted line was —0.037, and R? is 0.43.

For comparison, a correction factor k verses wavenumber plot is also
included (Figure 3-12, bottom). It can be seen that it shows the same trend as that by
the wavelength error verse wavelength. In fact, the plot itself looks like the
wavelength error plot with a 180-degree rotation.

Next, visible spectra of La, Y, Cr, Sc, Ce, and Nd were selected to investigate
further the possible wavelength bias. The only criteria for selecting these spectra was
that they had spectral lines spread out over a large wavelength span, so the
wavelength bias, if it exists, would be easily noticed.

From Figure 3-13 it can be seen that the wavelength errors are generally
scattered in a +5 pm range. No wavelength dependency of either the magnitude or
the degree of scattering of the errors could be observed. Least square fitting
generally gave R? values less than 0.05 for these plots, so there was no definite linear
relationship between the errors and the wavelength. The slopes for the trend lines
were generally less than 0.01. That is, even if there were a change in wavelength

error, it would be less than 1 pm per 100-nm wavelength change.
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Figure 3-12. Wavelength errors and correction factors for Ar visible lines.
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Figure 3-13. Wavelength errors vs. wavelength for La, Cr, Sc, Ce, Y, and Nd.
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Wavelength errors for all calibrated spectral lines in the visible region were
then plotted against their wavelength value. These should provide even more solid
evidence for the possible wavelength bias, or for no wavelength bias. Figure 3-14
shows that about one thousand data points scattered in a + 10 pm region, with
majority within * 2 pm. The points are distributed roughly symmetrically about the
zero error line all the way along the wavelength axis. There is no visual indication
for any wavelength related scattering pattern change.

The slope for the trend line for this plot is 0.0002 with R* of 0.00004. That is.
for every 100 nm change in wavelength, the wavelength error would increase 0.02
pm. As this was way below the precision level of the current spectrometer, it should
be considered as zero in order to be meaningful. Therefore, on the given level of
resolution and accuracy, there was no wavelength bias observed.

To eliminate any further doubt, the visible region was divided into four sub-
regions for statistical analysis. The wavelength range of these sub-regions, the
number of lines they cover, and the mean and standard deviation for wavelength

errors and k values are listed in Table 3-9.

Table 3-8. Least square fitting results for trend lines (visible lines)

Element Slope Intercept R’
Ce 0.0032 -1.3229 0.0073
Cr 0.0078 -3.8273 0.0661
La -0.0005 0.2012 0.0006
Nd -0.0157 6.5562 0.01106
Sc 2x10% -0.0572 5 x 107
Y -0.0032 1.2415 0.0378
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Figure 3-14. Wavelength errors verse wavelength for all visible lines.
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Table 3-9. Sub-regions for statistical analysis.

Sub- Wavelength Number  Wavelength Wavelength Correction SD ofk

Region (nm) of Lines Error Mean (pm) Error SD (pm) factor k
| 316-350 228 -0.04167 1.54483 0.13534 4.58701
2 350-400 390 0.05205 1.61280 -0.14274  4.29112
3 400-500 290 -0.12276 1.48225 031602  3.44265
4 500-630 47 -0.03617 2.28648 0.07833  4.33644

The idea behind this analysis was simple. Remember each spectrum in the
library was calibrated with a single laser wavelength, and by definition, if systematic
wavelength bias existed, the wavelength errors would be different for lines at
different wavelength. The mean value of the wavelength errors of different sub-
regions would also be different. This could be tested with Student t tests, and the
results were listed in Table 3-10. It can be seen that, between sub-region 1 (316-350
nm) and any other sub-regions, the t values were always less than the critical value
of t at confidence level of 95%. This means the wavelength errors in region | were
not significantly different from any other sub-regions. The analysis results for
correction factor k gave similar results. Similarly, the t values for tests between any
two sub-regions were always less than t critical values. Thus the wavelength errors
showed no significant difference between any two sub-regions. That is, by definition,
no wavelength bias.

The UV region, however, had a slightly different picture. Spectra of nine
elements, Cu, Sn, Nb, Gd, Hf, Sb, Pt, Pb, and Y, were selected by the same criteria
for selecting visible spectra. The wavelength errors vs. wavelength plots for Cu, Sn,

Nb, Gd, Hf, and Sb (Figure 3-15) showed no clear trend for wavelength bias,
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although one might suspect that there is a small wavelength dependency as suggested
by the slope of the trend line, which varied from —0.05 to about -0.01 (Table 3-12).
The three plots for Pb, Pt, and Yb in Figure 3-16, however, showed a fairly
good linear relationship between the wavelength error and the wavelength, and all R’
values were above 0.6. The slopes suggested an average 3 to 5 pm change in
wavelength error per 100-nm change in wavelength. The all-lines-plot for the
wavelength error vs. wavelength in the UV region (Figure 3-17) indicated a slight
tilting of the trend line, Qith the larger errors occurring at the low wavelength end.

The slope of the trend line was —0.0128 with R* at 0.0374.

Table 3-10. t value* calculated for wavelength errors and correction factor k.

Sub-region 2 3 4
l t wavelength * -0.7159 (494) 0.6037 (480) -0.0158 (55)
tx -0.7448 (452) 0.4949 (411) -0.0814 (70)
2 t wavelength 1.4646 (651) 0.2569 (52)
ti -1.5457 (676) -0.0331 (58)
3 t wavelength -0.2512 (53)
ty -0.3579 (56)
* The values for Student t and degree of freedom (in parenthesis) were calculated as
L, = _i_‘?z— Degree of Freedom = Mﬁ/"—)‘ -2
“ siin +siin, (s /g,lr . @%T,Ir

Table 3-11. Critical t values at confidence level of 95%.

Degree of freedom o 450 250 200 150 70 60 50

t value 1.645 1.652 1.655 1656 1657 1.669 1673 1.680
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Figure 3-15. Wavelength errors vs. wavelength for Nb, Sn, Gd, Hf, Sb and Cu.
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The statistical analysis for the wavelength errors at different sub-regions of
the spectrum seems to further confirm the existence of a small wavelength bias. The
mean of the wavelength errors in the first sub-region (200-230 nm) is significantly
different from any one of the other four sub-regions. That of the second and third
sub-regions (230-250 and 250-265 nm respectively) are also significantly different
from that in the last sub-region (280-316 nm) above 95% confidence level (Table

3-14). Student t test for correction factor k values gives similar results.

Table 3-12. Least square fitting results for trend lines (visible lines)

Element Slope Intercept R”
Nb -0.0190 5.01 0.072
Cu -0.0272 6.06 0.168
Sn -0.0502 14.1 0.264
Hf -0.0159 4.01 0.236
Gd -0.0195 5.05 0.301
Sb -0.0386 9.09 0.387
Pt -0.0314 8.00 0.629
Pb -0.0550 13.7 0.717
Yb -0.0451 11.5 0.868

Table 3-13. UV Sub-regions for statistical analysis.

Sub-  Wavelength Number  Wavelength Wavelength Correction SD of k
Region (nm) of Lines Error Mean (pm) Error SD (pm) factork

| 200-230 155 0.6834 1.90 -3.111 8.74

2 230-250 240 0.0112 1.27 -0.0547 5.27

3 250-265 225 -0.0533 1.23 02119 4.82

4 265-280 243 -0.1601 1.14 0.5865 4.20

5 280-316 99 -0.3039 1.15 1.0673 4.00
95
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Figure 3-16. Wavelength errors vs. wavelength for Pb, Pt, and Yb.
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Table 3-14. t value calculated for wavelength errors and correction factor k.

Sub-region 2 3 4 5
1 Uwavelengn ¥ 3.8745(243)  4.2539(243) 4.9780(226) 5.1545(253)
ty -3.9191 (228) -4.3050(220) -4.9198 (200) -5.1664 (234)
2 U wavelength 0.5731(464) 1.1657 (476) 2.2278 (203)
tk -4.3050 (465) -4.9198 (457) -2.1303 (241)
3 t wavelength 0.9528 (457)  1.7549 (202)
tg -0.8934 (447) -1.6615 (226)
4 U wavelength 1.0540 (182)
Lk -0.9937 (192)

* Number in bracket is degree of freedom.

Before jumping to a conclusion, however, one might want to consider other
facts. Figure 3-7 in Section 3.3.2 shows that when Thome's wavelengths were used
as standards, the wavelength errors of Fe were significantly changed in both
magnitude and distribution pattern. What about the elements considered here?

The wavelength errors vs. wavelength plots for Pb. Cu, Sb, Sn were shown in
Figure 3-18. It was clear that, when using Thorne’s wavelengths as standards. the
wavelength errors for lines of all four elements were reduced, and the degree of
scatter decreased. The slope of their trend lines changed so much that there was no
apparent wavelength dependency noticeable (Table 3-15).

This raises an interesting question: what caused the observed wavelength bias

for these elements?
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Figure 3-17. Wavelength errors vs. wavelength for all UV lines.
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One of the possibilities is that FTS may have an inherent wavelength bias.
However, this is supported neither by theory nor by experimental results. Although
Salit (11) reported observed wavelength bias, his work was done at much higher
resolution, the reported bias was at 0.001 pm level. Besides, his single point
calibration experiment, in which the wavelength of a visible laser and its first
harmonics in the UV were measured, indicated no sign of wavelength bias. Thus
they suspected the literature wavelengths were not accurate.

Thorne’s wavelength values were obtained with high resolution FTS and they
did not observe any wavelength dependency of correction factors. As discussed
before, the results from this research basically shows no wavelength dependency
when compared with Thome’s wavelengths. Therefore, it is not likely that FTS is at
the root of the problem, albeit a small problem.

Another possibility is the inaccuracy of the literature wavelength values for
some spectral lines. However, as Pb, Cu or Sn are common elements, their
wavelength values should have been well characterized and this level of error should

not exist. Apparently further studies are needed to clarify this problem.

Table 3-15. Least square fitting results with different standards (UV lines)

Zaidel wavelength Thorne wavelength
Element Slope Intercept R Slope  Intercept R
Cu -0.0272 6.06 0.168 -0.0036 0.093 0.0096
Sn -0.0582 14.2 0.264 -0.0078 1.02 0.201
Sb -0.0386 9.09 0.387 0.0094 -2.03 0.111
Pb -0.0550 13.7 0.717 -0.0137 3.19 0.296
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3.3.5. Calibration with Average Laser Wavelength

As discussed throughout this section, the reference laser apparent wavelength
provides an excellent way to obtain accurate wavelength values with this instrument
by having a separate A_aw with each spectrum. Alternatively, these spectra can be
calibrated with the average of the reference Laser Apparent Wavelength values to
simplify the calibration process, although this approach might sacrifice the fine touch
of the calibration and compromise the wavelength accuracy.

That said, calibration of spectra with a single laser wavelength is still worth
trying due to a number of reasons. First, the primary cause that introduces inaccuracy
into FTS wavelength measurements is the misalignment of the reference laser. the
mirrors, and the optical system. For a properly installed and adjusted system, the
degree of misalignment should be fairly consistent, and so then the apparent
reference laser wavelength. Secondly, the wavelength inaccuracy introduced by the
finite-size aperture should also be fairly consistent because in all ICP measurements
only one set of aperture and lens combination was used, and the ICP position is
usually fixed. Thus the homogeneity of luminance on the aperture would be roughly
the same, and the variation should be small.

The spectral line wavelength errors of Ag, Co, and Cu spectra calibrated with
element specific reference laser apparent wavelength, and that calibrated with
average reference laser apparent wavelength are compared in Figures 3-19 to 3-21.
The Ag specific laser wavelength A aw, aguv = 632.8456 nm, so when the spectrum
was recalibrated with the average laser wavelength Apaw. uv = 632.8438 nm, the line
wavelength values decreased uniformly with little change in the scattering pattern.
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The error absolute values for lines with positive errors decreased while for those with
negative errors increased. The overall result is a shift of the mean of the line
wavelength errors from zero to —0.69 pm, the mean of the line wavelength error
absolute values increased from 1.38 to 1.41 pm, and the standard deviation was not
changed (1.81 verse 1.82).

The Cu lines, on the other hand, shifted towards the positive side in
wavelength, as all wavelength errors were positive after re-calibration, the mean of
the wavelength error and their absolute values both increased noticeably from -0.03
and 0.51 to 1.36 pm, respectively. The standard deviation decreased slightly from
0.72 t0 0.69. With Apaw, couv = 632.8426 nm, The Co lines showed a more complex
situation with moderate increase in the mean values of wavelength error (Ak. from -
0.01 to 0.45) and wavelength error absolute (AAaps, orr from 0.51 to 0.62). The
standard deviation decreased from 0.64 to 0.62.

The effect of calibration with an average laser wavelength Apaw. yv can be
seen more clearly from the plot of the mean values (calculated for each individual
spectrum) for all the elements (Figure 3-22). Instead of remaining at or very close to
zero, the mean values of the line wavelength error AX ., now scattered in a 3 pm

range centered at zero, representing the bias of wavelength error of each spectrum.
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The mean of the wavelength error absolute values Akabs, o (calculated for
each individual spectrum) seems less affected by the re-calibration. Although the
change was significant (calculated t was 3.17, compared with the critical value of
2.661 at 99% confidence level), the average value of A s - Only increased
moderately from 1.05 £ 0.92 to 1.26 + 1.02 pm, about 20%.

The standard deviation of the wavelength errors in each spectrum remains
virtually unchanged for nearly all elements (Figure 3-23). This was expected since
linear calibration should not change the degree of scattering of data points.

The above discussion defined, semi-qualitatively, the effects of wavelength
calibration with the average apparent laser wavelength. But how exactly this affects
the wavelength accuracy? Is there any difference between the wavelength values
calculated from element specific laser wavelength, and those from average laser
wavelength?

For Cr, Mn, Fe, Co, Ni, and Cu, the Student t values between the spectral line
wavelength values calculated from element specific laser wavelength, from average
laser wavelength, and from literature, termed as Aspecifics Aaverage> aNd Ay, respectively,

were calculated and listed in Table 3-16
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Table 3-16. Calculated t for comparison of spectral line wavelength values *.

Element lines ALaw (nm) Aupecific VS- At Aaverage VS. Ay A‘s;):::lﬁ.; nvs.
Cr 25 632.8427 0.1113 -3.107 -22.41
Mn 20 632.8444 -0.2108 -1.653 21.92
Fe 29 632.8437 -0.1201 -0.3453 -4.098
Co 34 632.8426 0.1062 -4.266 -53.86
Ni 33 632.8418 -0.0774 -4.7821 6.0402
Cu 26 632.8399 0.1888 -10.16 -81.70

* Lp,cmc was the line wavelength calculated with element specific laser wavelength, A ;e Was that
with average laser wavelength, and Ay, was Zaidel’ wavelength.
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As a general rule, Agccific, the spectral line wavelength values calculated with
element specific laser wavelength, showed no significant difference from the
literature values (t from 0.07 to 0.21, less than the critical value which is around 2);
A average, the spectral line wavelength values calculated with average laser wavelength
were usually different from the literature values, unless, of course, the laser
wavelength value for the specific element is sufficiently close enough to the average
value, as in the case of Fe where A aw_ fcuv = 632.8437 nm compared to Apaw, uv =
632.8438. There was definite difference between the Aspccisic and A average, With t value
generally greater than 4.

As discussed at the beginning of this section, calibration of the spectral
library with an average apparent laser wavelength would certainly deteriorate the
wavelength accuracy, as many aspects of misalignment or mis-collimation would
have to be left uncompensated in this way. Therefore the average value of the
apparent laser wavelength, 632.8438 nm, is recommended only if no element
specific laser wavelength is available and it should be used only for work not
requiring a high degree of wavelength accuracy. On the bright side, however,
although the spectral line wavelength calibrated with average laser wavelength
showed significant difference from literature values, the error introduced by doing so
was only an extra 0.2 pm on average, compared to the original error of 1.05 pm. This

demonstrated the excellent long-term stability of the present FTS system.
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3.4. Spectral Line Shape and Resolution

Resolution is one of the most important measures of a spectrometer and of
the quality of a spectrum. Full Width at Half-Height (FWHH) is one of the most
commonly used definitions for resolution.

The spectral line shape profile, and thus the FWHH is significantly affected
by any apodization function(s) applied to the interferogram, either intentionally
applied mathematical functions or that imposed by the instrument. In fact, any
measured interferogram, owing to its finite length, is the convolution of the real
interferogram and at least a boxcar apodization function, which would result in a sinc
function line profile. A triangular function, on the other hand, gives a sinc’ line shape
profile. Ref (12) lists the eight most commonly used apodization functions and the
FWHH of the transformed spectral lines.

Instrumental apodization, or self-apodization, results from incident bean
divergence, or imperfect collimation of the incident beam. It provides a means for
direct observation of the instrumental effects on the line shape. Qualitatively, the
interferograms in the spectral library can be roughly classified as three types: (1).
Interferograms with a broad bell shape and a central burst intensity comparable in
intensity to the wings. Examples include the UV interferograms of B, Mg, Si, Co. P,
and the visible interferogram of Be. (2) Triangular shaped interferograms with a
strong central burst. Ba and Zn in the UV, and Ba and Sr in the visible are examples.
(3) Interferograms with a very strong central burst and low amplitude wings. These

usually belong to the elements with either very rich lines or very weak lines in the
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region measured. The apodization effects, either from the instrument or by band
broadening mechanisms, are hard to discern directly from these interferograms.

The interferometer superimposed an apodization function on the
interferograms of the first type, so their envelopes decayed much faster than the
calculated Gaussian bell shape (Figure 3-24). Among them, the Mg interferogram
decayed slower than that of Be and B. Its envelope resembled much more the
envelope determined by a truncated Gaussian function. This probably meant it was
less affected by the instrumental apodization. As a result, the widths of Mg lines
were significantly narrower than that of Be or B (Figure 3-24).

In practice, instrument manufactures simply demonstrate the resolving power
of their instruments by showing the separation of two adjacent spectral lines. Figure
3-26 shows the separation of some spectral lines using the spectra from the library
and that with commercial instruments. It can be seen that the resolution of the spectra
in the Spectral Library is comparable to or better than some of the-state-of-the-art
instruments. The Cd 228.802 and As 228.812 nm lines can be resolved by the Jobin
Yvon Ultima spectrometer, but not by Perkin-Elmer Optima (not shown). The
simulated spectrum from the Spectral Library shows nearly base line resolution for
these two lines. The Cu 213.598 and P 213.618 nm lines separated by the Varian

Vista are completely baseline resolved in the simulated spectrum.
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3.5. Control of Spectral Quality.

While all spectra were acquired using single element solutions, in certain
cases, spectral quality in term of interfering lines may compromise the quality of
certain spectra. The most common sources of problems in this area were aliasing and

the Ar background.

3.5.1. Alias Lines.

As discussed before, alias lines are the result of undersampling of the
spectrum. They usually occur in the UV and visible region where the sampling
frequency has to be much higher than the reference laser frequency to meet the
Nyquist’s criteria. In theory, no alias lines should be observed in the spectra
according to current experiment design. However, the PMT (both P166 and 1P21)
and the electronic bandpass filter did not have a perfect clear cut at the dividing
wavelength (316 nm) around which many elements emit strongly. Some very strong
lines “penetrated” the wavelength filtering system made by the combination of PMT
and bandpass filter and appeared as alias lines.

Figure 3-27 shows an example of this problem. Two spectra were collected
for 1,000 ppm and 10,000 ppm solutions of Ca using the UV spectra measurement
conditions. The visible region alias of the Ca 396.8445 nm and the Ca 393.3645 lines
are actually more intense than the weak Ca UV lines. The situation is improved by
running the 10,000 ppm solution, as the intense ground state ion lines will experience
self-absorption in the plasma at this concentration level. Thus they are preferentially

absorbed and the UV lines can now be readily observed.
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Figure 3-27. Ca UV spectrum measured with 1000 ppm (top) and 10,000 ppm
solutions

Table 3-17 lists all alias lines found in the spectra of the library. These should
at least be the majority of the alias lines. It is possible, however, some low intensity

ones were missed.
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Table 3-17. Alias lines found in the spectral library

Element H% A alias A true line A it Ak
Al 6.7 325.0705 308.2155 I 308.215 0.5
Al 12.5 323.0946 309.2711 1 309.271 0.1
Al 1.9 323.8901 309.2843 I 309.284 0.3
Be 100.0 319.8701 313.0423 1 313.042 0.3
Be 65.9 319.8029 313.1067 11 313.107 -0.3
Cr 9.5 321.1147 311.8642 I 311.864 0.2
Cr 17.2 320.9326 312.0366 1 312.036 0.6
Cr 255 320.4460 312.4975 11 312.494 35
Cr 4.3 320.0553 312.8699 II 312.869 09
Cr 4.8 319.2233 313.6691 1 313.668 1.1
Cr 4.5 318.1403 314.7218 11 314.722 -0.2
Fe 12.2 3322136 302.0645 I 302.064 0.5
Hf 30.7 319.4314 313.4716 ¢ 313472 -04
Mg 46.4 364.4916 279.5527 1 279.553 -0.3
Mg 4.1 363.2792 280.2701 I 280.270 0.1
Mg 204 355.2989 285.2124 1 285213 -0.6
Mn 277 343.4954 293.3068 I 293.306 0.8
Mn 48.8 342.6427 293.9314 I 293.930 1.4
Mn 77.7 341.3075 294.9211 1 294.921 0.1
Mo 93 344.8308 292.3393 1 292.339 0.3
Mo 83 343.8474 293.0499 I 293.048 1.9
Mo 10.7 324.4733 308.7623 11 308.763 -0.7
Mo 8.6 320.7618 312.1998 1 312.200 -0.2
Mo 25.6 319.6512 313.2592 I 313.259 02
Mo 9.4 317.5720 315.2821 11 315.282 0.1
Nb 9.9 330.7608 303.2764 Il 303.277 -0.6
Nb 94 327.0628 306.4534 11 306.453 0.4
Nb 70.9 319.8392 313.0789 I 313.078 0.9
Nb 26.3 318.3276 314.5409 II 314.540 0.9
Nb 100.0 316.5050 316.3408 11 316.340 0.8
Ni 7.5 334.4369 300.2492 I 300.249 0.2
Ni 4.8 333.2645 300.2005 I 300.200 0.5
Ni 11.0 328.6379 305.0823 | 305.082 0.3
Ni 12.5 322.9467 310.1563 1 310.155 1.3
Ni 5.9 3229121 310.1882 I 310.188 0.2
Ni 8.7 319.4930 313.4101 l 313411 -0.9
Ca 325 263.1025 396.8445 I 396.847 -2.5
Ca 396 264.6550 393.3639 II 393.367 -3.1
Ca 43.6 314.9260 317.9317 1 317.933 -1.3
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3.5.2. Ar lines

As the plasma is an Ar based plasma, it is not surprising that Ar lines are the
primary or even dominant lines for many visible spectra in the library. In the
simplest situation it may be sufficient to run the element at a higher concentration.
This is illustrated for the visible spectrum of Cd in Figure 3-28. With the 10.000 ppm
solution in contrast to the 1000 ppm solution the Cd visible lines are clear.

Another way to handle the Ar problem is by spectral subtraction. The library
contains a full complementary set of Ar background spectra measured at the same
time as that for each element. According to how a spectrum is affected by the Ar
lines in it, the visible spectra in the Spectral Library can be divided into three
different groups: (1) Ar lines exist in the spectrum but do not mix with lines from the
element, as for the Ag visible spectrum (Figure 3-29). In this case, removal of Ar
lines was not critical, although showed an improvement to the quality of the
spectrum. (2). Ar lines exist in the spectrum and are mixed with element lines with
comparable intensity, as in the Co visible spectrum (Figure 3-30). In this situation.
line recognition is rather difficult and spectrum subtraction gives a clean Co
spectrum without Ar lines present, and thus significantly improves its quality. (3). In
the worst case, Ar lines become the dominant lines in the whole spectrum and bury
all element lines into the jungle (Figure 3-31). In this case, the only way to get a
clean spectrum is to remove Ar lines and this is crucial to the quality of the Zn
spectrum. Unfortunately, some Ar line residue remained in the Zn spectrum due to

the overwhelming intensity difference before subtraction.
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Figure 3-28. Cd UV spectrum measured with 1000 ppm (top) and 10,000 ppm
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Figure 3-29. Ag visible spectrum before and after the removal of argon lines.
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Figure 3-31. Zinc visible spectrum before and after the removal of argon lines.
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3.5.3. Lines from Other Sources

Other than the situations discussed above, there are still a few sources of
extra lines in a spectrum. King and Horlick (4) discussed the spurious “spectral”
lines and features introduced by the modulation of the emission source and
interferogram sampling errors. These lines are usually found in vicinity of strong
spectral lines, and decrease as the square root of the number of scans on
interferogram signal averaging.

Careful readers might have noticed the lines at the end of the spectra. They
are the modulated power line frequency and its harmonics.

Finally, although special precautions had been taken during the study, the
lines from impurities still showed up. For example, apparently trace boron somehow
got into the Zn solution and thus two boron lines showed up as weak lines (Figure
3-32, top). A few silicon lines (either from the torch or a true impurity) found their
way into the UV spectrum of Sb (Figure 3-32, bottom). The worst case of this
problem is the present of Ca lines as dominant lines in the visible spectrum of Rh
(Figure 3-33, top).

Counter-ions that come with the element of interest could be a problem
sometimes, as can be seen in the Si visible spectrum (Figure 3-33, bottom). The
standard solution of Si is the aqueous solution of high purity sodium silicate. As the
Si lines in the visible region are quite weak, it is not a surprise to see the sodium
doublet dominating the spectrum. In fact, three out of four lines in this spectrum are
sodium lines, leaving this spectrum looking more like a sodium visible spectrum than

that of silicon.
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Chapter 4. Some Applications for the
Spectral Library

Compared to the published spectral data, the Spectral Library from this
research project provides some important advantages. Firstly, this Spectral Library is
one of a few atomic spectroscopic data sets that provides complete coverage (i.e. Full
spectra) for the elements with spectral lines exclusively from ICP-AES. It also
provides spectral line intensities for the ICP discharge, which is important for
interference considerations. Secondly, this Spectral Library has superior wavelength
accuracy that is inherited from the FTS. The overall average wavelength error of the
Spectral Library was no greater than 1.05 pm when compared with literature data
and this number could be, in part, attributed to sources other than the inaccuracy of
the current research work, as, for example, variation in the accuracy of comparative
wavelength sources. The third advantage comes from the interactive format of the
Spectral Library. A fully computer interactive Spectral Library results in a
revolutionary change in the way spectral data can be used.

As such, it is expected that the Spectral Library will find a wide range of
applications in both industrial and academic environments. This chapter will
introduce a few applications based on the Spectral Library. Considering the nature of
this project, it should not be surprising that these applications are mainly from an
academic point of view, more real world applications from industries are expected

once the spectral library gains wider acceptance and availability.
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4.1. Interactive ICP-AES Spectral Data

Traditionally, the reference data for spectroscopy are presented in either a
tabular or graphics format, both printed on paper. Tabular form wavelength tables
can convey information about wavelength, intensity, line energy and others in a
relatively compact-sized publication. The graphics format, or spectrum, on the other
hand, provides readers with a much better visual sense of the spectral lines. It can
preserve nearly all information from any spectral measurement, including spectral
line wavelengths, absolute and relative intensities, line shape and width, background
noise and distribution, signal-to-noise ratio, etc., almost a perfect illustration of the
old saying *‘a picture is worth a thousand words”. This does not, of course, come
without a price. With the rich spectral features of the ICP, displaying even a
relatively small spectral range on a printed publication at a scale that is comfortable
to human eyes means a large publication volume. Thus nearly all published spectra
have been printed with tight page layout with little detail available or detail of very
short spectral region. Instead of providing many features promised by the graphic
format, readers often encounter a discouraging experience in locating specific lines
and reading off the intensity values, in addition to the missed details of spectral line
shape and width information.

With the help of personal computers, the Spectral Library overcomes most of
the problems for displaying spectra that once facing either the tabular wavelength
table or the printed spectra. Next, the Boron UV spectrum will be used as an example
to illustrate these advantages. Please remember, however, this thesis itself is a

printed publication, and thus has limitations on presenting the power of an interactive
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spectral library. Readers are strongly urged to experience this power with a personal
computer and the enclosed data CD-ROM.

The beat pattern of a Boron UV interferogram (Figure 4-1) is clear evidence
of a simple spectrum dominated by a strong doublet. The full-scale spectrum (Figure
4-2) has the appearance containing two lines. Both these lines are, in fact, doublets.
[n the spectral library with either SpectroPlot or other commercial software, to view
the details of the two doublets (Figure 4-2, top) is one effortless step. Spectral line
wavelength values, intensities, line width and shapes, and background noise level are

all readily observable or easy to evaluate (Figure 4-3).
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Figure 4-1. Boron UV interferogram at different scale.
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130

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Cursor: Boron LV Spectrum
& X Y
{tio8 | |2089588 RES

(Coots ] (Set](Gote] (Tset )
Alias: E]

Tl

Q0

Gt A I el S e e BT Y

NG ._,?,;‘_:7. i - |eip]-.

Statistics for selection
mean: 0419644

std.dev.: 0.273452

Boron t¥ $pectrum

max: 1.519220
min: -0.006228

(=)

k ’
O oihn oo B o.mm oo w o.LM

T«

Le]oT

Figure 4-3. Measuring line wavelength, intensity, and background noise with the
SpectroPlot.

131

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Beryllium has a relatively simple UV spectrum, too. Its interferogram has a
flattened Gaussian bell shape, providing no clues about the spectral features of the
spectrum. The expanded views, however, revealed regular beat patterns that suggest
the existence of a doublet or doublets (Figure 4-4).

There are four spectral features readily recognizable in a printed beryllium
UV spectrum (top of Figure 4-5): one dominant line and three weak lines. The
enlarged spectrum of “line 1” indicates that the dominant line is a single spectral line
centered at 249.8607 nm (Figure 4-5). As shown in Figure 4-5, “Line 2" at 249.457
nm is a closely spaced doublet with lines centered at 249.4576 and 249.4730 nm and
separated by 4.6 pm. They are close to being baseline resolved. “Line 3 is a closely
spaced triplet; with a high intensity central line at a wavelength of 265.0618 nm,
with two weaker lines as shoulders and separated just enough to be full peaks. “‘Line
4” is two well-resolved spectral lines at 313.0426 and 313.1070 nm. In a single broad
coverage spectrum such detail is not readily apparent.

Tabular wavelength tables would certainly be able to list all information for
wavelengths and intensities, but they would also certainly miss the information of
line shape and width and overall spectral character which is hard to imagine based on
information provided only by wavelength tables. With the Spectral library and
SpectroPlot, all this information is readily available. If desired, tabular wavelength
tables are readily generated from the spectrum with SpectroPlot, as described in

Chapter 3.
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133

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2000
1 Beryllium UV spectrum
__ 1500
."E‘
3
Pl
E
g 1000 -
>
B
8
=
500 —
2 3 4
0 1 |
T T T T T — T T
160 180 200 220 240 260 280 300
Wavelength (nm)
£ 2000 = 80
c c
5 ~ E] =
=1 1 © 12 2
51500- g [nl Eeo— 5 I 'g
- [=2] = -
€ 1000 - g | € 40 gl
= H 2 N :‘i.
s 500 I 2 20 !
g AR g A
£ 0 T T T £ 0 T T
234.80 234.85 234.90 2494 249.5 2496
Wawelength (nm) Wavwelength (nm)
§ 80 = ; °§- 40 )
2 60 o 118 2 30 ©
= w o0 X s g o
g 3 gL £ S, 8
= © 0 g = i
3 20 “/\/\« & £ 10+ hoa
5 A § T
£ 0 ! T £ 0 Y — T
265.0 265.1 265.2 3130 313.1 313.2
Wawlength (nm) Wawelength (nm)

Figure 4-5. Beryllium UV spectrum and detailed spectral features.

134

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.2. Removal of Argon Lines with Spectra
Subtraction.

Spectra subtraction has long been used for background subtraction and other
spectroscopic applications. However in FTS, spectra subtraction does not always
work, since a slight change in mirror movement or even a counting error results in a
shift of the digitization position on the real continuous interferogram and thus
introduces a phase difference between two different interferograms or spectra. If
spectra subtraction is performed between such two spectra, it usually results in a
derivative shaped line residue, often at incorrect wavelengths and causes confusion
with other real lines (1).

If, however, the spectra are collected from a stable instrument under carefully
controlled experimental conditions, subtraction can be done with reasonable success.
For example, argon lines are always present in the visible spectra and it is desirable
to remove these lines to get a clear view of the spectra of the elements, as has been
done for the Spectral Library. More examples of subtraction for FTS qualitative
measurements can be found in Chapter 6.

[t was found from experiment that the most effective way to remove argon
lines from the visible spectra was intensity-matched subtraction of a background
spectrum from the original spectrum containing both element lines and argon lines.
As illustrated in Figure 4-6, subtraction using interferograms could usually reduce
the intensity of the argon lines, but not eliminate them as shown with the Pd
spectrum (middle). However, for exactly the same data, subtraction of spectra gave

excellent results (lower spectrum).
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Bottom: spectrum obtained from background subtraction on
spectrum
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Why, in general, spectrum subtraction performed using interferograms was
less effective than using spectra is not known. There are, however, two possible
reasons. First, all interferograms in the Spectral Library were the average of multiple
signal scans, tiny moving mirror position errors sometimes accumulated and shifted
the position (only a single data point) of the interferogram central fringe. This would
certainly affect the effectiveness of the subtraction.

Another reason might be related to the intensity difference for the element
spectrum and the background spectrum. When subtraction is done with spectra. this
difference can be compensated with relative ease by intensity matching. For
interferograms, however, to compensate spectral line intensity directly is very
difficult as the lines are modulated, along with background lines and features.

As a general rule, effective subtraction with interferograms could be achieved
only if the argon lines were weak compared to the element lines. For example, the
background interferogram (Figure 4-7 middle) was subtracted from the acquired Ba
visible interferogram (top) to remove Ar lines. From Figure 4-8 it can be seen that Ar
lines are relatively weak in the Ba visible spectrum; and after subtraction of an Ar
interferogram, all Ar lines were removed (Figure 4-9).

The Ce visible spectrum, however, turned out to be an exception to this rule.
Argon lines are actually quite strong in the Ce visible spectrum, but the removal of
argon lines through interferogram subtraction was almost complete. Close
examination showed that the central fringe of the Ce visible and the background
interferogram matched each other almost perfectly, and the symmetry was actually

improved after subtraction.
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Figure 4-7. Background subtraction for Ba visible interferogram.

Top: original Ba visible interferogram.
Middle: visible interferogram for background.
Bottom: Ba interferogram after background subtraction.

138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ba 413.0660

_. 6000 —
.‘é
§
2 4000 3
> 3 g o
3 5 9 g 5 N
] ] <
€ 9 « ) | @ Eé? S
2000 — 3 = 3
g ? : g 8
| Ar @ P
\v“ lArl \s ’ ]
2 1 l ' I
0 T r ! T ! T
350 400 450 500 550 600
Wawelength (nm)
8000
b
. 6000 4
§ a
§ 4000 3
% S 9 ™ 8 <
5 g 8 8| § § R
E s 8 o 3 8 2
2000 = p < < 2 ©
8 @ 3 3 8§ e
\ :
LA L
e ‘ ' 1
0 T — Y T T T
350 400 450 500 550 600
Wawlength (nm)
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subtraction.
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Figure 4-9. Expanded view of Figure 4-8. Ar lines removed from Ba visible
spectrum
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Figure 4-10. Background subtraction for Ce visible interferogram.

Top: original Ce visible interferogram.
Middle: visible interferogram for background.
Bottom: Ce interferogram after background subtraction.
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Figure 4-11. Ce visible spectra before and after background subtraction.
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Figure 4-12. Ar lines were removed with Ce interferogram subtraction.



4.3. Scanning Spectrum Simulation and Spectral
Line Identification

4.3.1. The Objective of the Simulation

In a student lab for an analytical spectroscopy course, students are asked to
collect an ICP-AES UV spectrum with a one-meter scanning spectrometer for a
solution containing 10 ppm of Al, Ca, Cd, Cu, Mg, Mn, and Zn. The spectrum covers
the wavelength range from 210 to 230 nm (See Figure 4-13) and students need to
calibrate the spectrum and identify major lines. Apparently this is not a complicated
case; the only difficult time for the students was to identify the lines with a
wavelength table and the wavelength values available from their measured scan. In
this section it will be shown that the scanning spectrum can be easily simulated with
the Spectral Library, and the lines can be identified with great ease in a software

“experiment”.
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Figure 4-13. ICP-AES scanning spectrum for a mixture of seven metal ions.
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4.3.2. Spectrum Simulation and Resolution Control

The UV spectra of the seven constituent elements were obtained from the
Spectral Library CD-ROM and a simulated UV spectrum for the mixture was
obtained with spectrum addition (Figure 4-14). All spectra were taken directly out of
the library without any wavelength re-calibration or intensity matching. Spectral
addition could be easily done on a point-by-point bases with the “vector arithmetic
...” function of the SpectroPlot (2), or, if it is under Microsoft Windows on IBM-PC,
with Origin or Igor Pro as described in Chapter 5.

The 210 to 230 nm region of the simulated spectrum is compared to the
scanning one in Figure 4-15. It can be seen that these two spectra are very similar to
each other in terms of line position and distribution. For most lines the relative
intensities were similar, but line 2 and 3 had reversed intensity order in the scanning
spectrum compared to the simulated spectrum. The major difference between these
two spectra was the resolution. The Full Width at Half Maximum (FWHM) of the
spectral lines in the scanning spectrum were noticeably larger, and some lines in the
scanning spectrum appeared as two lines in the simulated one, presumably due to
better resolution.

Utilizing the processing features of SpectroPlot, the resolution of the spectra
in the Spectral Library can be easily controlled to match the resolution of any
instrument that has lower resolution than the Spectral Library. This is illustrated in

Figures 4-16 and 4-17.
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Figure 4-14. Simulated spectrum of the mixture and the constituent element spectra
from the Spectral Library

146

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



600 —
Scanning UV spectrum
500 = 21
§ 409 2 18
>
E
£ 300 3
s
2
g 200
E
16
w00 5 g e
8 1 1
m 4 6771 10 sl 7l (|2
0 M...n—J
T T T
215 220 225 230
Wawelength (nm)
600
Simulated spectrum 2
500 — 18 1
€ 400
F
£ 3
g 300
>
% 2
& 200 .
z !
w004 | Js
1] 8 1218 15
| 4 56, 00 " 1Z1920i22
0 e L J [ .
T T T
215 220 225 230

Wavwelength (nm)

Figure 4-15. Comparison of the scanning and the simulated spectra.
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Figure 4-16. Simulated interferograms of different length for the mixture
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Figure 4-17. Resolution decreased as a result of reduced interferogram length.
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Figure 4-16 shows examples of interferograms of different length, measured
in data points. The top one is the full-length interferogram of the simulated mixture.
[ts length, or the optical retardation it represented, could be calculated as follows:

Length = 131072 x 632.8438 x107 /4 =2.0737 cm.

The interferogram in the middle of Figure 4-16 has 32768 data points or
0.5184 cm long, and the bottom one 8192 data points or 0.1296 cm. The theoretical
resolution of the spectra transformed from these interferograms would be 0.9644 cm™,

3.858 cm™', and 15.43 cm™, respectively. The width of the spectral lines increased

noticeably, as shown in Figure 4-17.

4.3.3. Identification of Spectral Lines

It can be seen from Figure 4-15 that, the simulated spectrum established a
one to one relationships for most of its spectral lines with the scanning spectrum,
except for line 9 and 20 for which the simulated spectrum had two lines each and the
scanning spectrum had only one. Thus the line identification process for the scanning
spectrum could be done with the line identification for the simulated one. Of course.
one could always record the wavelength of each spectral line to be identified and
check against the value in a wavelength table. Instead, a graphical identification
method will be illustrated here utilizing the spectra from the Spectral Library.

The first step for identification was to identify the dominant lines. For this
purpose, the 210 to 230 nm region of the constituent elemental spectra were present

and compared with the simulated spectrum (Figure 4-18).
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Figure 4-18. Overview of the constituent elemental spectra.
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A quick visual inspection of the mixture spectrum and the constituent spectra
(Figure 4-18) suggested that lines 21, 18, and 3 were probably Cd lines, and line 3
was a Zn line. Thus the next step would be the confirmation of these lines.

As shown in Figure 4-19, the Cd spectrum (210-230 nm region) was first
subtracted from the spectrum of the mixture (top). Lines 3, 18, and 21 were removed
after the subtraction and thus they could be identified as Cd lines.

Now that the spectrum of the mixture lost three dominant Cd lines, line 2,
which was suspected to be a Zn line, became dominant (Figure 4-19, bottom). To
confirm its identity, the Zn spectrum was subtracted from this spectrum and line 2
was removed. Thus line 2 could be identified as a Zn line.

After the removal of Cd and Zn lines, line 1, 14, 16, and spectral features at
about 218 to 225-nm region became dominant. The elemental spectra showed that
Cu lines had a similar line distribution and expected to be the major source. After the
removal of Cu spectrum from the mixture spectrum, line 1 and most spectral lines in
the region from 218 to 2285, including line 14, 16 disappeared (Figure 4-20, top). and
this confirmed that they were Cu lines. It was also noticed that lines 9 and 20 had
two lines at each position before the subtraction and only one left after subtraction.
This suggested that they were probably not pure, that is, they all contained Cu

component and at least one more component from another element.
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Figure 4-19. Identification of dominant lines with spectrum subtraction for
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After the removal of the Cu lines, the spectrum became very simple, only 5
lines at 9, 10, 17, 19, and 20 remained. Among them, 9, 10, and 20 were removed
after the subtraction of Ca lines (Figure 4-20, bottom), and 17 and 19 were from Al
A complete assignment of these lines, alone with their wavelength values, is given in
Table 4-1.

It can be seen that the wavelength values for the scanning spectrum obtained
by a student differ quite significantly from literature values but were the best the
experiment could provide. Some lines can have errors as large as 0.1 to 0.2 nm. This
created considerable difficulties for the students to identify these lines. With such
large wavelength errors and no visual assistance from spectra of constituent
elements, it could be very hard to decide the identity of these lines. It is under this
situation that the graphic method showed great advantage over the traditional
wavelength tables, and significantly simplified the spectral line identification
process. For the simple task of assigning each line to the elements, one does not even
have to know the wavelength of those lines in the element spectra. All one needs is
the spectral region of the spectrum to be analyzed and, of course, the Spectral
Library. For a more complete analysis of the spectrum that involves identification
and measurement of the wavelength, graphical analysis splits a complex problem
into a series simple tasks. As spectral lines for one element are always listed in
wavelength tables in a clear and orderly fashion, once the spectral lines are assigned
to the element, their literature wavelength values can be located with confidence.

This not only speeds up the analysis process, but also improves the accuracy.
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Table 4-1. Spectral line assignment of the scanning spectrum.

A scanning  Intensity A Library A Lic AA
No. (nm) (%) Element Line {nm) (nm) (nm)

1 213.596 10.9 Cu (| 2135972 213.598 -0.001
2 213.856 79.5 Zn I 213.8580 213.856 -0.002
3 214.446 60.7 Cd I 214.4402 214.441 0.006
4 216.636 4.1 Cu I 216.5092 216.509 0.127
5 217.966 8.8 Cu I 217.9402 217940 0.026
6 218.206 40 Cu I 218.1723 218.172 0.034
7 218.986 1.9 Cu II 218.9622 218.962 0.024
8 219.256 7.8 Cu i 219.2261 219.226 0.030
9 220.016 12.2 Ca II 219.7788 219.779 0.237
Cu [ 219.9583 219.958 0.058

10 221.156 38 Ca II 220.8612 220.861 0.295
11 221.616 53 Cu [ 221.4593 221.458 0.157
12 221.946 8.4 Cu I1 221.8099 221.810 0.136
13 222.856 8.5 Cu I 222.7768 222,778 0.079
i4 223.056 14.1 Cu LIl 223.0083 223.008 0.048
15 224.286 58 Cu 11 224.2609 224.261 0.025
16 224.736 23.8 Cu II 224.6992 224.700 0.037
17 226.476 34 Al I 226.3463 226.346 0.130
18 226.656 78.9 Cd 11 226.5022 226.502 0.154
19 227.046 5.0 Al I 226.9095 226910 0.136
20 227.706 1.4 Cu I 227.6250 227.625 0.081
Ca I 227.5479 227.547 0.158

21 228.846 100 Cd 11 228.8026 228.802 0.043
22 229.456 5.3 Cu 11 229.4358 229.436 0.020
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4.4. Assessment of Spectral Interference.

4.4.1. Simulation of Optima Spectral Windows

As discussed in Chapter 1, the Perkin-Elmer Optima uses a segmented charge
coupled device (SCD) as a detector and detects each spectral line with a group of
pixels on the detector called optical windows, or subarrays. According to the
dispersed echelle diffraction pattern, the optical windows are arranged in a way that
each subarray covers a small wavelength range and detects one specific chosen line
of an element. A total 224 optical windows cover 224 lines for 71 elements that can
be determined with ICP-AES.

Although the subarrays were carefully arranged to minimize interference.
inevitably one cannot completely avoid spectral interference. Solid knowledge of
spectral features in each optical window will definitely improve the quality of any
measurement with the Optima.

Using similar methods as in the last section, the spectral windows of the
Optima can be easily simulated with the Spectral Library. Figure 4-21 shows the two
windows for phosphorous and a few common elements (Zn, Co, Fe, Si) that might
interfere with the analytical lines. It can be seen that subarray 038 was set for the P
213.618 nm line, and, for the four common elements, there are no lines that can be
found in this window from these elements. Therefore, this line should be free from
interference under normal condition.

For subarray 044, however, things are different. In addition to the analytical

line of P 214.914, two other lines, Cu 214.887 and Nb 214.953, are also present.
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Figure 4-21. Simulated Optima optical windows (sub-array) for P lines.
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Since Nb does not commonly exist in samples in high concentration, and the
Nb 214.953 nm line is quite far away form the P line, Nb will not likely interfere.
Cu, on the other hand, is quite common in nature and often exists in high
concentration. If the relative intensity of the two elements and the resolution of the
instrument are both similar to that shown in Figure 4-21, then Cu will not interfere.
If, however, the instrument has lower resolution, or the sample has a heavy Cu
matrix, then the possibility of Cu interference on the P 214.914 nm line does exist. In
that case, the P 213.618 nm line should be used for analysis, or at least the results
from both windows should be compared in order to find possible interference.

As another example, the optical windows for Pb are shown in Figure 4-22
and Figure 4-23. Among these four windows, subarrays 054 and 120 showed no
interfering line from the common elements listed; but in the other two windows, the
Mo 217.014 nm line is close to the Pb 216.999 nm line in subarray 042, and the Co
261.436 nm line is close to the Pb 216.999 nm line in subarray 081. Therefore, if a
sample contains Mo or Co, the results from these two windows should be used with
caution.

The effect of intensity change for an interfering line on the analytical line is
shown in Figure 4-24. This figure simulates the subarray 016 for the boron doublet.
It can be seen that the Ir line overlaps with B 208.893 nm line and Mo with B
208.959 nm line. The intensity of the Ir and Mo lines increase to twice, five times,
and ten times of that in the first spectrum in this simulation, while the intensity of the
boron lines remains unchanged. Both these elements can then constitute a series

interference.
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Figure 4-22. Simulated Optima subarrays 054 and 120 for Pb
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Figure 4-24. Effect of interfering line intensity change.
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The total spectra, which are the summation of all spectral traces on the left
column in Figure 4-24, are shown on the right column. It can be seen that in the two
low intensity spectra (top), the Ir line is partially separated from the B 208.893 nm
line, but could still have a strong interference effect. The Mo line totally overlaps the
B 208.959 nm line and cannot be resolved. At higher levels of interferent (bottom
two spectra), there is a significant overlap. Even if the peak-fitting algorithm of the
Optima system software can successfully separate B and Mo, the error of the
measurement of B is expected to be large.

To be fair, the developers of the Optima have done a good job in terms of line
selection. This does not mean, however, that the instrument is foolproof or the
analysts can be worry-free, as discussed in the previous examples. In practice, there
have been reports that the determination of uranium with the Optima gave positive
errors when iron was present. This can also be easily explained with the simulated
optical windows (Figure 4-25).

For uranium, the spectral line at 385.958 nm is the dominant line and thus
usually selected as the analytical line. This is fine if iron concentration is low in the
sample. However, for many real world samples iron is usually present in
concentrations considerably higher than that of uranium in the sample. [n some cases
iron is added to the sample as an internal standard or spike for QA/QC purposes. In
such situations relying only on the result from the U 385.958 nm line could be

erroneous, as the Fe 385.991 nm line might interfere with the analysis (top).
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This problem should not be too difficult to solve as the Optima provides four
subarrays for uranium lines. As indicated by Figure 4-25, three subarrays for
uranium, subarray 194, 198, and 217 showed no iron line in the windows when the
iron line in subarray 244 showed higher intensity than the dominant uranium line. As
iron is very common in practice, one should use the second dominant line at 409.014
nm for uranium determinations to avoid interference. If for some reasons the result
from line 385.958 has to be used, the result from other subarrays should also be
monitored and compared. In this way, the positive error in the determination of

uranium introduced by iron interference should be avoided.

4.4.2. Interference of Rare Earth Elements

It is well known that trace rare-earth elements (REE) are difficult to
determine with I[CP-AES due to the richness of their spectral features and chemical
similarities. Spectral interference of REEs have been investigated intensively by
several groups. Recently Huang and associates (3) studied the interference of Sm and
Dy on 33 spectral lines of 15 REEs. Their used a high-resolution spectrometer to
scan a spectral region from 0.1 nm below to above the center wavelength of each
analytical line, and recorded the spectra of the Sm, Dy, and the element of interest.
These spectra, prepared as Windows PaintBrush pictures and stored on disks,
presented detailed spectral information on the environment of the spectral lines, and

they can also be simulated with the Spectral Library.
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Figure 4-26 shows a simulated spectrum for the Ho line at 339.898 nm, along
with the spectrum provided by Huang et al (3) (note log amplitude scale for their
spectra). It can be seen that these two spectra are quite similar in terms of line
position and relative intensity. Three out of four Dy lines and four of five Sm lines
reported by Huang can be found in the simulated spectrum. It was clear that the Dy
338.882 line would certainly interfere with the Ho 339.898 line, and Sm 339.876 and
339.936 nm lines might also interfere. Other lines should not be major problems if
similar resolution and relative intensities were kept.

The simulated windows for another six lines are shown in Figure 4-27, along
with Huang’s results. It can be seen that for the Y line at 370.030 nm, all three Dy
lines reported by Huang can be found in the simulated spectrum, while only one out
of five reported Sm lines could be found. It seems that the signal to noise ratio of the
simulated spectra is rather low in this case, and some of the low intensity lines are
buried in the background noise. A similar result was observed for the Y 324.228 nm
line. In the spectral region from 324.128 to 324.328 nm, only two strong Sm lines
were observed along with the analytical line, while none of the spectral feature of Dy
could be clearly identified as lines (Figure 4-27b).

For lanthanum, there was no Dy or Sm lines could be found around La
333.749 and 398.852 nm lines; but one out of three Dy lines and all Sm lines were
located around La 408.672 nm. For the Ho 345.600 nm line, only one intense Dy line
could be found at 345.656 nm, but none of the four Sm lines reported by Huang.

From above discussion it can be seen that the simulation of high-resolution

REE spectra with the Spectral Library achieved moderate success. It would certainly
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be beneficial if the signal-to-noise ratio had been higher, most of the interfering lines
were identified with simulation. This demonstrates the application and value of the

Spectral Library in rather complicated situations.
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Figure 4-26. Simulation of a spectral window for Ho 339.898 nm line. The lower
spectrum was obtained with a scanning spectrometer.
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Figure 4-27. Simulation of a 2 nm spectral windows (left) for a scanning
spectrometer (right).
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Chapter 5. The Spectral Library for Microsoft
Windows Platform

The ICP-AES Spectral Library developed in this project was based on the
SpectroPlot program (1) that can only be run on Apple Computer’s Macintosh
system. This chapter describes the preliminary development of the Spectral Library

for the more popular Microsoft Windows system.

S.1. Developing Spectral Library for Windows
Platform.

S.1.1. The Need.

Apple Computer’s Mac OS and Microsoft Windows are two popular
operating systems that are used by most personal computers today (2). Although they
utilize different technologies and handle technical issues with different approaches,
both OSs can be traced back to Xerox’s pioneer work on the A/to (3). Built at the
Palo Alto Research Center (PARC) of Xerox Corporation in the early 70s, A/to was
the world’s first personal computer based on the Graphical User Interface (4, 5).
Traditionally Mac OS is regarded as the leader in graphics technologies, particularly
before the middle 90’s (6-8). Thus it is not surprising that most of the early software
for spectroscopy, which relied heavily on graphics, was developed on the Macintosh.
SpectroPlot (1), the Mac program the Spectral Library relies on, is a good example
of such a development.

Today, although Apple Macintosh still excels in intensive graphical

processing, the difference in performance is quickly diminishing as a result of rapid
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advances in both the Windows operating system and PC hardware (2). As well,
Apple Macintosh has never enjoyed the popularity of Microsoft Windows, which
now runs on most personal computers and has become the de facto standard for the
personal computer industry (9). It is important, therefore, to realize that being able
to run on Windows will be vital to the general acceptance and success of the Spectral
Library. Microsoft Windows is now, and will be for the foreseeable future. the
dominant operating system for most people and most industries. For the Spectral
Library to be accepted by these people and industries, making it accessible for
Windows PC is as important as building its spectroscopic content. Otherwise, the
Spectral Library might just stay in the ivory tower forever and never reach the

outside world.

S.1.2. Design Guidelines for the User Interface

Clearly, a good user interface is very important to the acceptance of any
software program. For the Spectral Library that contains vast amounts of
information, a clear and intuitive user interface will be even more crucial as one
should never expect all users to be experts of Fourier Transform Spectroscopy, or not
even experts for personal computers. A poorly designed user interface will only drive
away, or even worse, drown the users in an ocean of spectral data, and eventually
bury the otherwise useful work of the Spectral Library.

For the Spectral Library, the user interface should provide direct and easy
access to all elements that have spectra in the Spectral Library. A periodic table form
is preferred. Figure 5-1 shows a prototype interface designed with Microsoft Visual

Basic. A control array of 103 Command Buttons provides the gateways to the spectra
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and interferograms of all elements. The buttons for those elements that do not have
spectra available are disabled and will not response to a mouse click.
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Figure 5-1. A prototype user interface for the Spectral Library.

Through this user interface, users should be able to open and display spectra
and interferograms for both the visible and UV regions and it is desirable to have the
ability to display two or more spectra or interferograms of one element at the same
time. If possible, the basic display window should provide all the functionality of
SpectroPlot, which has been optimized to fit spectroscopists needs better than any
existing user interface, including expensive commercial technical graphing packages.

In addition to access to the spectra, the Spectral Library interface should also
provide access to a wavelength table for each element with accurate wavelength
values for intensive lines in the visible and UV regions. SpectroPlot has a build-in
function to list wavelength and intensity for spectral lines on the fly, so it is able to

generate such a table on demand. The problem is, however, the accurate wavelength
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values require zero filling (a Fourier data processing operation). Thus, a list of
accurate and proven lines will be more convenient for spectral line selection.

To assist in spectral line selection and spectral interference identification, the
library should provide a means to display cross-reference for spectral interference.
For example, for each listed spectral line, provide a list of all possible spectral lines
from other elements in a wavelength window centered at the wavelength value of the
spectral line under investigation. Such list would alert users to potential spectral
interference problems.

Finally but importantly, the Spectral Library interface should provide a fast
and correct algorithm to perform Fourier transforms like SpectroPlot. This is very
important as it is the only way to get spectra from the interferograms and vice versa,
and, as has been seen in the pervious chapters, this is also necessary for resolution

control of the spectra and thus important for spectrum simulations.

5.1.3. Some Comments on the Interface Development

[t should be noted that the previous section is only a guideline for the
development of the interface for the Spectral Library. Currently not all features
desired or listed were developed or are being developed. Initial attempts to develop
the interface from scratch with Microsoft Visual Basic had been hindered by the
limitation of the development tool and thus a Spectral Library based on commercial
graphic software had been developed and will be presented in the next sections. It is
the author’s feeling that, however, if the interface will ever be developed from
ground up, Visual C++ combined with Microsoft Foundation Class Library (MFC)

will be more adequate for the job (10). While Visual Basic is good at building a user
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interface and dealing with a relational database, MFC is much more powerful and
efficient when dealing with intensive graphics and large data sets, which is the case
for the Spectral Library interface development.

An alternative to this is the graphing libraries (11). Graphing libraries are
software components developers can use in their daily development to simplify the
development process for graphing. They allow one to create many different styles of
graphs in a similar fashion, but much simpler, to using the Windows Graphics
Design Interface (GDI). Graphing libraries contain thousands of lines of necessary
GDI code to create one’s graphs, freeing one from the time-consuming task of
developing and debugging one’s own GDI-based code. One can also incorporate
these libraries into almost any application that supports calling a dynamic linking
library or an ActiveX control component.

Commercial graphing libraries are available from several software companies
and can be used with either Visual Basic or C++. Among their products, Pinnacle
Publishing's Graphics Server provides the most features and most sophisticated
capabilities (11, 12). This is a solid, proven package with superior documentation
and fine performance. It has made its way into many commercial applications over
time. Graphics Server is currently at version 5.5 for $499 (US). If it is used, much
coding work can be saved for both graphing and data process functions since it
comes with a long list of functions including FFT. Since it will handle all graphing

tasks, there is no need to worry about the performance of Visual Basic.
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5.2. Spectral Library Based on Origin.

5.2.1. The Spectral Library Interface

Origin™ is a scientific graphing and data analysis program developed by
OriginLab Corporation (formerly Microcal, Inc. One Roundhouse Plaza,
Northampton, MA 01060, USA) and runs on Microsoft Windows (13). A time-
limiting working demo of Origin can be downloaded free from their web site
(http://www.originlab.com).

To provide a convenient way for readers to access the ICP spectra and
interferograms in the ICP-AES Spectral Library, a user interface has been built under
Origin for the Microsoft Windows platform (Figure 5-2). Although not a requirement
to use the library, it is certainly helpful for readers to have a basic knowledge of the
Microsoft Windows operating system and Windows applications.
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Figure 5-2. The user interface of the Spectral Library built on Origin™
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The interface of the Spectral Library consists of three main areas. The Title,
the spectrum types selection, and the element selection.

On top of the page is the title of the spectral library. The spectrum type
selection is achieved by a click on one of the four buttons that are labeled “UV
Spectrum”, “Visible Spectrum”, “UV Interferogram”, or “Visible Interferogram”,
respectively. By default, the spectrum type was set to “UV Spectrum” as indicated
by the subtitle of the Spectral Library. In this case, the spectrum for any element
accessed will be the UV spectrum for that element. To access visible spectra or
interferograms, users can simply click on the corresponding button, e.g. “UV
Interferogram”, then the subtitle will change to “UV Interferogram”, indicating now
the UV interferogram is being accessed.

The selection of the elements is accomplished through a collection of buttons
arranged in periodic table style. The black symbol on a button indicates the Spectral
Library has spectra and interferograms for that element, and the grayed-out symbol
on the button indicates that there is neither spectra nor interferograms available, or
the element could not be determined by ICP-AES.

Once the spectra or interferograms are opened in Origin, they can be viewed
and manipulated in many ways as discussed in the following section. It should be
noticed, however, that the Spectral Library was developed for an early version of
Origin, Origin Version 4.1. Thus there might be some differences from the current
version, but the operation principles should remain the same.

The Origin project that contains the user interface is named as SpecLib.opj

and stored in folder “Origin” on the companion CD.
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5.2.2. Viewing the Spectra

5.2.2.1. Display Spectra in Origin

The easiest way to view spectra or interferograms in Origin is to display the
spectra or interferograms from the Spectral Library user interface discussed in the
previous section. To do that, the user can first load the interface by opening the
Origin project SpecLib.opj, and then select the spectra type and element.

Alternatively, readers can access the Spectral Library directly from Origin.
To do this, start Origin and a blank worksheet will appear. Click on File: Import on
the menu, and then select ASCII. Choose the CD-ROM drive (usually drive D) in
the File Open window and open folder spectra. All spectra for one element are saved
in a sub-folder named with the element symbol.

For example, to view the ICP-AES UV spectrum for boron, import file
Buvsp.txt in D:\spectra\B folder, and data will appear in two columns once the
importing process is finished. The data in column A (marked as x by default in
Origin) is the wavelength value for a spectrum, or data point for an interferogram,
and that in column B (marked as y) is intensity in arbitrary unit for both spectra and
interferograms. To display the spectrum, highlight these two columns on the
worksheet and click on the Plot on the menu bar, and then select Line. A line plot
will be displayed in a new window named Graphl (Figure 5-3).

By default Origin plots large data set with the speed mode turned on. That is,
it omits some data points as it plots. This increases display speed but may causes
distortion in the displayed spectrum. To avoid this problem, one should open up the

Page Control window by clicking on Format: Page; then clear the speed mode
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check box in the Display Preferences group, and change the View to Window view in
the Page group. Once the OK button is clicked, Origin will automatically redraw the
window with all data points.

Next the label of the axis should be changed to make the plot meaningful.
Double click on the label “X axis title ” to get the Text Control dialog and change the
text from “X axis title” to “Wavelength (nm)” for a spectrum or “*Data Point” for an
interferogram. Then double click on the x-axis and, in the X Axis dialog box, set the
scale from 150 to 320 for UV spectra, 300 to 700 for visible spectra, and 0 to 132000
for interferograms, respectively. Similarly, the label of the y-axis should be changed
to “Intensity”, and the scale range set appropriately. Finally, select the menu
Window: Rename, click on the Labe! item on the dialog box and enter a name. A

properly displayed and labeled boron UV spectrum is shown in Figure 5-4.
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Figure 5-3. A line plot for B UV spectrum data in Origin.
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Figure 5-4. Boron UV spectrum displayed in Origin.

5.2.3. Viewing Spectra in Detail

Origin provides some useful tools for viewing and manipulating data and
spectra. These tools provide convenience and interactivity for users and distinguish
the Spectral Library from the traditional printed ones. Collectively these tools are
called the “toolbox™ in Origin and can be accessed by clicking Tools: Toolbex on
the menu bar. Some of the most important tools are listed in Table 5-1, along with
some short descriptions of the tools and their usage. Other tools in the toolbox, like
Text tool, straight arrow tool, curved arrow tool, etc, are similar to those in popular
presentation software. Although they can be very useful in labeling spectra, they will

not be discussed here. Consult the Origin manual for further details.
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Table 5-1. Important tools in the Origin toolbox.

Name Icon Primary function
Enlarger Tool Q Magnify a portion of a data plot.
Data Reader + Obtain the x, y coordinates value of a data
point only.
Screen Reader =3 Obtain the x, y coordinates value of any
— point on the graph page.
Data Selector 4 Select a segment of a data plot for

subsequent operation.

5.2.3.1. Reading Information for Spectral Lines

Data Reader is a more useful tool for viewing spectra data than that of
Screen Reader. It is used to determine the XY coordinates of a point on a data plot.
To access the Data Reader tool, click on the tool and then click on the data point you
want to read. It might be necessary for the reader to try several times before a data
point can be located. Once a data point is located, a red crosshair will appear at that
point, and the point number and x, y value will appear beneath the graph window
title bar (Figure 5-5). The crosshair can be moved with the left and right keys, or be
dragged to a new location using the mouse.

Screen Reader tool can be used to determine the X and Y coordinates of any
point on the graph page. It does not trace the spectral line as the Data Reader tool.
To use the Screen Reader tool, click on the tool and then click anywhere in the
graph window. The XY coordinates appear beneath the graph window title bar. Use

either the mouse or the arrow keys to move the crosshair pointer.
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Figure 5-5. Data Reader Tools. Notice the information in the title bar.

5.2.3.2. Viewing a Section of Spectrum with Enlarger tool

Enlarger tool can be used to magnify a portion of a data plot. The spectrum
can be zoomed both vertically (intensity axis) and horizontally (wavelength axis). By
properly using the enlarger tool, a portion of the spectrum can be displayed.

To do this, first click on the Enlarger tool, then with the mouse button held
down, drag a rectangle around the portion of the data plot one wants to enlarge.
When the mouse is released, the axes rescale to show only the selected data. This is
the simplest way to view a portion of a spectrum.

To re-display the entire data plot, double-click on the Enlarger tool. The axes
revert to their original scale. If the Ctrl key is held down when the rectangle is being

drawn, the selected graph will be displayed in a new window.
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Figure 5-6. Property window for x-axis.

5.2.3.3. Viewing a Section by Changing the Axis Scale

Similar to many graphical plots, the spectrum displayed in Origin can be
viewed more closely by expanding the scale of axis. For example, double clicking on
the X-axis of the spectrum will bring up a property window for the axis (Figure 5-6).
Enter the desired wavelength range in the “from " and “70 " boxes and click the OK
button. The spectrum for the specified wavelength range will be displayed. For smali

peaks, one can perform a similar operation on the Y-axis to get a better view.

5.2.3.4. Viewing a Section the Data Selector Tool

Data Selector is another useful tool provided by Origin. It can be used to
change the display range of the active data plot without affecting other plot instances
or the worksheet display range (Figure 5-7).

To do this, click on the Data Selector tool in the Toolbox. Data markers
appear at both ends of the active data plot. Click and drag the markers along the X-
axis with the mouse to mark the data segment of interest. Release the mouse button
when the marker displays at the desired data point. Alternatively, use the left and
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right arrow keys to select a marker. Then hold down the Ctrl key and press the left or
right arrow keys to move the selected marker to the desired data point. The data
point number, wavelength value, and intensity can be read out from beneath the title
bar of the graph window. Apparently this method is much slower than using the
mouse, but it allows one to reach the exact data point of interest and thus have
precise control of what data range is selected. Once the data markers are in position,
click on the Data Selector tool again or press the ENTER key. Then select Data: Set
Display Range. All spectra except the selected portion will be hid from view.

To reset the display range of the data plot back to the original range, select

Data: Reset to Full Range.
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Figure 5-7. Select a section of spectrum with Data Selector tool.
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5.2.3.5. Duplicate a Section of a Spectrum

Due to the vast amount of information a full-range spectrum carries,
sometimes it is more efficient or accurate to view and manipulate a specific section
of the spectrum, and this can also be done in Origin.

To display a section of a spectrum, first extract necessary data points from
the data series by selecting Analysis: Extract Worksheet Data. Figure 5-8a shows
such a window to extract data points from 31750 to 31877. A click on the Do it
button will extract these data points from current data set to a new worksheet named
Datal, It can be plotted in the same way as described before to obtain a portion of

the spectrum containing only 128 data points (Figure 5-8b).
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Figure 5-8. Plot a section of spectrum by extracting data with the Extract
Worksheet Data window.
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5.2.4. Fast Fourier Transform in Origin.

The interferograms in the Spectral Library can be transformed into spectra
with the built-in fast Fourier transform (FFT) function of Origin. To perform a fast
Fourier transform on the active data plot, select menu Analysis: FFT. This opens
the FFT parameter control dialog (Figure 5-9).

There are two tabs in this window. On the Operation tab the forward FFT
and Amplitude spectrum should be selected for transformation from interferograms
to spectra. On the Sertings tab, users can accept default settings for routine operation.
The so-called Windows Method provides five choices for apodization functions that
Origin builds in. In most cases, rectangular or boxcar apodization is sufficient to
avoid distortion in the spectra, in some cases, other functions can slightly improve
spectral line shapes transformed. For interferograms from the Spectral Library, the

sampling interval should always set to 1.

@ [Formwrd ) [Sackward :""" .Imc'"::
Spoctrum —————————— imaginery
& [Ampliusde 5[ Power Sampingitorwd [ 100
L_ox |l cancel] (@[ Aectangr—
‘ > _Walch
> Nenning
> Hemming
> Slackman
Output Optiens
[mm " §
Shift Results " §
Urtavep Phase [ §

Figure 5-9. The parameter control dialog of FFT function. See text for details.
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After the calculation for the FFT, Origin saves all results to a new worksheet
called FFT1 (Figure 5-10), and displays a line plot of sample amplitude versus
sampling frequency along with the phase spectrum.

Depending on the Shift Result option checked or not in the FFT setting
dialog, the spectrum from the FFT calculation will be displayed differently. A non-
shifted spectrum is the one with both positive (real) and negative (imagery) part
displayed, and the shifted one displays only the real spectrum (Figure 5-11).

Apparently, for atomic spectrum, only the real spectrum should be kept.
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Figure 5-10. The calculation result listing for the FFT.

_ﬂ.’i

Figure 5-11. Spectra plotted after FFT in Origin (a) with result shift. (b) Without
“shift result” checked.
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5.2.5. Wavelength Calibration in Origin.

After FFT of the interferograms or to correct wavelength shifting in the
spectrum, wavelength calibration or recalibration is often necessary for Spectral

Library users to obtain accurate wavelength values for spectral lines.

5.2.5.1. Extraction of Amplitude Data for Wavelength Calibration

As Origin saves both the real and imagery parts of the FFT, the first step to
calibrate the wavelength for spectra calculated from interferograms by Origin is to
extract the real spectrum from the FFT results using the method for extraction of a
section of a spectrum.

To do this, first remove all columns except r(Y) in the FFT window (Figure
5-10), then highlight column r(Y) and select menu Analysis: Extract Worksheet
Data. A dialog box similar to Figure 5-12 will appear. Type in row number from
65537 to 131072 if the data is shifted, or from 1 to 65536 if it is not; and enter [i]>0
in the criteria box and then press Do it button (Figure 5-12). All data in the specified
range will be extracted into the new worksheet that will contain one column and
65536 rows of data, which is the amplitude values of the spectrum. The wavelength
can then be calculated from the data points as discussed later in this section.

For spectra loaded directly from the Spectral Library, the extraction step
described in this section is not necessary and should not be performed, as only the

real spectrum is included.
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Figure 5-12. Extracting amplitude data of a spectrum from an FFT worksheet.

5.2.5.2. Wavelength Calibration and Re-Calibration

The wavenumber of a data point in a spectrum transformed from an
interferogram is given by:

n
0'" =
N : }“he.Ve /ni
or

N)\'He.\'e

1
Ty (5-1)

A =

Whereas: o, is the wavenumber at n data point; N is the number of total data
points in the interferogram; n is the number of a data point and n=0, 1, 2,..., N-1;
AHene is the wavelength of the He-Ne reference laser used for the interferometer, n. is
the clock rate for data sampling, and i is the row number of an Origin worksheet and
1=n+l.

This holds true, however, only if no alias occur. The spectra in this library are
all sampled at 4 x HeNe laser clock rate, so the visible spectra can be calibrated
directly with the above equation. The UV spectra, on the other hand, all fall into alias

region one (1). Thus the wavelength calibration is more complicated.
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It is easy to see that in alias region one
n=(N-1) —nobs = (N-1) - (i-1) = N-1
Thus the wavelength is given by:

1 — AHeNe
c (I -i/N)-n.

For wavelength calibration or re-calibration, highlight column A or the
wavelength column and then select Column: Set Column Values from the menu bar
(Figure 5-13). In the formula box enter Equation (5-1) for a visible spectrum or
Equation (5-2) for a UV spectrum and use N=131,072, n=i-1, and n.=4.. The
recommended apparent wavelength value for the reference laser for all spectra is
632.6438 nm. This value should be accurate enough in most cases. For wavelength
critical calculation, the apparent wavelength value for that particular spectrum should
be used instead. This value can either be looked up from the wavelength table (PDF
files) supplied with the Spectral Library, or be calculated with other external

wavelength standards as discussed earlier in the thesis (14).

et [ olumn Values W

For tow number ) from |1 to [65536 Dolt I
colfA)=|collAJ0.993798

2
: o
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s

Figure 5-13. Set Column Value dialog for wavelength calibration in Origin.
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5.3. Spectral Library Based on WaveMetrics'
Igor Pro

WaveMetrics' Igor Pro is a powerful graphing, data analysis, and
programming tool for scientists and engineers. It has been known and used for

several years by Macintosh users, but is relatively new to the Windows world.

5.3.1. Strength and Weakness of Igor Pro

For users in the scientific and engineering area, /gor Pro provides
considerable and often unique capacity. This includes: (1). The ability to handle
large datasets with support for many different data formats common to the scientific
and engineering field. (2). Powerful data analysis including precision data reading,
Fourier transformation, curve fitting, and smoothing. (3). Publication-quality
graphing including support for charting, drawing, annotations, and layout design. It
also supports high-resolution graphics export in the formats of PICT, BMP,
Enhanced Metafile, PNG, and Encapsulated PostScript files. (4). Programmability
with built-in C style programming language.

The weakness of /gor Pro, however, are also obvious. Mastering /gor Pro is
by no means an easy task. With its rich features and rather confusing interface
design, naive users can easily get lost. Although it is supposed to be a Windows
program, some essential operations (modifying a data array, for example) are still
executed with a DOS style command line. To make things worse, Igor Pro uses a
terminology system that is so different from popular Windows applications, even a

veteran Windows user will have a hard time navigating through it.
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Nevertheless, the strengths of Igor Pro far overweigh its weaknesses in
spectroscopic applications. In the next few sections, the essential steps for display
and manipulation of spectra and interferograms with Igor Pro will be introduced,
along with some discussions on Fourier transformation and wavelength calibration.
Readers who have no previous experience with /gor Pro are strongly urged to read at

least the first chapter of the /gor Pro “Getting started” manual before proceeding.

5.3.2. Viewing Spectra or Interferograms with Igor Pro

To provide easy access for the spectra and interferograms in the Spectral
Library from Igor Pro, a user interface with similar design principle and operation to
that in Origin has been developed (Figure 5-14). Similar to that developed for
Origin, this interface is also based on the Periodic Table. The type of the spectra can
be selected with a pull-down menu undemeath the Spectral Library title; and the
spectra for each element can be access with a click on the command button labeled

with the symbol of the element.

m Spectial Lihiary  Periodic Table BN = a_lgjl]
Spectral Library for ICP-AE
H He
i Be| Please select [ UV Spectrum 8l c N O Fone
Nl g @ si| rls|oa al

& o] sef 1| _v]_cif o] Fo] cof 1] cuf 20| o] Gof as] o] r ks
o) | v] 2] o vof e fuf an) pa] as] co] n snf sb] o] 1 e
ce o] tol | 1a] s o ] | | ] ol ) o] ] v o
Sof o1 o] P So] Euf Gof o] oy ol Er] 1af ] L]
Thf e Uf Mo Puse) euf Gof Tof Do] Hof ] Taf vol 1uf

Figure 5-14. Spectral Library Interface for Igor Pro.
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Alternatively, users can load spectra from the Spectral Library directly from
Igor Pro. The boron interferogram will be used as an example to illustrate the
necessary steps to display and manipulate spectra and interferograms; and the boron
UV spectrum will be used to illustrate precise data reading.

When dealing with Igor Pro, it is important to understand the meaning of
“wave” as it is used in the program. Essentially, an Igor Pro “wave” is an array of
data, normally displayed in a column in a database table, a spreadsheet, or a
delimited text file. To Igor Pro, every spectral library file contains two waves: one is
data point (for interferograms) or wavelength (for spectra), and another is intensity.
When loading a wave, Igor Pro loads it directly into memory leaving no visual clue
of the existence of the wave, unless it is put into a table or a graph window.

To load spectra directly from Igor Pro, first start the program; a table and the
command window are displayed by default. Select the Data menu, then Load
Waves: Load Delimited Text ... (Figure 5-15a), a File Open dialog will appear. In
this dialog, select UV\B\Buvifg.txt on the CD-ROM drive and click on Open. Enter
“*Data Points” for the name of waveQ and “intensity” for wavel in the next dialog
window and check “Make Table” check box to display the imported data.

Next, click on Windows: New Graph to display the New Graph dialog
(Figure 5-15b). Select “Intensity” for “Y wave” on the left-hand side window, and
“*Data Point” for the “X wave” on the right-hand side. Click on Do It to display the

spectrum.
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Figure 5-15. Loading delimited text data from the Spectral Library into Igor Pro
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To label the axis, click on Graph: Label Axis to open up a Label Axis
dialog. Enter “Intensity” in the “Axis Label” box for the “Left” Axis and “Data
Point” for “bottom™ axis. Click on Do It when done.

To zoom in or zoom out a displayed spectrum is simple. Draw a square with
the mouse pointer on where you want the center of view. Then a click anywhere
inside that area will bring up a pop-up menu. It shows six options (Figure 5-16):
Expand will zoom in both directions and make the selected area full view.
Horizontal Expand will keep current Y scale expand in X direction only. Vertical
Expand keeps current X scale and expands Y scale only. Shrink, Horizontal shrink,
and vertical shrink have similar meaning except they are zooming out. Click on

Graph: Autoscale Axis will reset the view to its original full view state.

g v o1

o
I

=}
n
1

ao

L

Intensity

Data Point

Figure 5-16. Boron UV interferogram displayed in /gor Pro with center area selected
for zooming.
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After zooming in a small portion of a spectrum, one can get a precise readout
of any data point in view. Figure 5-17 shows using both cursors to readout the
wavelength of the boron 249 nm doublet. To do this, first zoom in at 249 nm, then
with the graph window as current, click Graph: Show Info. The “Info Box” will
show up at the bottom of the graph. Click on one cursor (&b for cursor A and & for B)
and drag it to the desired point. The readout area shows the point number, X
coordinate and Y coordinate for the point the cursor is on. In Figure 5-17, cursor A is
at data point 48017 with wavelength at 249.6801 nm and intensity 13191.79. These
data are identical to that reported by SpectroPlot. Please note that the cursor will not
work if the draw layer is activated. If the cursor cannot be dragged to the data point,

clicking on Graph: Hide Tools will usually fix the problem.

Fin £& Dets Ansbes Moo Windows Graph Misc Heb

bl Mg vs Wi
L 15 I
2 : S
£ 101 ot . [N
5
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Wavelength
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{Ready I

Figure 5-17. Use cursor and “info box” for precise data readout.
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5.3.3. Fourier Transform and Wavelength Calibration

Igor Pro uses the Fast Fourier Transform (FFT) algorithm to compute a
Discrete Fourier Transform (DFT). Starting from version 3.0, it uses a prime factor
muiti-dimensional algorithm, which allows the FFT to work on nearly any number of
data points, instead of being restricted to a power-of-two number of data points.

The FFT operation replaces the content of original interferogram with the
DFT results. One should duplicate the original data before computing the FFT if the
original data is to be preserved.

To transform an interferogram, first load it into /gor Pro. In order to watch
the change Igor Pro will make, display both the DataPoint and Intensity in a table
and plot the interferogram as in Figure 5-18a. Notice there are three columns of data
in the table: the first column is the index given by /gor Pro; the others are DataPoint
and Intensity respectively.

Now click on Analysis: Fourier Transform ...to open up the FT dialog.
Choose the wave intensity and forward operation, then click on Do it. Once the FFT
is done, both the real and imaginary values are listed in the table, and the plot for this
complex spectrum is shown in Figure 5-18b.

In most cases, however, human eyes prefer an amplitude spectrum instead of
a complex one. The amplitude of a complex spectrum is given by:

Amplitude = (real’ + imaginary?) *
In Igor Pro, this value can be calculated from the command line by entering

the following two lines of command, one line at a time:
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Figure 5-18. FFT in Igor Pro: (a) Boron UV interferogram (b) Complex spectrum
from the Igor Pro FFT and (c) amplitude spectrum obtained with
command line function.
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Intensity = r2polar(Intensity)

Redimension/R Intensity

The first line calculates the amplitude and phase of /ntensity from real and
imaginary value and assigns the value back to Intensity. The second line drops the
imaginary part and keeps the amplitude only.

As the wave Intensity lost half of the data points after the FFT, the data points
in the wave DataPoint should also be cut in half in order to maintain a correct
spectrum. Click on Data: Delete Points ... to open the dialog box. Select DataPoint
in the Wave windows on the right, enter 65536 for the first point to be deleted, and
65536 for the total number of points to be deleted (Figure 5-19).

Next, a wavelength calibration similar to that described previously has to be
performed using equation (5-2). Enter the following at the command line:

DataPoint=632.8432/4/(1-DataPoint/131072)

Then double click on the x-axis label DataPoint to bring up the Label Axis
window and rename the x-axis as Wavelength (nm). This completes the whole
Fourier transformation process from an interferogram to a spectrum, and gives a

spectrum that is similar to what is stored in this spectral library.
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Fempont (56 rtensty
Number of poirte: [6553
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Figure 5-19. Delete Points dialog box.
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Figure 5-20. FFT option dialog.

5.3.4. Advanced FFT Operation

The above procedure for transformation of an interferogram to a spectrum is
tedious. Fortunately, /gor Pro comes with some external procedures that
significantly simplify the FFT process. One of these procedures is called
“FTMagPhase™. Its application will be illustrated in this section.

Assume that the boron UV interferogram has been loaded into an Igor Pro
experiment. Open up the procedure window by clicking Windows: Procedure
Window and enter the following line:

#include <FTMagPhase>

When the procedure window is closed, the procedure will be compiled and
loaded automatically. Then open the dialog named FTMagPhase (Figure 5-20) by
clicking on the Macro: FTMagPhase. There are several options available for the
FFT through this dialog, as discussed below.

Input data is the data on which the FFT will be performed. For all
interferograms in the Spectral Library, intensity is the one to choose.

Windowing determines the apodization function that will be applied to the

data before FFT. Actually only the Hanning function is available in this macro.
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Resolution enhancement provides higher resolution spectra through zero
filling, or zero padding as called by Igor Pro. User can choose not to zero-fill, or
zero-fill up to 32 times for the interferogram. Unfortunately, zero filling is not
available for the spectra that have already been transformed; an action that can be
done easily in SpectroPlot.

Magnitude of the transformed spectra can be expressed either in a linear scale
or in dB units, as can be selected in the magnitude listbox.

Igor Pro can calculate phase information, and save it in a wave called, e.g.
Intensity_Phase, where Intensity is the name of the data being transformed. Phase
information can be in either radians or degree units.

The FFT operation with this macro tumed on is simple and intuitive. With the
resolution enhancement option available, it can also provide better line shape and
more accurate wavelength values (Figure 5-21).

As mentioned at the beginning of this section, /gor Pro is a very powerful
program with many features available, either as internal functions accessible at a
command line, or as external procedures through the procedure window. Complete
descriptions of these functions are out of the scope of this thesis. Interested users are
referred to the three-volume manuals that accompanying the program for further
information. Development based on /gor Pro is also possible either with its built-in

programming language, or through external procedures that can be written in C.
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Figure 5-21. Boron 249 doublet transformed with enhanced resolution.
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Chapter 6. Measurement of Mixtures with
ICP-AES-FTS

The results for ICP-AES-FTS measurements for some spectrochemical
standards, as well as for some standard reference materials from the National
Institute of Standards and Technology (NIST, 100 Bureau Drive, Gaithersburg, MD
20899-0001, USA) are discussed in this chapter. Although application of the Spectral
Library will be utilized wherever feasible, most experiments are designed to test the

measurement ability of the FTS itself.

6.1. Qualitative Measurement of Aqueous Mixtures

6.1.1. NIST Water Standard

NIST Standard Reference Material (SRM) 1643d is a standard for water
analysis. It is prepared from high purity reagents by the NIST Analytical Chemistry
Division. The certified mass concentration for 26 elements and non-certified mass
concentration for 4 elements are listed in Table 6-1.

Two ICP-AES-FTS spectra were acquired for the SRM 1634d, one for the
UV region, and one for the visible region. The length of the interferograms is 32768
reference laser fringes with 32 signal-scan-average. Other parameters were the same
as for all spectra in the Spectral Library (Chapter 2).

It can be seen from Figure 6-1 that in the UV region, Mg is the only dominant
element for the whole spectrum. With intensity at over 8000, the Mg 279.553 nm
line is more than a hundred times more intense than the strongest lines of all other
elements, the Si 251.611 nm line. The only element other than Mg and Si that
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appeared in this spectrum is barium, which has strong lines at 230.424 and 233.527
nm and a relatively high concentration of 506.5 ppb. All other elements, either have
no strong emission in this region (Na, Ca, and K), or a low concentration (ppb or
lower), or both, and cannot be identified in this spectrum. In many ways this
measurement illustrates the so-called multiplex disadvantage of FTS in the UV
region.

The visible spectrum (Figure 6-2) shows almost exactly the same trend. At a
high concentration of 31.04 ppm, the strong Ca lines at 393.367 and 396.847 nm are

over a hundred times more intense than any other lines in the spectrum.

6.1.2. Qualitative Measurement of Multi-element Solutions

Three spectrochemical standard solutions from VHG Labs, Inc. (One Dundee
Park, Andover, MA 01810, Tel 617-470-2892) are measured with the ICP-FTS. The
matrix and the constituent ions for each solution are listed in Table 6-2. Each

element has a concentration of 100 ppm.

Table 6-1. Elements in the NIST SRM 1643d with concentration (ppm) (1)

Element Conc. Element Conc. Element Conc.
Ca 31.04 Cd 0.00647 Se 0.01143
Mg 7.989 Cr 0.01853 Ag  0.001270
Na 22.07 Co 0.02500 Sr 0.2948
K 2.356 Cu 0.0205 Tl 0.00728
Al 0.1276 Fe 0.0912 \"% 0.0351
Sb 0.0541 Pb 0.01815 Zn 0.07248
As 0.05602 Li 0.01650 Bi* 0.013
Ba 0.506.5 Mn 0.03766 Ru* 0.013
Be 0.01253 Mo 0.1129 Te* 0.001
B 0.1448 Ni 0.0581 Si* 0.0027

* uncertified concentration.
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