


Lasers in
Chemical Analysis

Edited by

Gary M. Hieftje
Indiana University, Bloomington, Indiana

John C. Travis
National Bureau of Standards, Gaithersburg, Maryland

Fred E. Lytle

Purdue University, West Lafayette, Indiana



Library of Congress Catalogmg in Publication Data
Main entry under title:

Lasers in chemical analysis.

(Contemporary instrumentation and analysis)
Includes bibliographical references and index.
1. Lasers in chemistry. 2. Chemistry, Analytic.
1. Hieftje, Gary M. II. Travis, John C.
III. Lytle, Fred E. 1V. Series.
OD63.L3L39 543°.085 ° 81-693
ISBN 0-89603-027-X AACR2

©1981 The HUMANA Press Inc.

Crescent Manor
-P.O. Box 2148
Clifton, NJ 07015

All rights reserved



et o e L= e

TABLE OF CONTENTS

Preface ..o
Section One
Lasers and Laser Optics

CHAPTER 4 o it viii it iaisieiieeiteneneissnnnnesnans .

LASER FUNDAMENTALS

Fred E. Lytle

I. Introduction ............cc.ciiriiniienesnonnssnsnaanss

2. TheOptical Amplifier .......... .. ... ..o viiiiiiinan,
2.1. Thermal Energy Distribution............... e
2.2. Absorption of Radiation...........................
2.3. Spontaneous Emission of Radiation............. seus
2.4. Stimulated Emission of Radiation ..................
2.5. Kinetic Picture of a Two-Level System ..............
26. Inclusionof Losses ..........c.cviiinnninniennnnn
2.7. Transition Bandwidth .............................
28. Saturated Gain........ ... ittt

3. TheExcited-State Pump ...............coviivirinnann.n.
3.1. Optically Pumping a Three-Level System ............
3.2. Optically Pumping a Four-Level System .............
3.3. Pumping by a Gas Discharge.......................
3.4. Pumping by a Chemical Reaction...................

- 3.5. Pumping in a Semiconductor.......................

4. The Optical Resonator ...........c.c.vvueereverrenenrness
4.1. Gains and LossesinanOscillator . ..................
4.2, Diffraction in the Resonator .......................
43. ResonatorModes..............coitiiiienennnnnnnnn
4.4, Polarization.............. e iie et
Bibliography ................. ... e

.6



viii Contents
CHAPTER 2 . oo r et e e e e e 44
TUNABLE 'LASER SYSTEMS
M. J. Wirth
1. Introduction ...... ottt e, e, 4]
2. DyeLasers......c..iviiiiiiiiiiiiii i 42
21, GainMedia......... ... i e 42
2.2, Pump SOUICES. . ..vvvrrrevrninrsesinsencionsninns 4
2.3. Resonator Characteristics . . .......c..vvvevevecnnnnnn 46
3. Other Tunable 1asers . .....coviieirieiernrvreonrnonrnons 49
: 31. FCenterLasers ..........cooiiiiunininnnnnn PR 49
3.2 Diode Lasers.......coevvvvriiieneeneencsasanessns 52
33. FreeElectron Lasers .......ccvvvvvervrnneineancnnn, 54
4, Concluding Remarks ............... et eaeaee e 55
References........... e s e hsaeee e nare s e e ana s 56
(@771 1330 T et . 59
PULSED LASER SYSTEMS
Joel M. Haris .
I, INrodUuction ..ottt ittt it ettt 9
2. "Methodology of Pulsed Lasers .................ccivuenn 61
2.1. Pulsed Excitation............ veeeaes e eearerraraae 61
2.2. Q@-Switching .......... ettt e, 64
2.3, Cavity Dumping.......ooeivepoenss e eeeseeeeenas 66
24, Mode-Locking .....ccoviiiiiiiiiniiiiiiiiiiinanns 68
3. Characterization of the Pulsed Lasers ..... eesseeeneianns 72
B L0 1 =1 11 =S P 75
CHAPTER ..ottt cie ittt ieenaesarsnnnsennannns 77
NONLINEAR OPTICS
John C. Wright
I, IntroduClion ... ...viieneeneneeenenoeeensaasosannnanns 77
2. Nonlinear Polarization Effects . ............ 0 oviieieins 77
2.1. Second-Order Optical Effects................... Y
2.2. Third-Order Optical Effects .............. P 82
3. Nonlinear Raman Processes .. .................. e 85
3.1. CARS, CSRS, and HORSES ...... P, S 85
3.2. Raman Gain and Loss Spectroscopy .......ooocvu.n. 87
3.3. Phase Matching in Nonlinear Raman Methods ....... 88
3.4. Stimulated Raman Scattering ...........ccenienn.. 89
Acknowledgments .............c.iiieeiiiioiann. P 90

R OrEICES & v it s it ettt ee e s e ensansnanssnsesasesas 90



Contents iX

Section Two
Methods Based on Absorption of Laser Radiation

QY 11 T .93
THE OPTOGALVANIC EFFECT
John C. Travis and James R. DeVoe
. Inmtroduction ........ ...ttt iiiiiiiianrisnneiirnneaans 93
2. Historical and Contemporary Perspectives ................ 94
2.1. Pre-Laser Manifestations of the OGE .,............. 94
2.2. Selective Tonization with Tunable Lasers............. 95
3. Applications of the Optogalvanic Effect .................. 98
3.1. Calibration of Tunable Lasers ...................... 98
3.2. Spectroscopy and Discharge Diagnostics ............. 98
33, Trace Analysis ......coiiiiiiiiininnienisinnennnn. 99
4. Laser-Enhanced Ionization Spectrometry in Flames ....... 100
4.1. Experimental Method ..... et e e 100
42. Analytical Results ....................... e 102
b TS 1 1T o 109
5.1, Ton Production .........ooeeniiennninnnninnnnens 110
5.2. Signal Collection .....coviviiiininrriinneiincienns 112
6. Analyticai Method Development.................. R 1.
6.1. Advantage ...........ccoieiiiinennaann, U 2 B 1)
6.2. Problem Areas ........ccoiviiiiiniiiiiiiiiianien 118
6.3. Avenues for Improvement ........... ...l ... 119
6.4, Future Directions.........ccoivvviiiiarreinnnnnns 120
7. Conclusions . .......civiitiniesrrnrnsnsisantsooearons 121
Refcrcnocs......‘.....’. ................................... 121
Q7Y 13 T T 125
POTENTIAL ANALYTICAL ASPECTS OF LASER MULTIPHOTON
IONIZATION MASS SPECTROMETRY.
D. A. Lichtin, L. Zondee, and R. B. Bernstein
I Introduction ...........ciiniiioniiineii i, 126
2. The REMPI Process ..........covviivnnrnnnennannnnnn, 127
3. Typical Results: Vibronic/Mass Spectra ................. 131
4. Sensitivity of Laser MP] Mass Spectrometry ............. 137
5.  Possible Practical Applications and Future Potentials of
LAMS . e e 139
Acknowledgment ..............oiiviiiiinni i, 140

References., . ..ottt e 140



X Contents

Q7Y ;132 S 143
ANALYTICAL ASPECTS OF THERMAL LENSING
SPECTROSCOPY

Robert L. Swofford

FooIntroduction ... .. i e 143
2. Observation of the Thermal Lens Effect .. ..o oo 0000t 144
Y. Measurement of Small Absorption............ e 146
4  Model of the Thermal lens Effect ...................... 148
5. Application of the Thermal Lens to Absorption Spectroscooyl5]
6. Apphcation of the Thermal Lens to Analytical Chemistry .. 152
7. Other Thermo-Optical Techmques .................. .. 154
8. Concluston. . ...... .......... e 155
Reterences...... e e e i e 155

Section Three
Methods Based on Laser-Induced Fluorescence

CHAPTER 8 oot e e e e e e e e e ....159

LASER-EXCITED ATOMIC FLUORESCENCE SPECTROMETRY
Stephan J. Weeks and James D. Winefordner

oo Introduction .. ...vvivnnnistunnn s ernennsasennnaes 159
2. Overviewof Lasersand AFS .. ... ... ..o, 160
21, LEAFS Process ......coiitiienrnrnrnentanens 160
2.2. Laserand AFS Link .......ciiiiviiiiinnnn. too... 160
2.3. Criteria in Choosing a1, Excitation Source for AFS . .162 .
3. Fundamental Consideralions ... ... i iiiiiiiineenvennsns 163
3.1. Types of Atomic Fiue ~escence Transitions .......... 163
3.2. Spectral Interferences . . L.iiiiiiiiiieean. 167
’3.3. Optimization of Optical I'ransfer ........... e 170
3.4. Fluorescence Radianve Expressions ....... ... .00, 174
4. Experimental Consideraions ... ittt 176
5. Experimental Results . ... . ... ... ... ... ... 178
6. Conclusion...... A 181
References. ......ovv it i o e e 182
CHAPTER @ ettt e e e e e 185

LASER-EXCITED FLUORESCENCE SPECTROSCOPY
John C. Wright

1. IRrOQUCHION ..ottt e e e e 185
2. l.aser-Excited Atomic Fluortescence . ..., ... .o iivnunn 190
3. Laser-Excited Molecular Fluorescence ... ..... ... ....... 192



Contents ' X

4. Probe-lonMethods ........coiiiii i iiiiinennn. 195
5. CONCIUSIONS . ..ottt ittt tiet e renereseernesnnaans 198
References............ ettt e et iee et 199
CHAPTER 10 . . oottt et ettt et 201

LASER-EXCITED MATRIX-ISOLATION MOLECULAR
FLUORESCENCE SPECTROMETRY
E. L. Wehry, Randy R. Gore, and Richard B. Dickinson, Jr.

1. Matrix Isolation Spectroscopy......vovvivvrniviuneeians 201
2. How Can Laser Excitation Increase the Analytical Utility of
MI Fluorimetry? . ........ ... o i .207
3. "Time-Resolved Fluorescence Spectroscopy ..........-..... 210
4. “Pseudo-Shpolski.” and Site-Selection Fluorimetry ........ 214
5. MI] Fuorescence for High-Resolution Gas Chromatographic
DElECTION . ..ttt iiie ettt e e 219
6. Conclusion. .. ... ...ttt 221
Acknowledgment .. ... ... . ... . .. . e 222
References. ........ ..ot e 222
CHAPTER 114 . o e i 225

LASER-INDUCED FLUORIMETRIC ANALYSIS OF DRUGS IN
BIOLOGICAL FLUIDS
Norman Strojny and J. Arthur F. deSilva

I Introduction ........ ... s 225
2. Experimental............. ... . ., 226
2.1, Instrumentation .........c.vuvvniniveerrnrennss 226
22, ReEagenIS ... .. it i e e 228
2.3. Compounds Examined ........................... 228
3 Resultsand Discussion ............. ... ... i ....:230
Acknowledgment . ... ... ... ... i, ..234
3803 U = 11 - 234
CHAPTER 12. . e e 2...237

NEW LASEI-BASED METHODOLOGIES FOR THE
DETERMINATION OF ORGANIC POLLUTANTS

VA FLUORESCENCE

Johnie C. Brown, John M. Hayes, Jonathan A. Warren, and
Gerald J. Small

1. Introduction ........... ..ottt 237
2. Theory ..ttt e 238
2.1. Fluorescence Line-Narrowing Spectroscopy ......... 238
2.2. Gas Chromatography Rotationally Cooled
Fluorescence ... .. ... ... ... .. .. i .. 243



xii Contents

3. Experimental...... oo it 244
3.1. Fluorescence Line-Narrowing Spectroscopy ......... 244
3.2. Gas Chromatography-Rotationally Cooled

Fluorescence ...... et esae e, e 246

4. Resultsand Discussion ............covitiiiniennnnnnsan 247
4.1. Fluorescence Line-Narrowing Spectroscopy ......... 247
4.2. Gas Chromatography-Rotationally Cooled

Fluorescence ............. e e 257

Acknowledgment.......................... [ 259

ReferenCeS. . ..ottt i i ettt earsunsessnsasonrons 259

CHAPTER 13 .. it iieeenenaaenaesanneeasves . 263

TRACE ANALYSIS OF NONFLUORESCENT IONS BY
ASOCIATION WITH A FLUORESCENT PROBE IN THE SOLID
M. V. Johnston and J. C. Wright

I. Introduction ........iiiiirivinninrenrinenrnnsnonansns 263
2. Experimental............coiiiiiiiiiiiiiiiii i 264
3. Site Equilibria and Application to Chemical Analysis...... 265
4. INIETfereNCES ... .viiiiieieenerssvannenennsssnsnnsnss 269
Acknowledgment..................... e e 270
| 103 Lo € (1 = J AN e 270

Section Four

Lasers in Analytical Instrumentation

CHAPTER 14 . ..ottt it iteeeseeieeeenneennnnnns 273

LASER-BASED DETECTORS FOR LIQUID

CHROMATOGRAPHY

tdward S. Yeung

I, Introduction .......c.ivriiieii it eneeninsannann 273

2. Laser Properties Relevant to HPLC Detector Design...... 274
2.1, ColIMation ....vvvevereseenvtosvtnerrsneroarons 274
2.2, MonochromatiCity .........ooveeiimannnainaen.d 275
2.3, POWer.......iiiiiiiii i ittt e 275
2.4. Temporal Resolution..........c.oviiiiiiniinne, 276

3. Some Laser-Based HPLC Detectors . .. .................. 276
3.1, Fluorescence ......ovveiviniiirneninenenncennn 276
3.2. Two-Photon Excited Fluorescence ............c0... 279

3.3. Coherent Anti-Stokes Raman Scattering (CARS) ....282
34, Light Scattering ...........c.coviiiienunnninroenon 284



Contents Xiii

4. Future Developments .......ccvvviiiiiiinnnnnnnnnn.... 285
4.1. Optical Activity .........veviiieiiiiiii... 28§
4.2. Raman-Induced Kerr-Effect Spectroscopy........... 286
4.3. Refractive Index (RI) ....... e e e, 287
44. Thermal Lensing ............. ... .. ..., 288

TN 1 011 F: 1 o S 288

Acknowledgments ......... ...l i e 289

References. . .....oooiiiiiiii ittt it 289

CHAPTER 10 . e e e e 291

LASERS AND ANALYTICAL POLARIMETRY
A. L. Cummings, H. P. Layer, and R. J. Hocken

I Introduction . ... it i it i 291
2. Principles of Polarimetry .............................. 291
3. Sensitivity Enhancement ...........oiieiiiiinnin.... 294
4. Accuracy Improvement ................... ..., 297
5. Conclusion. ..vuiuii it e 301
References. ... ..o ..302
NDEX . .. e 303




Section One
Lasers and Laser Optics






Chapter 1
Laser Fundamentals

FRED E. LYTLE

Department of Chemistry, Purdue University
West Lafayette, Indiana

1. Introeduction

For the purpose of the following discussion a laser wil} be considered to
have three subunits-—an optical amplifier, an excited state pump, and
an optical resonator. The optical amplifier is the collection of atoms,
ions, or molecules that have a non-Boltzmann distribution of energy
among some set of quantum states, This population inversion, as it is
called, has the unique property of amplifying certain frequencies of
light via the stimulated emission of radiation. The excited state pump is
the device or mechanism used to generate and maintain the population
inversion. The exact approach used to accomplish this task depends
upon the details of the energy levels and the matrix in which the atom,
ion, or molecule is found. The rescnator is used to convert the
amplifier intp an optical oscillator. Although this final step may seem
to involve only passive components, the resultant laser radiation has
many properties-that owe primarily to the resonator design. Thus, a
_complete description of operating principles must include treatment of
all three laser subunits.
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2. The Optical Amplifier
2.1. Thermal Energy Distribution

A generalized two-level system is shown in Fig. |, where E, and E; are
the energies of states | and 2, and N, and N, are the number of such
systems per cubic meter in that energy state. These levels can represent
the energy of any atomic or molecular property that is quantized. At
thermal equilibrium and in the absence of a radiation field the relative
population of these levels is given by the Boltzmann distribution,

N:/N, = (g:/8)) exp (~AE/kT) N

where g, and g, are the degeneracies of each level, AE is the energy
difference between the levels, T'is the absolute temperature, and & is the
Boltzmann constant (1.38 X 102* JK™"). From this expression it can be
seen that large values of AE and low temperatures both favor systems
almost entirely in E). This is qualitatively shown in Table | where the
aveargtion
E,iN,) - - - ELNgo D) — @ ——

EN)— @ LN e e

sponfanecus emission
E Ny —— @ EaiNg- i) ————»——

shepated emission
F o (Np) e TN

+ hy - =Ny +

EANI— — - - SN e @ e

FiG. . ‘Gcnerqlized energy level diagrams showing the three basic
processes involving the absorption or emission of radiation. The term hy
represents a photon with a frequency satisfying Planck's Law.
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Table 1
Relative Populations (Nz/ N;) in a Two-Level System Using the
Boltzmann Factor and Assuming That g1 = g;

Region A Hz AE ] Collisions”
Radiowave 5m 6 X 107 4% 107 1-10
Microwave S mm 6 X 10 4x 107" 10-10°
Infrared S um 6 x 10" 4x 107" 10°-10°
Visible 500 nm 6 % 10" 4x 107" 10°-10*
WETL

4°K TPK 298°K 1000°K
Radiowave 0.9993 1 1 1
Microwave 0.48 0.96 0.99 1
Infrared 0 45x 10" 6.0 X 107° 006
Visible 0 0 57x10%  25x107”

“Average number of collisions required to convert the quantized energy into
thermally equilibrated translational motion.

N3/ N, ratio has been computed for typical energy separations
corresponding to various regions of the electromagnetic spectrum over
a wide range of temperatures. For a visible transition, very high
temperatures are required to populate a significant percentage of the
high levels, whereas for a microwave or radiofrequency transition very
low temperatures are required to sngmﬁcantly reduce the population of
the high levels. When N; ~ 0, E, is called the ground state and E is
called the excited state. Thus, any atom or molecule that exists in E;
will have a strong thermodynamic driving force to returnto E;. For the
sake of simplicity these are the only systems that will be utilized in the
following discussion.

2.2. Absorption of Radiation

Electromagnetic radiation can be absorbed when it interacts with the
ground staté of a system. The result of this interaction is the loss of a
photon and the simultaneous generation of the system in its excited
state. This is shown dnagrammatlcally in Fig. 1.

There are two factors that control the extent to which this process
can occur. The first is the quantum condition that the photon have the
correct frequency. This frequency is determined by Planck’s Law

AE =hv 2
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where h is Planck’s constant (6.62 X 107 Js). No oiher frequency can
promote the transition of the system from £, to £, (unless of course,
one insists on including two photon processes). The second factor that
controls the extent of absorption is kinetic in nature. Thal is, the
probability of contact between the photon and the system, and the
probability that the interaction will produce the excited state. This can
actually be written in a second-order Kinetic form as

dW, ;rdr = B, PIV)N, (3a)
or
dP(v)/dt = — By, P(v) N, (3b)

where the derivative is either the transition rate or the rate of photon
absorption, W, is the E; —~ E, transition density in m~, P(v) is the
photon density inm™, and B » is the Einstein coefficient of absorption.
B, is proportional to the quantum mechanical probability of the
E, — E; transition occurring and has the units of m’s™".

Using the relationship that dx/dt = c and by noting that B,:/c
has units of m’, Eq. (3b) can be rearranged into a form utilizing an
absorption cross-section, g1,;. The result is

dP(v)/ P(v) = —0,,» Nydx 4)
Ifitis now assumed that Ny >>> P(v), Eq. (4) can be integrated to yield
In [P(v,x}/ P(v,0)] = —0,,2 Nix (5)

or in exponential form
P(v,x)/ P(v,0) = exp(—01.2 Nix) (6)

Equation (5) can be rewritten in the more familiar Beer’s Law
- form by converting photon density into photon flux density, J,

I(m?s™") = P(m™)/c(ms™) )
cross-section into decadic molar absorptivity, €,

e(Lmol'em™) = g1(m’) X 10*(cm’m™) X 6.02 X 10*(mol ')/
2.303 X 10°(cm’L™) (8)

converting to base ten logarithms, and using molarity and centimeters.

2.3. Spontaneous Emission of Radiation

When the ratio N;/N, is larger than the value predicted by the
Boltzmann distribution, there is a thermodynamic drive for all excited
systems to return to the ground state. In the absence of a radition field
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there are two general sets of reactions by which this can be achieved.
The first set involves no photons and these are thus called dark
reactions. For most molecules this is the dominant mode by which
energy is lost, and can be achieved by distributing the cnergy among
other sets of levels or by the transfer of the energy to the matrix via
collisions. The net result is usually an increase in the translational
temperature of the system.

The second method of returning to the ground state in the absence
of a radiaticn field is by an optical transition. This process is shown
diagrammatically in Fig. 1. The resuit of this spontancous occurrence
is the production of a photon with a frequency satisfying Planck's Law
and the generation of the system in its ground state. Ignoring dark
reactions this process can be written in kinetic form as

sz_l/dt = Az,l N, (93)
or
dP(U)/dt AN, (9b)

where the derivative is either the E; — E), transition rate or the rate of
photon emission, and A, is the Einstein coefficient of spontaneous
emission. A4, is proportional to the probabxhty of the E; — E;
transition occurring and has the units of s™'

Since every emitted photon equalsa decrease in N; byone, Eq. (9)
can also be written as

dNyjdt = —A N, (10)
which can be rearranged and integrated to yield
In [N2(2)/N2(0)] = —A21t (1n
or in cxponential form
Na(1) = Ny (0) exp[—A42,1] (12)

From this last expressxon it is possnble to see that 4,, must be equalto
the reciprocal of 73, the intrinsic lifetime of the excited state.

The inclusion of both first- and second-order dark reactions will
modify Eq. (10) to the following form

sz/dt = “(Az,l + d2,l + quQ)N2 (13)

where d,; is the rate constant for the spontaneous dark path; d, is the
constant for the induced, or quenching, dark path; and Ng is the
number of excited state quenchers per cubic meter. For the case where
Ng > N:, Eq. (13) can be rewritten as

dN:|dt = —(A2y + Dy, )N (14)




