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i 1. "Automatic Background-Correcting Spectrometer", Anal. Chem. 48, 2030-3
(1976) (with R. J. Sydor and J. R. Sinnamon).
Al
:: 2. "A Selective Spectral-Line Modulation Technique for High Sensitivity
~ Continuum-Source Atomic Absorption Spectrometry", Anal. Chem. 49, 98-
b 105 (1977) (with R. L. Cochran).
&
3. "Influence of Droplet Desolvation, Particle Vaporization and Atomic
; Diffusion on the Distribution of Atoms in Analytical Flames and
e Plasmas", Bulletin of the Technical University, Prague, Czechoslovakia,
D 113-23 (1977) (with C. B. Boss).
N
ol
™ 4. "Physical Characterization of the Helium-Oxygen-Acetylene Flame as an
Atom Cell for Atomic Spectrometry”, Anal. Chem. 49, 2013-8 (1977) (with
f; K. A. Saturday).
; 5. "Spectrai and Noise Characteristics of a 300-W Eimac Arc Lamp", Anal.
'~ Chem. 49, 2040-3 (1977) (with R. N. Cochran).
’
6. "Saturation of Eiergy Levels in Analytical Atomic Fluorescence
"N Spectrometry--1. Theory", Spectrochim. Acta 33B,79-99 (1978) (with D.
? R. Olivares).
P /. "Determination of Trace Metals by Microwave Plasma Spectrometry with an
X Atmospheric Pressure Helium Discharge”, Anal. Chem. 50, 1257-60 (19/8)
- (with A. T. Zander).
8. "A New, Accurate Method for the Measurement of Rise Velocities in
:\ Laminar Flames", Appl. Spectrosc. 32, 377-80 (1978) (with C. B. Boss).
N
L™ 9 "Enhancement of Pneumatic Nebulization Efficiency Through Application
of an Electric Field”, Rev. Sci. Instrum. 49, (10) 1418-24 (19/8) (with
N R. N. Savage).
o
o
) 10. "Development and Characterization of a Miniature Inductively Coupled
& Plasma Source for Atomic Emission Spectrometry", Anal. Chem. 51, 408-13
~ (1979) (with R. N. Savage).
11. "Investigation into the Operating Characterics of a
: '‘Microarc'Atmospheric-Pressure Glow Discharge", Appl. Spectrosc. 313,
~ (3) 230-40 (1979) (with R. I. Bystroff, and
; I.. R. Layman).
12. "Theoretical Study of the Spatial Distribution of Atoms Surrounding an
G Individual Solute Particle Vaporizing in an Analytical Flame", Anal.
;:I Chem. 51, 895-901 (1979) (with C. B. Boss).
N)
ﬁ 13. "Wide-Bandwidth Analog Correlator and lts Application to Mode-lLocked
[~ Laser Measurements", Rev. Sci. Instrum. 50, (8) 997-1001 (19/9) (with
" J. M. Ramsey and G. R. Haugen).
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"Hydrodynamic Flow Patterns as a Simple Aid to Effective ICP Torch

Design", Appl. Spectrosc. 33, (6) 643-6 (1979) (with E. Sexton and R.
N. Savage).

"Vaporization and Ionization Interferences in a Miniature Inductively
Coupled Plasma", Anal. Chem. 52, 1267-72 (1980) (with R. N. Savage).
"Characteristics of the Background Emission Spectrum from a Miniature
ICP", Anal. Chim. Acta 123, 319-24 (1981) (with R. N. Savage).

"Experimental Studies on Spatial Distributions of Atoms Surrounding an

Individual Solute Particle Vaporizing in an Analytical Flame", Anal.
Chem. 51, 1897-1905 (1979) (with C. B. Boss).

"Comparison of Atomic Fluorescence Power Efficiencies for the Helium-
Oxygen-Acetylene and Air-Acetylene Flames", Anal. Chim. Acta 164, 51-66
(1984) (with K. A. Saturday and A. Yuen).

"Measurement and Comparison of Relative Free-Atom Fractions in the
Helium-Oxygen-Acetylene Flame and Air-Acetylene I'lames", Anal. Chen.
52, 786-92 (1980) (with K. A. Saturday).
"An Accurate Model for Sample Droplet Acceleration in an Air-Acetylene
Flame", Anal. Chim. Acta 118, 293-9 (1980) (with R. E. Russo).

"Correction of Quenching Errors in Analytical Fluorimetry Through Use

of Time Resolution", Anal. Chim. Acta 123, 255-61 (1981) (with G. R.
Haugen) .

"Reduction of Spectral Interferences in Flame Emissicn Spectrometry by
Selective Spectral-Line Modulation", Anal. Chim. Acta 121, 165-74
(1980) (with S. W. Downey and J. G. Shabushnig).

"Effects of Gas Composition and Flame Sheathing on the Spatial Velocityv

Profiles of Laminar Analytical Acetylene Flames", Spectrochim. Acta
36B, 231-41 (1981) (with
R. E. Russo).

"Development and Characterization of a 9-mm Inductively Coupled Argon
Plasma (ICP) Source for Atomic Emission Spectrometry”, Anal. Chim. Act:
124, 245-58 (1981) (with A. D. Weiss and R. N. Savage).

"An Approximate Model for the Liberation and Ionization of Atoms from
Individual Solute Particles in Flame Spectrometry", Spectrochim. Acta
36B, 205-13 (1981) (with B. D. Bleasdell and E. P. Wittig).

"Microwave-Supported Discharges", Appl. Spectrosc. 35, 35/7-71 (14Y81)
(invited review paper with A, T, Zander).

"Power Stabilization Method for a Synchronously Pumped Dye Laser

System", Rev. Sci. Instrum. S //72-3 (1981) (with R. E. Russo and R.
Withnell).
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"A Novel Device for the Accurate Dispensing of Small Volumes of Liquid
Samples", Anal. Chim. Acta 126, 167-74 (1981) (with J. G. Shabushnig).

"Correlation Methods in the Chemistry Laboratory", American Laboratory
13, (3) 76-83 (1981) (with G. Horlick).

"Correlation-Based Approaches to Time-Resolved Fluorimetry", Anal.
Chem. 53, 755-66A (1981) (with G. R. Haugen).

"Saturation of Energy Levels in Analytical Atomic Fluorescence Spec-
trometry--II. Experimental", Spectrochim. Acta 36B, 1059-79 (1981)
(with Dorys Rojas de Olivares).

"Simple and Inexpensive Design for an Isolated Droplet Generator Useful
in Studies of Atomization in Flames", Appl. Spectrosc. 35, 531-6 (1981)
(with R. E. Russo and R. Withnell).

"Stochastic Photolysis: A New Method for Measuring Rates of Photo-
sensitive Reactions", Appl. Spectrosc. 36, 203-9 (1982) (with G. R.
Haugen, L. L. Steinmetz, and R. E. Russo).

"A New Instrument for Time-Resolved Reduction of Scattered Radiation in

Fluorescence Measurements", Anal. Chim. Acta 134, 13-9 (1982) (with R.
E. Russo).

"On the Significance of Radiation Trapping in the Inductively Coupled
Plasma", Spectrochim. Acta 37B, 191-7 (1982) (with M. W. Blades).

"Determination of Atomic and Molecular Excited-State Lifetimes Using an
Opto-Electronic Cross-Correlation Method"™, Appl. Spectrosc. 36, 92-9
(1982) (with R. E. Russo).

"Advances in Sample Introduction for Elemental Analysis", Industrial
Chemical News 3, (1) 1 (1982).

"A New, Directly Computer-Controlled pH Stat", Anal. Chim. Acta 141,
173-86 (1982) (with R. E. Lemke).

"Microdroplet Sample Application in Electrothermal Atomization for
Atomic Absorption Spectrometry", Anal. Chim. Acta 148, 181-92 (1983)
(with J. G. Shabushnig).

"Reduction of Spectral Interferences in Inductively Coupled Plasma-
Atomic Emission Spectrometry by Selective Spectral-Line Modulation”,
Anal. Chim. Acta 141, 193-205 (1982) (with S. W. Downey).

"Approaching the Limit in Atomic Spectrochemical Analysis", J. Chem.
Educ. 50, 900-9 (1982).

"A Separated Impedance Matcher/lLoad Coil Assembly for Convenient
Spatial Translation of an ICP Torch", Appl. Spectrosc. 36, 689-91
(1982) (with J. W. Carr and M. W. Blades).
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43 . "Modification of a Plasma-Therm Inductively Coupled Plasma Supply to

Enable RF Power Modulation", Appl. Spectrosc. 37, 571-573 (1983) (with
R. E. Ensman and J. W. Carr).

44. "Design and Construction of a Low-Flow, Low-Power Torch for Inductively
Coupled Plasma Spectrometry", Appl. Spectrosc. 36, 627-31 (1982) (with
R. Rezaaiyaan, H. Anderson, H. Kaiser, and B. Meddings).
) 45 "Signal-to-Noise Considerations in Fluctuation Analysis Spectroscopic
. Techniques”, in New Directions in Molecular Luminescence, D. Fastwood,
. ed., ASTM Publication 822, Philadelphia, 1983, pp. 82-100 (with J. M.
Ramsey) .
WS\
'y 46. "The Use of a Microarc Atomizer for Sample Introduction into an
- Inductively Coupled Plasma", Appl. Spectrosc. 37, 101-5 (1983) (with I
. P. Keilsohn and R. D. Deutsch).
+/. "Replacement Ion Chromatography with Flame Photometric Detection",
. Anal. Chim. Acta 153, 1-13 (1983) (with S. W. Downeyv).
)
N 48. "Near Infrared Reflectance Analysis by Gauss-Jordan Linear Algebra”,
. Appl. Spectrosc. 37, 491-497 (1983) (with D. E. Honigs, J. M. Freelin,
B and T. Hirschfeld).
P 49, "Sample Introduction into the ICP by a Radio-Frequency Arc", Anal.
v, Chem. 55, 1414-17 (1983) (with P. B. Farnsworth).
¢,
.~ 50. "A New Method for Obtaining Individual Component Spectra from Those ot
; Complex Mixtures", Appl. Spectrosc. 38, 317-322 (1984) (with D E
. Honigs and T. Hirschfeld).
- 5l. "A Detailed Consideration of Resonance Radiation Trapping in the Aryon
T Inductively Coupled Plasma", Spectrochim. Acta, Part B 39, 859-866
) (1984) (with J. W. Mills).
: 52. "Jet-Impact Nebulization for Sample Introduction in Inductively Coupled
) Plasma Spectrometry"”, Appl. Spectrosc. 38, 405-412 (1984) (with M. P.
N Doherty).
~
: 53. "New Techniques and Tools for Clinical Chemistry", Clin. Chem. 29, (9)
: 1659-1664 (1983).
5%, "Mini, Micro, and High-Efficiency Torches for the ICP -- Tovys or
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This constitutes the final report of work accomplished under ONR
contract N00014-76-C-0838. Over the ten-year period during which this
contract was in force, a great deal was accomplished. As revealed
earlier in this document, 112 technical reports were prepared, out of
which has stemmed already 104 publications in refereed journals
Additional publications are still appearing and will be forwarded ax
they are received.

In addition, a substantial number of research personnel have been
supported under this contract. A total of 9 Master’'s theses resulted
from these studies, as did 14 Ph.D. theses. Also, 5 post-doctoral
associates were funded, as were a number of part-time, clerical, and
technical staff members.

Because of the wide range of activities that were pursucd, it
difficult to summarize them here in a brief way. Instead, this repor:
will concentrate on several highlights of the studies that have been
completed to date. Importantly, a portion of this work is being
continued under a new ONR contract, N0O0014-86-K-0366. In the tollowin
narrative, the papers cited are those listed elsewhere in this report
under "List of Publications Emanating from Contract™”.

i

The principal focus of work . pursued under the ONR contract just
endingsis to develop and characterize new methods for multiclement
analysis. Three such methods were originally emphasized and included
the development of low-flow, high-efficiency torches for use in
inductively coupled plasma (ICP) spectrometry, the exploration ot
microwave-induced plasmas (MIP) for elemental analysis, and the
exploration of a new technique for the spectral selection of atomic o
ionic emission lines, termed selective spectral line modulation (SIM)

nove |

Our studies to develop high-cfficiency torches for TCP use have
been highly successful and have resulted in systems that are now widel:
used in commercial instruments. This work has been reviewed in a
journal (54) and a book chapter (105).

Our work with high-efficiency torches began with the development o
miniaturized systems (10, 14-16, 24). In those studies, we progressed
from a "standard" 18-mm torch, to 13-mm systems, and finally to a 9-mm
device. By careful design, we were able to reduce thereby the gas-flow
and power requirements for sustaining a usable plasma, and without lo..
of operating performance.

Later, we turned to a careful optimization of torch dimensions
and showed that it was possible to achieve the same kinds of reduction
operating power and gas flows but with a standard-size (18-mm) torch
This approach has the advantage of permitting the new hiph-cfficicney

(I

torch to be employed with older ICP instruments. Performance ot thi-
kind of system was later evaluated (62, /3) and its application to
miniaturized torches examined (/9. It was found that there i ittt
additional advantape to miniatuw ising o fully optimi. o torch Sueh
optimied torches e now avai bable commeror b by amed ar Teet o
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vendors of ICP instruments otfer reduced-sivze torches patterned after
our design.

Our studies into microwave-induced plasimas bepan with atmospher i

, pressure systems in helium (/) that have stronp advantapes over
alternative argon-supported discharpges or those that operate at pedocod
pressure. The characteristics of microwave plasmas were alqo revicwed
, (26). Because the key to successful operation of an MIP way tound to . ’
’ the delivery of a pre-vaporized torm of the sample material | we tarned X
our attention in part to the development and explovation of alternati :
sample-introduction techniques. The "microare’ svstem (11, 46y seped
v nicely and was evaluated further (see below)  Becanse of the hiph

excitation energy available in the helium MIP, we found that it wae
useful not only for the excitation of metal atoms hut also vonmet.lli

‘ species (66-68). A more recent desipn (Y8), supported by a sartace was
i structure termed a "surfatron” offers even preater capability than on
! carlier MIP, supported by a resonant cavity device.  We continue the

exploration of this novel system under the new ONR contract

In the course of our MIP explorations, we pursucd the uge ot
nitrogen as an inexpensive and convenientlv available support gy I :
resulting device, which we termed the "microwave induced nitropen .
discharge at atmospheric pressure™ (MINDAP)Y (57 60) offers o number ot
attractive alternatives over the atmospheric pressure heliom svotem

-

particular, the MINDAP is a4 thermally hotter source, <o that it cuan N
accept sample aerosols dirvectly, without the need tor pre VAPOT Tt don N
In addition, the MINDAP produces o tail tlame, much like the 0P Ao ‘i
consequence, emission trom it can be viewed inoa cide on tashior vt b °«
than end-on, and background radiation trom the plasma s minimiced o )
more recent investigations, we have found that the MINDAP io it bl
also for use as an jonization source with mass spectrometyy

Our studies into the use of selective spectral line modulat ion .
(SIM) began with applving the technique to atomic absorption wpe
trometry (2) and to the selection ot an appropriate lipght <onrcee 1ot )
nsed with the method (5) . Later, we turned to the application ot by
method to atomic-emission spectrometry (200 0 100 and to improving
the instrumentation used with the technigque (100 Al Ve more e et
development , supported under the current ONR contract | makes SIM an .
extremely attractive alternative tor eliminating spectral intertoron . -
such s those which trequent iy ocenr in TCP cmivaion work .

4

Because of the importance of —ample introdactior to haothe o ot t
MIP studies, and to the potential application of modal etod - aple o .
daction to the SIM procedute, we ocenpicd 4 portion of our time poareae, v
novel sample introduction approache. Farly ctadien involved the A
enhancement of prreumatic nebulization ctticienoy Ly applycation ot o
clectric field (%) and by uaing the microare I denorthed by
addition, we constructed ceveral microcampling dovioen oos ot " K
and chowed how wample conld b introdnced drto opoo i Ccopre o : -
the tortm of vnatonm, diecrcte Dopler that ae e N P Y R TP B |
10 ovo luame A number ot theoe otadie s hovce oo e e wed ' - .
learned Tater that samples conld be introdoced Gy o tn s b b .
extracting a portion of the plasma encrpy and de vy 00 T o o b
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sample (49).
technique is highly attractive for solid, conducting samples.
potentially attractive approach to sample introduction involves the jet-
impact nebulizer (52), which functions by directing a sample solution

onto a solid surface.

fine aerosol.

Recent investigations have shown that this "RF arc"

Another

The kinetic energy of the jet is thereby
converted into internal energy within the jet, so it is disrupted into

Lastly, we examined modulated sample-introduction systems for use

with emission spectroscopic sources
systems served to modulate a sample
interfering background level. As a
to the sample can be extracted with
selective amplifiers.
SIM approach (102).

Such systems
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like the ICP (89, 104). Such

and its signal but not a potentially
consequence, the signal attributabl.
the use of simple, frequency-

are useful also in implementing tin
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