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PREFACE 
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Energy Systems, Inc. Frederick Heacker served as the HAZWRAP Project Manager for this task. 
The literature search was sponsored by Caroline Purdy, Office of Technology Development, 
Office of Environmental Restoration and Waste Management, Department of Energy 
Headquarters. 
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ABSTRACT 

This report contains the results of an extensive literature search on sensors that are used or have 
applicability in environmental and waste management. While restricting the search to a relatively 
small part of the total chemistry spectrum, a sizable body of reference material is included. 
Results are presented in tabular form for general references obtained from data base searches, as 
narrative reviews of relevant chapters from proceedings, as book reviews, and as reviews of 
journal articles with particular relevance to the review. Four broad sensor types are covered: 
electrochemical processes, piezoelectric devices, fiber optics, and radiochemical processes. The 
topics of surface chemistry processes and biosensors are not treated separately because they often 
are an adjunct to one of the four sensors listed. About 1000 tabular entries are listed, including 
selected journal articles, reviews of conference/meeting proceedings, and books. Literature to 
about mid-1992 is covered. 
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1. INTRODUCTION 

During the next several decades, the U.S. Department of Energy (DOE) is expected to spend 
tens of billions of dollars in the characterization, cleanup, and monitoring of DOE's current and 
former installations that have various degrees of soil and groundwater contamination made up of 
both hazardous and mixed wastes. Each of these phases will require site surveys to determine 
type and quantity of hazardous and mixed wastes: first, a survey to estimate the magnitude and 
cost of the cleanup effort, next, one to quantify the cleanup, and, finally, one to monitor the site 
after cleanup to ensure that the effort has been successful. It is generally recognized that these 
required survey and monitoring efforts cannot be performed using traditional chemistry methods 
based on laboratory evaluation of samples from the field—the number of samples required for a 
meaningful survey would require the capabilities of many more certified laboratories than now 
exist in the United States. For that reason, a tremendous push during the past decade or so has 
been made on research and development of sensors that can largely duplicate laboratory results in 
the field, have adequate sensitivity and some selectivity, are easy to use, and are inexpensive 
compared to laboratory instrumentation. Much of the research in the United States is being done 
at universities, the national laboratories, federally funded research organizations, and, possibly to a 
lesser extent, in industry. Foreign governments, particularly Japan, Germany, and the United 
Kingdom, are putting large sums of money into sensor research and development, expecting large 
payoffs. 

Increased interest and funding levels in sensor research have led to a corresponding increase in 
reports in journals, books, and proceedings. It is not unusual to see an entire conference 
dedicated to a particular class of sensor (e.g., optical fibers) on a yearly basis. Almost every year 
comprehensive reviews of some aspect of chemical sensors, both in the United States and abroad, 
are published. In an attempt to assemble the mass of literature dealing only with chemical and 
radiochemical sensors that address the hazardous and mixed waste pollutants, the Office of 
Research and Development under the Deputy Assistant Secretary for Technology Development 
has contracted for a "comprehensive literature search to determine the availability and 
developmental status of sensors that address DOE needs (in the hazardous and mixed waste 
areas)." Initial emphasis is to be placed on optical fibers, piezoelectric devices, electrochemical 
processes, and radiochemical processes. Other processes to be considered are surface chemistries, 
biosensors, and separation processes. Task 1 is to provide that literature search. Following tasks 
include an evaluation of the referenced material to identify sensors that have immediate 
availability, those with short-term (1 to 2 years) availability, and those that may be available in 3 
to 5 years. Where possible, these evaluations will include information on sensitivity, dynamic 
range, selectivity, and laboratory and field test results. Finally, a more detailed report will discuss, 
as completely as possible, each type of sensor, sensitivity, lower limit of detection, and the 
developmental agencies and principal investigators involved. 

During the course of this literature search, it became evident that the search could continue for 
an indeterminate length of time because of the huge amount of material that has addressed the 
field of chemical sensors during the past several decades. Limiting the search to those sensors 
listed reduced the number of references cited, but did not reduce the time spent in the search by 
a proportionate amount because many of the references dealing with areas of interest were 
intermingled with references outside our scope of work, such as sensors for blood glucose or 
oxygen and other immunosensors. For that reason, the listing of references, books, and 
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proceedings reviewed is far from exhaustive, but it does provide a representative sample of what 
has been and is being done in chemical sensor research. 

Also during this work, it was found that thermal sensors should have been included in the study. 
Although the work on thermal sensors for chemical processes may not be as extensive as work on 
some of the other, there is a fair body of literature on the use of thermal sensors to obtain 
quantitative data on analyte concentrations. Because the temperature of a system is often taken 
for granted, an attitude of neglect for this important parameter has resulted. Any continuing 
literature search should include thermal sensors. 

Biosensors and surface chemistries are not separate parts of this report because both are most 
often a part of one of the four sensors covered. That is, biological materials and other organics 
often are the coatings applied to one of the four to provide the reaction with the analyte detected 
by some measuring device. As a result, many of the references that discuss a particular sensor by 
necessity also discuss the coating that is an essential part of the sensor. In some cases, however, 
biosensors exist as separate entities, and they will be included in follow-on work to this task. 
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2. ELECTROCHEMICAL SENSORS 

Zl INTRODUCTION 

Electrochemical sensors are divided into three categories: (1) sensors for ions, (2) sensors for 
gases, and (3) biosensors [Janata (1)]. Additionally, electrochemical sensors can be grouped by 
their method of measurement into potentiometric (measurement of voltage), amperometric 
(measurement of current), and conductimetric (measurement of conductivity). The subset of ion 
sensors can be further subdivided into ion-selective membranes, ion-selective electrodes with 
liquid internal contacts, and other potentiometric ion sensors where the internal contact is a solid 
material. Gas sensors are subdivided into solid-state cells, Severinghaus-type electrodes, and work 
function sensors. This report describes electrochemical sensors with particular emphasis on 
applications to environmental monitoring and detection. Biosensors and conductimetric sensors, 
as such, are not discussed. 

Z2 POTENTIOMETRIC SENSORS 

Potentiometric measurements are performed within the condition of zero current. Two types of 
electrochemical interface exist with regard to charge transfer: ideally polarized (purely capacitive) 
and nonpolarized. Additionally, with the advent of ISFETs the potential for using the gate 
insulator of these devices as the active electrochemical surface exists. At present no chemical 
sensors are using polarized interfaces. 

An ion-selective membrane is the essential component of all potentiometric ion sensors. This 
membrane establishes the preference with which the sensor responds to the determinant (ion of 
interest) in the presence of a variety of other ionic components of the sample. Ion-selective 
membranes are usually considered in the arena of sensing in an aqueous environment. However, 
water is not the only usable medium in which these sensors can operate. Examples of successful 
application of ion-selective electrodes (ISE) in nonaqueous media and at high temperatures and 
pressures are prevalent. The use of any type of sensor for such applications is generally 
determined by its construction and by the constituent materials, rather than by restrictions on the 
principle of operation of the device. 

Coated-wire electrodes are made of an internal wire coated with an ion-selective polymeric 
membrane. Alternative methods of attachment are pressing or gluing to the solid-state 
membrane, forming a compact and inexpensive ion sensor. 

23 AMPEROMETRIC SENSORS 

High-performance liquid chromatography (HPLC), especially liquid chromatography with 
electrochemical detection (LCED), is a powerful electroanalytical technique for conducting trace-
level analysis. The amperometric detection scheme is the most widely used because it offers 
enhanced sensitivity, uses simple instrumentation, and yields considerable selectivity through the 
choice of applied potential [Bond (2), Bersier and Bersier (3)]. Among the amperometric 
detectors, thin-layer or wall-jet types are the most common. Glassy carbon (GC), platinum, and 
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gold are the most widely used electrode materials in LCED determinations. The usual electrode 
size is in the macroscopic (millimeter) range. 

Recently, an increased interest has been shown in the development of electrochemical detectors 
that use microstructural materials, particularly carbon fibers, as reported in Edmonds (4), 
lithographic films [Morita et al. (5)], sputtering [Wehmeyer et al. (6)], and host membranes 
[Penner and Martin (7), Wang and Zadeii (8)]. These microvoltammetric electrodes have many 
applications and currently represent one of the most active research areas in electrochemistry. 
The microelectrode is superior to large, commonly sized electrodes because of the enhanced 
nonlinear diffusion and low ohmic and capacitive drops they exhibit. The result is that the 
signal-to-noise (S/N) ratio is larger for microelectrodes than for larger electrodes. Additionally, as 
a result of their small area, microelectrodes are useful for flow-stream analysis in an amperometric 
mode. 

For this group of sensors, the information is acquired from the current-concentration relationship. 
The two important aspects of this device are the origin of the signal and the selectivity. 
Optimization of these parameters is important to the efficient and accurate operation of the 
devices. The chemical transformation that occurs at the electrodes during the passage of current 
is determined by Faraday's law, by the mass transport equations (depending on the geometry of 
the electrode and the experimental arrangement), and by the current-voltage equation. 

The general relationship describing the current i as a function of the applied voltage (E - E0) is: 

i = nFAko{C0exp[-anF(E - E0)/RT] - Crexp[(l-a)nF(E - E0)/RT]} , (1) 

where C0 and Cr are the surface concentrations of the oxidized and reduced forms of the 
polarizer (respectively), a is the symmetry coefficient, A is the area of the electrode, k„ is the so-
called heterogeneous rate constant, n is the number of electrons per mole, F is the Faraday 
constant, R is the molar gas constant, and T is the temperature. There is no direct effect of the 
symmetry coefficient for electrochemical sensors (its value ranges between 0.3 and 0.7). The total 
current in Equation 1 can be attributed to two components, the cathodic component ic and the 
anodic component ia, given by: 

ic = nFAkoC0exp[-anF(E - E0)/RT], (2) 

and ia = nFAkoCrexp[(l-a)nF(E - E0)/RT] , (3) 

where i = ic - ia . (4) 

Examination of Equation 1 indicates that for an increasingly more negative potential applied to 
the electrode, the cathodic current increases exponentially, leveling off as it approaches the 
limiting plateau region where the mass transport of the oxidized species to the electrode surface 
limits the current. At the same time, the anodic current decreases. Additionally, in a symmetrical 
manner, the same argument exists for the increasingly positive potential at the working electrode 
where the dominant current is the anode current. In the region of the equilibrium potential, both 
cathodic and anodic currents contribute equally to the total current. 
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There are many other interesting characteristics of electrochemical sensors as can be seen from 
references such as the list found in Janata (1), from which this material was obtained. Relevant 
electrochemical sensor journal articles and books have been reviewed, and notes on some of these 
are included in this section. 

Numerous articles have been published on methods for improvement and application of 
electrochemical sensors. A review of a selection appearing in the journal, Electroanalysis, 
follows. 

Zhu and Curran (9) discuss the porous flow-through electrode of an electrochemical sensor and 
show that a critical dimension for the porous electrode is the pore diameter, the limiting current 
being inversely proportional to the two-thirds power of the pore radius. The versatility of the 
porous electrode is significant with regard to application to environmental sensing, and any 
progress in the development of this device would be important. 

Buldini et al. (10) present information on the use of a voltammetric technique for the 
determination of trace metals, including manganese, nickel, and cobalt, in natural waters. The 
voltammetric technique provides a "viable alternative to atomic absorption spectrometry and 
neutron activation because of its inherent sensitivity, precision, reliability, multi-element and 
speciation capabilities, wide applicability and suitability for on-line measurements, speed, 
simplicity, and low cost." Another advantage of the voltammetric technique is the ability to 
"perform the preconcentration steps directly into the voltammetric cell without risk of sample 
contamination . . . and the possibility of in situ analyses and on-line (remote) monitoring and the 
speciation capabilities that in many cases permit investigators to establish the chemical form in 
which metals are present in the environment." The new voltammetric techniques (based on 
adsorption or catalytic effects) expand the scope of electrochemistry in the direction of numerous 
additional metals. The automated instrumentation is ideally suited for monitoring additional 
elements. 

Postupolski and Golimowski (11) provide information on a technique for the simultaneous 
determination of antimony and bismuth from 0.5 M HC1 solutions that contained 0.1 M hydrazine. 
The technique uses a hanging mercury electrode in differential pulse anodic stripping voltammetry 
with very slow potential scan rate and small pulse amplitude. These elements are a serious health 
threat, particularly at concentrations higher than those occurring naturally. The technique 
described has been field tested at several locations. 

Zhi-liang (12) discusses a "novel and highly sensitive single-sweep oscillopolarographic method" 
for determining ultratrace amounts of ruthenium. The noble metals have found wide application 
to industry and laboratories, especially in the defense industry, the chemical industry, petroleum 
refineries, and electronic industries. The results obtained from experiments show that the method 
described has the advantage of high sensitivity, good selectivity, wide working range, accuracy, and 
simplicity. Additionally, this method is more sensitive than polarographic methods previously 
developed and referenced in this report. With regard to sensitivity, working range, and catalyst 
[As(III)] usage, the method outlined is preferable to the catalytic spectrometric and catalytic 
thermometric methods. It is one of the most sensitive catalytic kinetic methods for Ru at the 
present time. 
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Zadeii and Mitchell (13) present an electrochemical microband thin-layer flow cell detector for 
high-performance liquid chromatography incorporating a thin GC electrode. The microband 
thin-layer cell gives an improved S/N ratio at an applied potential of 0.6 V vs Ag/AgCl compared 
with a conventionally sized GC electrode. This electrode is structurally strong and easy to 
fabricate into an LCED cell configuration. The microband exhibits excellent S/N characteristics, 
long linear dynamic range, low detection limits, and flow-rate-independent response. Additionally, 
it has good temporal stability and can be used within 10 to 15 min after voltage is applied. The 
microband cell represents a very promising device that can be applied as a universal 
electrochemical detector for liquid chromatography. 

Hernandez-Brito et al. (14) describe a computer-controlled electrochemical system for transient 
current measurements in the determination of heavy metals. The instrumentation developed by 
the authors is applicable to the majority of voltammetric methods used to determine organic 
compounds and heavy metals, including copper, lead, and cadmium. The system has an option to 
measure the current directly, allowing a determination of the real current obtained in a Faradaic 
process. This provides a method to establish the real kinetics of the reaction or the formation of 
chemical species on the mercury electrode. Most commercial instruments do not allow 
determination of the current circulating through the electrode. Additional advantages are the 
ability to carry out high-speed stripping measurements in a more versatile and powerful fashion 
than analog systems and investigate new methods and electrode processes. 

Investigations of Ni and Co complexes have been performed by Kapetanovic et al. (15) through 
the use of polarographic methods. Although the application in this report is directed toward the 
medical arena, the basic procedure should be applicable to environmental cases as well. 

Progress in the area of electroanalysis, and specifically electrochemical sensors, relies on the 
development of improvements in the technology of electrodes. In electrochemistry, the working 
electrode converts the coupled rates of interfacial electron transfer and mass transfer into an 
electric current. Tallman and Petersen (16) discuss recent research involving new composite 
electrode materials that offer significant advantages in electroanalysis. The composite electrode is 
defined as "a material consisting of at least one conductor phase comingled with at least one 
insulator phase." Generally, such a composite system is composed of only one conducting and one 
insulating phase. The authors present a complete discussion of these electrodes and conclude 
that "consolidated composites appear to offer more flexibility and control over surface morphology 
than do dispersed composites and are capable of generating substantial enhancements in current 
density, and, thus, the S/N ratio." 

Improvements in stability, selectivity, and scope of electrochemical detectors, and the detection of 
electro-inactive substances are achieved through the use of chemically modified electrodes 
(CMEs) for liquid chromatography and flow-injection analysis [Wang et al. (17)]. The application 
of CMEs has resulted in significant success and extensive stimulated activity. Additional 
information on surface-modified, perm-selective coatings for amperometric detection is provided 
in Wang (18). Again, the conclusion reached is that sensors based on modified electrodes, 
although still in the early stages of their "life cycle," will provide the means to more powerful 
sensing probes. Commercialization of these probes is expected to take place in the near future, 
and application of modified electrodes in chemical sensing should increase at a rapid rate during 
the next several years. 
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The coated-wire electrode is one of the simplest electrochemical sensor types. These devices 
have particular application to the analysis of surfactants of various types. Extension to 
environmental applications, including detergents, cleaning, and washing powders, etc., is possible, 
as discussed in the overview of this area by Vytras (19). 

Kalvoda (20) discusses the potential of the various electrochemical methods for monitoring 
pollution of the biosphere and for environmental control; details can be found in the monographs 
of Kalvoda and Parsons (21) and Kalvoda (22). Some of the recent electroanalytical techniques 
that can be used or adopted for environmental control are discussed in Wang (23).. In conclusion, 
it appears that new chemical or biological recognition processes and advances in semiconductor 
technologies and microelectronics should result in the appearance of many exciting environmental 
applications for electroanalysis. 
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25 BOOK REVIEW 

Electrochemical Detectors, Fundamental Aspects and Analytical Applications, Ed by T. H. Ryan, 
Plenum Press, New York, 1981. 

This book is a series of articles written by several authors addressing the application of 
electrochemical sensors and modifications incorporating improved electrode designs. The 
following article reviews were thought to be of potential interest in the DOE work. 

New Electroanalytical Techniques Applied to Medicine and Biology, by W. J. Albery and B. G. 
D. Haggett, describes the development of new techniques for the determination of three 
different classes of compounds of interest to biologists and clinicians. Although not directed 
to the environmental area, this article has some merit in that it addresses some innovative 
electrode designs incorporating sandwich electrodes with a number of metalized membranes, 
therefore providing new possibilities for the construction of a single sensor for analyzing gas 
mixtures. 

Voltammetric Detectors for HPLC and Other Analytical Flow-Through Systems, by A. 
Trojanek, provides a brief account of the properties, design, and construction of voltammetric 
flow-through detectors for HPLC and continuous flow analysis. The voltammetric detector 
represents the most important group of electrochemical detectors. Particular emphasis is 
placed on sensitivity of these devices and methods to improve their performance. 
Improvement in sensitivity is achieved through improved flow rate and increased area of the 
working electrode. Additionally, the fundamental quantity in useful sensitivity is the value of 
the S/N ratio, in which all of the changes of the output signal that do not carry information 
about the input function (concentration) are considered. The S/N ratio is improved by 
application of pulse and alternating current (AC) techniques. The author discusses the 
effects of dynamic range, stability and reproducibility, use of mercury electrodes, static 
mercury electrodes, solid electrodes, porous electrodes, tubular electrodes, rotating 
electrodes, and thin layer cells. 

Some Applications of Electrochemical Oxidation as a Detection Technique in High Performance 
Liquid Chromatography, by A. J. Samuel and T. J. N. Webber, indicates that HPLC has been 
shown to be a powerful separation technique though its range of application is limited by the 
methods available for detecting the eluates. This paper describes the principal considerations 
for setting up an electrochemical detection system for HPLC, including the determination of 
electroactivity of organic compounds using a novel microscale voltammetric technique, the 
choice of mobile phase, and the selection of instrumental approaches for optimum 
performance. The application of electrochemical detection to several classes of less easily 
oxidized compounds, including sterols, nonionic surfactants, and organic acids, is illustrated. 

Application of High Performance Liquid Chromatography With Electrochemical Detection in 
Clinical Chemistry, by D. A, Richards, discusses the value of electrochemical detection 
following HPLC and compares the value with that of the more widely used optical methods 
of detection. The advantages are discussed mostly with regard to clinical chemistry. 
However, discussions of equipment improvements, particularly pressure pumps, could be 
important to environmental applications. 
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Optimization of an Electrochemical Detector Using a Static Mercury Drop Electrode in High 
Performance Liquid Chromatography. Analysis of the Anticancer Agent Mitomycin C in 
Plasma, by W. J. van Oort, J. den Hartigh, and R. J. Driebergen, discusses an electrochemical 
detector using a static mercury drop electrode that has been optimized for combination with 
HPLC. Parameters like pump noise, oxygen in mobile phase and sample solution, nozzle, 
flow rate, and working potential in the direct current (DC) mode and in the differential pulse 
polarography (DPP) mode have been examined. The information provided is applicable to 
environmental detection. 

Electrochemical Sensors and Detectors With Renewable Electrode Surfaces, by J. Tenygl, 
discusses the passivation of the surface of solid electrodes, which is one of the most serious 
problems occurring in the application of electrochemical methods. This report discusses the 
use of dropping mercury electrodes (DME) and the effort to develop an electrode with the 
features of a DME, but without the charging current, sensitivity to vibration and impurities, 
and the need to clean the mercury. The article discusses activation of the electrode surface, 
protection of the electrode from passivation, combination of several measuring techniques, 
and calibration and zeroing of the sensors. Activation of the working electrode is performed 
by the electrode being periodically disconnected from the measuring system and polarized by 
one or more cathodic and/or anodic pulses. The article reviews techniques to improve the 
efficiency of sensors and detectors through use of renewable surfaces. There are a large 
number of references relating to this area of design. 

Voltammetry of Organic Molecules at Solid Electrodes, by J. Volke, concludes that it is 
possible, in spite of the unsuitability of nonmercury electrodes in most cathodic reductions, as 
compared to mercury, that a considerable number of organic substances can be oxidized at 
these electrodes and the resulting voltammetric curves can be used in quantitative analysis. 
The compounds of the following classes can thus be determined by anodic processes: 

aromatic hydrocarbons 
aliphatic and alicyclic hydrocarbons 
alkenes 
carboxylic acids 
aliphatic and benzyl amines 
aromatic amines 
aminophenols 
phenols, hydroquinones, and catechols 
aromatic ethers and esters 
alcohols 
sulfur-containing compounds (e.g., sulfides, disulfides) 
nitrogen- and sulfur-containing heterocyclic compounds 

Tensammetry in Combination with Adsorptive Accumulation of Surface Active Compounds on 
the Electrode Surface, by R. Kalvoda, discusses the study of the adsorptive accumulation of 
surface active compounds on the electrode surface in polarographic stripping analysis, where, 
during the stripping process, the desorption peak is recorded using DPP. It is concluded that 
electrolysis at the interface between two immiscible electrolyte solutions offers attractive 
opportunities for exploitation in chemical analysis. The first attempts are promising, and 
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future research, it is hoped, will reveal more of the charge transfer reactions of analytical 
interest. 
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3. FIBER-OPTIC BASED SENSORS 

3.1 INTRODUCTION 

The use of optical fibers for detector applications is almost as old as the introduction of optical 
fibers themselves. Their use in chemical sensing probably dates from the early 1970s, according to 
Wolfbeis (1), when they were specifically identified as sensors for oxygen and iodine. Since that 
time, the use of optical fibers as either the sensor itself or as part of a sensor system has 
expanded to the degree that entire conferences are held on the use of fibers in sensor systems. 
This review covers only a part of the totality of optical fibers as sensors, namely, their use in 
applications related to environmental work. 

Optical fibers are classed as either single-mode or multimode. Single-mode fibers, in general, are 
of such small diameter, typically 3 to 5 um, that only a single EM mode can propagate in the 
fiber. Multimode fibers are further classed as step-index or graded-index. Step-index fibers 
exhibit a certain refractive index in the core, or transmitting region, and a lower refractive index 
in the cladding region surrounding the core. Graded-index fibers have a variable refractive index 
in the core, the index changing from the core center to the core-cladding interface. The number 
of noninterfering modes that can be accommodated in multimode fibers depends on the numerical 
aperture, defined in the following, and the wavelength of the light. Parameters of importance in 
optical fibers, in addition to refractive indices, are numerical aperture (a measure of the angle of 
incidence that incoming light has for allowed transmission in the fiber), number of modes the 
fiber will transmit, and modal and chromatic dispersion. 

In the field of chemical sensors, optical fibers are classified as extrinsic or intrinsic. In extrinsic 
applications, the fiber acts only as a light pipe, transmitting light from a source to some external 
medium, either a medium that contains the analyte or a material that responds in a specified way 
to an analyte. A corresponding signal generated by the analyte is transmitted back through the 
fiber to a detector system that interprets the signal as to the analyte's character. Intrinsic fibers 
are a part of the sensing mechanism, interacting with an analyte causing some optical change in 
the fiber itself or in a selective coating on the fiber. Thus, extrinsic fibers are not sensors in the 
strict sense, but are such an integral part of a sensing mechanism that they are included in the 
broad definition of sensors. Wolfbeis (1) defines a sensor as "a device capable of continuously 
and reversibly recording a physical parameter or the concentration of a chemical or biochemical 
species." Many sensors in the chemical field do not satisfy either or both of these criteria, 
particularly the latter. In this case, Wolfbeis suggests using the term "probe" rather than sensor, 
but that differentiation does not appear to have gained wide acceptance. Some of the parameters 
measured or applications using fibers as extrinsic or intrinsic sensors are listed in the following. 

EXTRINSIC INTRINSIC 
Fluorescence Fluorescence 
Scattering, including Raman Absorption 
Absorption Refractive index 
Atomic emission Transmission 
Chemiluminescence Chemiluminescence 
Colorimetric Colorimetric 
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Evanescent wave 

In this review, only those applications of optical fibers to chemical sensors will be addressed, and 
not that completely. The use of optical fibers as temperature sensors, in particular, is not 
discussed in detail. Reference (1), in two volumes, edited by Wolfbeis, includes background and 
applications of optical fibers to many fields of chemistry, including environmental, and is 
recommended as an excellent reference. A complete review of both volumes is included in the 
following section. 

3.2 REFERENCES, PROCEEDINGS REVIEWS, AND BOOK REVIEWS FOR FIBER 
OPTIC CHEMICAL SENSORS 

3.2.1 References 

1. Fiber Optic Chemical Sensors and Biosensors, Vols. I and II, Ed by O. S. Wolfbeis, CRC 
Press, Boca Raton, 1991. 

2. J. D. Andrade et al., IEEE Trans, on Electron Devices 32 1175-1179 (1985). 
3. S. M. Angel et al., The Feasibility of Using Fiber Optics for Monitoring Groundwater 

Contaminants VI. Mechanistic Evaluation of the Fujiwara Reaction for the Detection of 
Organic Chlorides, LLNL Report UCID-19774, Livermore, CA, 1987. 

4. S. M. Angel and M. L. Myrick,^na/. Chem., 61 1648 (1989). 
5. S. M. Angel and M. Ridley, Society of Photo-Optical Instrumentation Engineers (SPIE), 1172 

(1989). 
6. S. M. Angel et al., New Developments and Applications of Fiber-Optic Sensors, Amer. Chem. 

Soc. Symp. Ser. 403, Ed by R. Murray et al., Amer. Chem. Soc, Washington, D.C. 1989. 
7. S. M. Angel et al., SPIE, 1368 (1990). 
8. F. Baldini, SPIE, 1368 (1990). 
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18. M. M. Carraba et al, SPIE, 1434 17 (1991). 
19. W. Chitwood, SPIE First Annual Advanced Polymer Composites Technical Conference, 14-17 
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20. B. Culshaw, SPIE, 1169 (1989). 
21. M. D. DeGrandpre and L. W. Burgess, SPIE, 990 170-174 (1988). 
22. M. D. DeGrandpre and L. W. Burgess, Appl. Spectr., 44 273-279 (1990). 
23. M. D. DeGrandpre, SPIE, 158J (1991). 
24. J. F. Deye et al., Anal. Chem., 62 615-622 (1990). 
25. G. Fischer et al., SPIE, 1587 (1991). 
26. K. Fujiwara, Sitzungsber. Abh. Naturforsch. Ges. Rostock, 6 33 (1916). 
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31. R. E. Kunz, SPIE, 1587 (1991). 
32. R. A. Lieberman, SPIE, 1368 (1990). 
33. W. F. Love and L. J. Button, SPIE, 990 175 (1988). 
34. B. D. MacCraith et al, SPIE, 1587 (1991). 
35. F. P. Milanovichetal.,.4rt0/. Tnrt., 15 137(1986). 
36. F. P. Milanovich et al., Proc. 2nd International Conf. on Field Screening Methods for 

Hazardous Wastes and Toxic Chemicals (EPA), pp. 43-47 (1991). 
37. U. Panne and R. Niessner, SPIE, 1587 (1991). 
38. Sensors 1990 Buyer's Guide, D. Rosa, ed., 11 May 1990. 
39. Sensors 1992 Buyer's Guide, D. Rosa, ed., 3 Sept. 1992. 
40. S. J. Saggese et al., SPIE, 1172 (1989). 
41. S. J. Saggese et al., Optic Letters, 1 January 27 (1991). 
42. M. R. Shahriari et al., SPIE, 838 (1987). 
43. Fiber Optic Sensors, E. Udd, ed., John Wiley and Sons, New York, 1991. 
44. T. Vo-Dinh et al., SPIE, 1368 (1990). 
45. M. T. Wlodarczyk and D. J. Vickers, SPIE, 7J8 (1986). 
46. O. S. Wolfbeis, Fibre Optic Fluorosensors in Analytical and Clinical Chemistry, Molecular 

Luminescence Spectroscopy: Methods and Applications, S. G. Schulman, ed., Vol. 2, Ch. 3., 
John Wiley and Sons, New York, 1988. 

47. O. S. Wolfbeis, SPIE, 1368 (1990). 
48. O. S. Wolfbeis and H. Li, SPIE, 1587 (1991). 
49. C. Zhu and G. M. Hieftje, Anal. Chem., 62 2079-2084-(1990). 

3.2.2 Proceedings of Conferences and Symposia - Papers of Special Interest for This Report 

Note: Most listings include a key word or phrase and the number of references cited. 

1. Fiber Optic and Laser Sensors IV, SPIE, Vol. 718, R. DePaula and E. Udd, eds., 
September 1986. 

H. H. Miller and T. B. Hirschfeld, Fiber Optic Chemical Sensors for Industrial and Process 
Control. 

A paper on intrinsic fiber optical sensors, describing the technique of remote fiber 
fluorimetry. Development and use of sensors for redox potential, pH, oxygen, carbon 
dioxide, copper, nitrogen dioxide, hydrogen sulfide, uranyl ion, formaldehyde, ammonia, 
organochlorides, sodium ions, and potassium ions are described. 19 References. 

2. Chemical, Biochemical, and Environmental Applications of Fibers, SPIE, Vol. 990, R. A. 
Lieberman and M. T. Wlodarczyk, eds., September 1988. 
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Extrinsic Fiber-Optic Sensors 

a. N. R. Herron, D. W. Whitehead, and V. J. Miller, Evolution of a Fiber-Optic Chemical 
Fluorescence Sensor for Monitoring Dissolved Volatiles. I Fluorescence / 7 References. 

Describes the development and testing of a nonreversible fluorescence sensor for 
chloroform. The reagent is contained in a cell at the distal end of the fiber, separated 
from the analyte (in water) by a suitable membrane. 

b. W. Chudyk, K. Pohlig, N. Rico, and G. Johnson, Ground Water Monitoring Using 
Laser Fluorescence and Fiber Optics. I Fluorescence / 6 References. 

The paper describes a field-deployable system using laser ultraviolet excitation of 
contaminated groundwater and filtering of the return fluorescence signal. 
Measurements of aromatic contaminants include benzene, ethylbenzene, toluene, and 
xylene fractions of gasoline. Sampled sites include gas stations and manufacturing 
companies. 

c. J. B. Zung, R. L. Woodlee, M.-R. S. Fuh, and I. M. Warner, Fiber Optic Based 
Multidimensional Fluorometer for Studies of Marine Pollutants. / Fluorescence / 10 
References. 

Multidimensional fluorescence analysis is used to study the effect of marine pollutants 
on marine algae. Both excitation and emission wavelengths are varied in the 
experiments; results are analyzed as a function of both wavelengths. 

d. J. W. Griffin, K. B. Olsen, B. S. Matson, and D. A. Nelson, Fiber Optic 
Spectrochemical Emission Sensors. I Molecular Dissociation, Atomic Emission / 14 
References. 

Radio-frequency and spark excitation of laboratory samples (e.g., chlorinated and 
fluorinated hydrocarbons) and spectral analysis of the return signals are discussed. 
Flame excitation, not examined experimentally, is also discussed. 

e. K. Goswami, S. M. Klainer, and J. M. Tokar, Fiber Optic Chemical Sensor for the 
Measurement of Partial Pressure of Oxygen. I Fluorescence / 9 References. 

The paper describes detection of oxygen in water by luminescence quenching of a 
fluorophore by oxygen penetrating through a membrane separating the fluorophore 
from the water. The fluorophore, membrane, and laboratory results are given. 
Reversibility is possible, but with a long response time. 

f. A. Sharma and O. S. Wolfbeis, Fiber Optic Fluorosensor for Sulfur Dioxide Based on 
Energy Transfer and Exciplex Quenching. I Fluorescence /12 References. 

An optical fiber fluorosensor utilizing quenching of energy transfer between the donor 
(pyrene) and acceptor (perylene) by sulfur dioxide is described. Quenching of the 
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pyrene fluorescence is identified as the mechanism that quenches the energy transfer 
from donor to acceptor. Concentrations of sulfur dioxide of less than 10 ppm can be 
detected. 

Intrinsic Fiber Optic Sensors 

g. B. B. P. Schaffar and O. S. Wolfbeis, New Optical Chemical Sensors Based on the 
Langmuir-Blodgett Technique. I Fluorescence /12 References. 

Thin organic (Langmuir-Blodgett) films deposited on glass surfaces are used as 
fluorescent generators in response to various analytes. Results from ion selective 
optodes, oxygen sensors, pH sensors, halide sensors, and biosensors are discussed, as 
are the limitations and problems associated with this type of film. 

h. L. C. Bobb, H. D. Krumboltz, and J. P. Davis, Optical Fiber Refractometer. I 
Refractive Index Change / 9 References. 

A step-index optical fiber, tapered to one-third of its original diameter, with its 
cladding partly removed in the tapered region, is used as an optical refractometer. 
Results are reported for immersion of the tapered section in liquids with refractive 
indices from 1.33 to 1.65. 

i. M. D. DeGrandpre and L. W. Burgess, All-Fiber Spectroscopic Probe Based on an 
Evanescent Wave Sensing Mechanism. I Evanescent Wave / 9 References. 

Evanescent wave sensing for nonpolar solvents, using a polymer clad fused silica fiber 
as the sensor, is described. The sensor is sensitive to refractive index, length of fiber, 
and fiber bend radius. Polar solvents do not penetrate the polymer cladding, which 
acts as a selective membrane. 

3. Fiber Optic and Laser Sensors VII, SPIE, Vol. 1169, E. Udd and R. DePaula, eds., 
September 1989. 

P. K. Soltani, C. Y. Wrigley, G. M. Storti, and R. E. Creager, Fiber Optic Radiation 
Dosimetry. / Radiation detection with phosphor and optical fiber / 12 References. 

This paper describes a radiation detector, primarily for gamma rays and X-rays, using a 
cerium-and samarium-doped SrS crystal attached to the distal end of an optical fiber. The 
crystal responds linearly to both gammas and X rays, although the X-ray absolute 
response depends on the X-ray excitation potential. The authors state that the dynamic 
range of the dosimeter is about six orders of magnitude. They discuss the theory, method 
of operation, and potential losses and give some experimental results for Co and Cs 
gamma-ray sources and for X-ray potentials from 50 to 300 kV. 

4. Chemical, Biochemical, and Environmental Fiber Sensors, SPIE, Vol. 1172, R. A. 
Lieberman and M.T. Wlodarczyk, eds., September 1989. 
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Extrinsic Fiber Optic Sensors 

a. S. J. Saggese, M. R. Shahriari, and G. H. Sigel, Jr., Evaluation of an FTIRJFluoride 
Optical Fiber System for Remote Sensing of Combustion Products. IIR Spectrometry / 
7 References. 

A fluoride glass optical fiber and a Fourier Transform Infrared (FUR) spectrometer 
were used to detect methane, carbon dioxide, and carbon monoxide in nitrogen. 
Detection limits in nitrogen were 0.2 vol % for methane, 0.05 vol % for carbon 
dioxide, and 0.3 vol % for carbon monoxide. 

b. B. S. Matson and J. W. Griffin, Infrared Fiber Optic Sensors for the Remote Detection 
of Hydrocarbons Operating in the 3.3 fim to 3.5 fim Region. I Photoacoustic, 
Absorption / 14 References. 

A ZrF optical fiber, operating in the infrared (IR) range between 3 and 3.5 \im, is 
used with three different sensors: a vapor absorption cell, a photoacoustic cell, and 
an evanescent field device, along with a gas analysis cell interfaced with a FTTR 
spectrometer. Representative detection limits are: 0.01% for hexane in the vapor 
absorption cell, 2300 ppm for hexane in the photoacoustic cell, 5% for methane in 
nitrogen with the evanescent wave device, and 0.1% hexane in air with the FTIR 
system. 

c. M. L. Myrick and S. M. Angel, Normal and Surface-Enhanced Raman Scattering with 
Optical Fibers. I Scattering /14 References. 

The use of dual optical fibers for Raman spectroscopy is examined. Examples are 
shown for benzene and for pyridine, the latter using surface-enhanced Raman. 

d. R. E. Synovec, C. N. Renn, and L. K. Moore, Fiber Optic Absorbance and 
Fluorescence Measurements in High-Temperature Liquid Chromatography. I 
Absorption, Fluorescence / 12 References. 

The use of optical fibers with liquid chromatography (LC) is described. Operation of 
an LC at elevated temperatures improves performance, but frequently used 
instrumentation does not function well at the higher temperatures. Optical fibers are 
used to measure absorption or fluorescence of the LC output. 

e. R. D. Driver, G. M. Leskowitz, and L. E. Curtiss, Fiber Optic Chemical Sensing with 
Infrared-Transmitting Optical Fiber. I IR Spectrometry / 11 References. 

A FTIR spectrometer and IR optical fibers are used to obtain IR spectra for several 
liquids and a gas. Sensors were a liquid cell, an evanescent wave device, and a gas 
cell. 
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f. S. H. Lieberman, S. M. Inman, and G. A. Theriault, Use of Time-Resolved Spectral 
Fluorometry for Improving Specificity of Fiber-Optic-Based Chemical Sensors. I 
Fluorescence / 8 References. 

Time-resolved fluorescence measurements are described for trace metals (Zn and Cd) 
in seawater and for polycyclic aromatic hydrocarbons. An organic indicator molecule 
is described that forms fluorescent complexes with the two metals. 

g. J. W. Griffin, B. S. Matson, K. B. Olsen, and T. C. Kiefer, Fiber Optic Spectrochemical 
Emission Sensors: A Detector for Chlorinated and Fluorinated Compounds. I 
Molecular Dissociation, Atomic Emission / 3 References. 

An RF-excited helium plasma is used to excite the sample gas, which is drawn into the 
plasma chamber. Tests were done with carbon tetrachloride in air. The interaction of 
the plasma with the sample causes molecular dissociation and atomic excitation of the 
chlorine. The optical emissions are transmitted over optical fibers to a silicon 
detector. Concentrations of 5 ppm are estimated as the lower detection limit. 

h. S. M. Angel and M. N. Ridley, Dual-Wavelength Absorption Optrode for Trace-Level 
Measurements of Trichloroethylene and Chloroform. I Absorption / 11 References. 

Trace levels of trichloroethylene and chloroform are detected using a liquid indicator 
that changes color in the presence of the analyte, absorbing strongly at 530 nm. The 
ratio of absorption at a reference wavelength of 610 nm (not absorbed by the 
indicator) to that at 530 nm provides a measure of analyte concentration. The 
indicator reagents are different for the two analytes. Determinations of either analyte 
to less than 10 ppb are expected. 

i. W. Chudyk, K. Pohlig. L. Wolf, and R. Fordiani, Field Determination of Ground-Water 
Contamination Using Laser Fluorescence and Fiber Optics. I Fluorescence / 9 
References. 

Laser-induced fluorescence in contaminated groundwater is used for detection of 
aromatic solvents and several fractions of gasoline. A short (15-ns) laser pulse at 266 
nm is used as the excitation, the resulting fluorescence being returned to a 
photomultiplier tube for detection and identification. The system has been field 
tested in more than 100 wells. 

j . R. Niessner, W. Robers, and A. Krupp, Fiber Optical Sensor System Using a Tunable 
Laser for Detection ofPAHs on Particles and in Water. I Fluorescence / 26 
References. 

Laser-induced fluorescence is used for detection of polycyclic aromatic hydrocarbons 
(PAHs) that are bound on particles resulting from combustion processes. Results are 
shown for solid-state PAHs, PAHs in water, monodisperse PAH-aerosols, and 
monodisperse NaCl particles with PAH coatings. A PAH detection limit of 1 ng/mL 
is stated. 
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k. A. Mohebati and T. A. King, Fiber Optic Remote Gas Sensor with Diode-Laser FM 
Spectroscopy. I Spectrometry / 4 References. 

Frequency modulation of a diode laser is used as input to an absorption cell 
containing atmospheric pollutant gases. Theory of operation, experimental setup, and 
results with methane are shown. Absorption measurements in the range of 0.001% 
are quoted. 

1. R. J. Berman and L. W. Burgess, Renewable Reagent Fiber-Optic-Based Ammonia 
Sensor. I Absorption / 2 References. 

A fiber optic sensor for ammonia using a renewable reagent is described. Lower 
detection limit of 10 ppb is quoted. 

m. K. Goswami, J. A. Kennedy, D. K. Dandge, and S. M. Klainer, Fiber Optic Chemical 
Sensor for Carbon Dioxide Dissolved in Sea Water. I Fluorescence / 7 References. 

A fiber optical chemical sensor (FOCS) for detection of carbon dioxide dissolved in 
sea water is reported, using a cell at the distal end of the fiber, a carbon dioxide 
permeable membrane, and a suitable reagent in the cell. Carbon dioxide in the 
reagent changes the emission intensity of the reagent, yielding a measure of C02. 
The authors state this type of sensor may be used over a dynamic range of 0 to 600 
ppm of dissolved carbon dioxide. 

n. J. Polster, W. Hobel, A. Papperger, and H. Schmidt, Fundamentals of Enzyme 
Substrate Determinations by Fiber Optics Spectroscopy. I Reflectance / 12 References. 

A discussion of the theory of enzyme substrates as detectors of specific materials is 
given, followed by a description of the use of enzyme coatings on the end of optical 
fibers for the detection of urea and penicillin-G. 

Intrinsic Fiber Optic Sensors 

o. D. A. Christensen, J. D. Andrade, J. Wang, J. T. Ives, and D. E. Yoshida, 
Evanescent-Wave Coupling of Fluorescence into Guided Modes: FDTD Analysis. I 
Fluorescence / 4 References. 

This is a theoretical paper that describes the solution of Maxwell's equations to 
predict the amount of fluorescent signal coupled back into an excitation signal from a 
specific coating on an optical fiber. The fluorescence is produced by the action of the 
exciting wavelength evanescent wave on the fiber coating. 

p. F. Kvasnik and A. D. McGrath, Distributed Chemical Sensing Utilizing 
Evanescent-Wave Interactions. I Scattering / 10 References. 

Selective coatings at distributed places on long optical fibers, coupled with optical 
time domain reflectometry, are used not only to detect specific analytes via evanescent 
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wave interactions, but also to determine the position along the fiber where the 
interaction occurs. 

q. V. Ruddy, B. D. MacCraith, and J. A. Murphy, Spectroscopy of Fluids Using 
Evanescent-Wave Absorption on Multimode Fiber. I Absorption / 11 References. 

A short paper investigating absorbance of methylene blue as a function of the length 
of fiber exposed to the reagent, using evanescent wave spectroscopy as the analytical 
method. 

r. J. L. Oxenford, S. M. Klainer, T. M. Salinas, L. Todechiney, J. A. Kennedy, D. K. 
Dandge, and K. Goswami, Development of a Fiber Optic Chemical Sensor for the 
Monitoring of Trichloroethylene in Drinking Water. I Refractive Index / 3 References. 

The development and laboratory testing of a reversible FOCS for specific detection of 
trichloroethylene (TCE) is reported. The detection method is based on the refractive 
index change of the fiber due to a coating on the un-clad fiber, the coating having 
affinity to TCE. Data are shown for TCE concentrations in water of 0, 100, 200, and 
300 ppm. 

s. D. K. Dandge, T. M. Salinas, S. M. Klainer, K. Goswami, and M. Butler, Fiber Optic 
Chemical Sensor for Jet Fuel. I Refractive Index / 3 References. 

The paper describes a reversible optical fiber sensor specific to determination of jet 
fuel as vapor, liquid, or in a water emulsion. A portion of un-clad fiber is coated with 
a (proprietary) coating that has an index of refraction close to that of jet fuel. 
Exposure of the fiber to jet fuel will result in a loss of signal in the fiber, the loss 
being proportional to the jet fuel concentration. Experimental results are given. 

t. Q. Zhou and G. H. Sigel, Jr., Porous Polymer Optical Fiber for Carbon Monoxide 
Detection. / Colorimetric /11 References. 

A porous polymer containing a carbon monoxide sensing reagent is formed into an 
optical fiber that is then coupled to a commercially available optical fiber. The sensor 
was tested for response to other gases and was found to be insensitive to hydrogen 
and gasoline vapor, but it reacted with hydrogen sulfide. It is nonreversible, and it 
could be used as a level monitor. 

u. H. K. Hui, S. Divers, T. J. Lumsden, T. G. Wallner, and S. Weir, Accurate, Low-Cost, 
Easily Manufacturable Oxygen Sensor. I Technique, Fluorescence / 7 References. 

The sensor described, which monitors oxygen partial pressure, is part of a blood 
monitoring system. An oxygen-sensitive fluorescent dye is applied to a portion of 
unclad fiber, the magnitude of the return fluorescent signal giving a measurement of 
blood oxygen levels. 
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v. G. Boisde, B. Biatry, B. Magny, B. Dureault, F. Blanc, and B. Sebille, Comparisons 
Between Two Dye-Immobilization Techniques on Optrodes for the pH Measurement by 
Absorption and Reflectance. I Absorption, Reflectance / 19 References. 

The paper describes two methods for immobilization of dye on an optical fiber. Both 
methods use coatings on the fiber. One method depends on absorbance of the 
coating at the distal end of the fiber, the other on reflectance from the fiber end, 
modified by the coating on the core material. 

w. S. H. Alabbas, D. C. Ashworth, and R. Narayanaswamy, Design and Characterization 
Parameters of an Optical Fiber pH Sensor. I Design / 11 References. 

In this experimental study on the reproducibility of optical fiber sensors with the 
reagent placed on the fiber end, hemispherical and cylindrical end shapes were 
investigated, with the former exhibiting better reproducibility. 

x. T. Vo-Dinh, T. G. Nolan, and Y. F. Cheng, Fiber Optic Antibody-Antigen-Based 
Biosensor with Time-Resolved Detection. I Fluorescence / 10 References. 

The fluorescence response from a fiber optic antibody-antigen-based biosensor is 
phase-resolved to differentiate between two elements of benzo(a)pyrene, one of which 
is a carcinogen. Limit of detection is in the range of 10"18 moles. 

5. Chemical, Biochemical, and Environmental Fiber Sensors III, SPIE, Vol. 1587, R.A. 
Lieberman, ed., September 1991. 

Extrinsic Fiber Optic Sensors 

a. U. Panne and R. Niessner, Fiber Optical Sensor Based on Time-Resolved 
Laser-Induced Fluorescence for Detection of Polynuclear Aromatic Hydrocarbons. / 
Fluorescence / 4 References. 

The time decays of 10 PAH materials and expected detection limits for 13 are given. 
Excitation was at 337 nm, fluorescence observed through a monochromator onto a 
photomultiplier. Detection limits ranged from 0.006 to 0.338 mg/L. 

b. J. M. Andrews and S. H. Lieberman, Use of a Neural Network for the Analysis of 
Fluorescence Spectra from Mixtures of Polycyclic Aromatic Hydrocarbons. I 
Fluorescence /10 References. 

The paper discusses the utility of neural networks for analysis of fluorescence spectra 
from multicomponent mixtures of PAHs. The network was trained on 104 spectra 
and then used to analyze both intensity vs emission and time resolved spectra from 
mixtures of PAHs that have similar spectra. 

c. J. M. Henshaw and L. W. Burgess, Evaluation of a Membrane Sampling Element for 
Use in Remote Optical Multivariate Chemical Analysis. I Absorbance / 7 References. 
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The time required for different analytes to permeate a membrane and to develop a 
spectrum is examined as a possible way of differentiating analytes with similar spectra. 
Permeation rates can be controlled through membrane thickness and composition. 
Spectra of trichloroethylene, trichloroethane, and chloroform were taken. 

d. O. S. Wolfbeis and H. Li, LED-Compatible Fluorosensor for Ammonium Ion and its 
Application to Biosensing. I Fluorescence / 18 References. 

Ammonium-sensitive material and dye contained in a PVC membrane is discussed. 
Ammonium ion detection is accomplished through selective ion extraction into the 
membrane, proton release from the dye to the sample, and a resulting color change in 
the dye that is detected via fluorescence intensity change. The pH of the sample must 
be kept constant for reliable results. The sensor is reversible and has detection limits 
in the range 0.03 to 10 mM at near neutral pH, with about 1-min response time for a 
2-mm membrane thickness. 

e. M. D. DeGrandpre, Renewable-Reagent Fiber Optic Sensor for Ocean pC02. I 
Colorimetric /12 References. 

Color change in a renewable colorimetric pH indicator due to C02 diffusion across a 
gas-permeable membrane is used to detect gaseous C02 in ocean water. Sensitivities 
in the range from 300 to 800 ppm were measured, with sensitivity dependent on type 
of dye, dye concentration, and mass-transfer. 

f. F. Baldini, M. Bacci. F. Cosi, A. Del Bianco, and A. Scheggi, Transition Metal 
Complexes as Indicators for a Fiber Optic Oxygen Sensor. I Absorption / 11 
References. 

Four organo-metallic compounds were tested for optimum oxygen detection, the 
compounds being contained in a Celgard membrane. Tested were Vaska's complex, 
Co(salen), Co(His)2, and several Mn compounds. The Co(His)2 was selected on the 
basis of ease of synthesis, good sensitivity (no values given), stability, and reversibility. 

g. M. F. Sultan and M. J. O'Rourke, Lens-Type Refractometer for On-Line Chemical 
Analysis. I Refractive Index / 10 References. 

An optically clear cylindrical tube through which a fluid sample flows is used as a lens 
refractometer, with light input/output via optical fibers. Change in the focal length of 
the lens is a measure of the refractive index of the sample. Results from 
methanol/gasoline mixtures are given. 

h. S. M. Angel, T. M. Vess, and M. L. Myrick, Simultaneous Multipoint Fiber Optic 
Raman Sampling for Chemical Process Control Using Diode Lasers and a CCD 
Detector. / Raman Spectroscopy from Laser Backscatter / 13 References. 

21 



A diode-laser-based portable Raman spectrometer with a charge-coupled device as 
detector is used for simultaneous detection, using optical multiplexing, of several 
processes, including mixed waste monitoring. 

i. W. Chudyk, C. Botteron, and K. Pohlig, Vapor Phase Analysis of Aromatic Organic 
Compounds Using Laser-Induced Fluorescence and Fiber Optics. I Fluorescence / 7 
References. 

A Nd:YAG laser, twice doubled in frequency, optical fibers, and a photomultiplier are 
used for detection of fluorescence from aromatic organics in the vapor phase. Phenol, 
toluene, and xylene have been tested, with phenol concentrations below 10 mg/L 
being detectable. For toluene and xylene, concentrations of about 1 mg/L are 
detectable. 

j . H. O. Edwards and J. P. Dakin, Measurements of Cross-Sensitivity to Contaminant 
Gases Using a Highly Selective, Optical-Fiber-Remoted Methane Sensor Based on 
Correlation Spectroscopy. I Absorption / 5 References. 

Correlation techniques are used to detect methane in the presence of other gases 
using two cells, one a sample cell containing the gas mixture and a reference, the 
other a pressure modulated cell of methane, the cells connected by optical fibers. 
Methane sensitivity of 50 ppm is reported. 

k. P. F. Daley, B. W. Colston, Jr., S. B. Brown, K. Langry, and F. P. Milanovich, Fiber 
Optic Sensor for Continuous Monitoring of Chlorinated Solvents in the Vadose Zone 
and in Groundwater: Field Test Results. I Colorimetric / 4 References. 

A chemical sensor for detection of TCE in groundwater uses pyridine with a small 
additive as a colorimetric device. The sensor is irreversible, but the design allows the 
reagent to be replaced. TCE sensitivity in the range of 50 ppb is reported. A degree 
of sensor selectivity to different contaminants can be obtained through changes in the 
reagent components and concentrations. 

1. P. T. Varineau, R. W. Duesing, Jr., and L. E. Wangen, Application of Time-Resolved 
Luminescence Spectroscopy to a Remote Uranyl Sensor. I Luminescence / 17 
References. 

Detection of UQ2
2+ in an aqueous sample is done using laser-induced, time-resolved 

luminescence spectroscopy. A flow-through cell containing phosphoric acid admits the 
uranyl ions through a Nafion membrane. The green luminescence is quantifiable; 
concentrations of uranyl ion in the range from 10"4 to lO^M can be measured. Time 
resolution improves sensitivity. 

Intrinsic Fiber Optic Sensors 

m. S. M. Angel, B. L. Anderson, and K. Langry, Simple Reversible Fiber Optic Chemical 
Sensors Using Solvatochromic Dyes. / Fluorescence / 11 References. 
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A solvatochromic dye, Nile Red, is used as the fluorescing coating on either the end 
of a clad optical fiber or on the side of an un-clad fiber for rapid, sensitive detection 
of analyte vapors. This paper reports on results from xylene and dichloromethane. 
Selectivity is not of prime importance in this sensor type. The side-coated fiber 
(evanescent wave detection) is one order of magnitude faster in response time than 
the end-coated fiber. 

n. R. E. Kunz, Totally Integrated Optical Measuring Sensors. I Methodology / 28 
References. 

This paper discusses total optical systems, not just the sensor part. Modules 
incorporating every part of a total system (e.g., sensor, power supply, and tranduction 
device) are proposed. Applications to wavelength, amplitude, phase, and frequency 
measurements are given. 

o. A A. Boiarski, R. W. Ridgway, J. R. Busch, G. Turhan-Sayan, and L. S. Miller, 
Integrated Optic Biosensor for Environmental Monitoring. I Interferometry / 10 
References. 

A Mach-Zehnder interferometer is constructed on the surface of a planar waveguide 
with one arm of the interferometer being exposed to the pollutant and the other 
protected from the pollutant. Changes in the refractive index of the exposed arm due 
to interaction with the pollutant cause a phase difference between the laser light in 
the two arms, the phase difference being a measure of the pollutant concentration 
and identity. Sensitivities to concentrations as low as 20 to 50 ppm for toluene, 
benzene, and glycerin are possible with uncoated sensor arms. With more 
sophisticated signal processing, 1 to 10 ppm could be possible. Coating the exposed 
arm with a hydrophobic coating may increase the sensitivity to 1 to 10 ppb. 

p. S. J. Choquette and M. L. Walker, Radiation Dosimetry Using Planar Waveguide 
Sensors. I Colorimetry / 14 References. 

Three planar waveguides of different materials were fabricated on fused silica 
substrates and exposed to X-rays in the 25 to 100 kV range. The waveguides were 
interrogated by a He-Ne laser to determine the change in transmission due to the 
radiation. 

q. E. M. Bowman and L. W. Burgess, Optical and Piezoelectric Analysis of Polymer Films 
for Chemical Sensor Characterization. IA comparison between optical fiber and 
piezoelectric sensors using the same coating. Optical fiber - Refractive Index 
Measurement; Piezoelectric sensor - Frequency Shift / 15 References. 

A polymer is used as a film on a substrate to form a waveguide sensor, the polymer 
acting as both the waveguide and an interactive element with the sample. The same 
polymer is coated onto a Lamb wave device, providing the interaction with the 
sample. Response to the sample is an angle shift in the waveguide sensor and a 
frequency shift in the Lamb wave device. 
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r. M. A. Druy, P. J. Glatkowski, and W. A. Stevenson, Evanescent-Wave Fiber Optic 
Remote Fourier Transform Infrared Spectroscopy. I Evanescent-Wave Detection, IR 
Spectroscopy, IR Optical Fiber Information / 8 References. 

The spectra of urea at three different concentrations in human plasma are obtained 
using evanescent wave sensors with IR optical fibers and an FTIR spectrometer. 

s. G. Fischer, E. F. Carome, V. E. Kubulins, and L. W. Burgess, Fiber Optic 
Hydrocarbon Sensor System. I Transmittance / 0 References. 

A simple optical fiber sensor for hydrocarbon detection is described, and results are 
shown for exposure to toluene and gasoline vapors. The sensor could serve as a total 
hydrocarbon sensor because the selectivity appears to be low. Absolute sensitivities 
are not given. 

t. M. B. Tabacco, Q. Zhou, and B. N. Nelson, Chemical Sensors for Environmental 
Monitoring. I Evanescent-Wave Absorption / 12 References. 

This paper gives an abbreviated discussion of sensors that have been or are being 
developed for environmental monitoring and describes an optical source and detector 
board used for evaluating optical fiber sensors. 

u. B. D. MacCraith, V. Ruddy, and S. McCabe, Suitability of Single-Mode Fluoride Fibers 
for Evanescent-Wave Sensing. I Evanescent-Wave Absorption / 12 References. 

The use of fluoride optical fibers for sensing fluid (isopropanol) concentration by 
evanescent wave absorption in the 3.3-jim region is reported. Improved sensor design 
is needed to achieve desired sensitivity. 

v. G. Meltz, W. W. Morey, and J. R. Dunphy, Fiber Bragg Grating Chemical Sensor. / 
Fluorescence /11 References. 

Describes formation of a Bragg grating in germanium-doped silica fibers and the use 
of the grating for the excitation and collection of fluorescence. Multiple gratings can 
provide sensor capability for mixtures, optical time domain reflectometry providing 
signal separation. 

3.23 Books of Particular Interest 

1. Fiber Optic Chemical Sensors and Biosensors, Vols. I and II, O. S. Wolfbeis, ed., CRC 
Press, Boca Raton, 1991. 

In these two volumes, Wolfbeis has chosen both general and specific reviews on the use 
of fiber optics as chemical sensors. Volume I includes some historical items on the use of 
optical fibers as sensors, optical fibers as extrinsic and intrinsic parts of a data acquisition 
system, electromagnetic theory as applied to optical fibers, instrumentation associated with 
fiber optic sensors, and some specific applications of fiber optics to chemical sensing 
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problems. Volume II is more specific, covering particular applications of fiber optics to 
sensing schemes in general. Not all of the articles directly address environmental issues, 
although most of them could have direct application. 

In Volume I, Wolfbeis provides the introductory paper, discussing optical sensors in 
general, as a dominant part of analytical science. The introduction of fiber optics, with 
their tremendous band width, immunity to electrical noise, and adaptation to 
spectrometry, opened up an entirely new field in optical sensing. The paper gives a short 
discussion of electromagnetic energy transmission, both ray tracing and modal, and defines 
fiber optic use as "extrinsic," where the fiber acts only as a light pipe, transmitting an 
optical signal to and from a sensing region, or "intrinsic," where the fiber is an integral 
part of the sensor. Finally, different fields of applications are discussed, including 
groundwater monitoring, pollution monitoring, process control, biomedical applications, 
biotechnology, titrimetry, and defense. (51 References). 

Chapter 2 of Vol. I, also by Wolfbeis, describes the different spectroscopic techniques 
used in conjunction with fiber optics. Detection schemes depending on absorption, 
reflection, and luminescence are followed by sections on different spectrometric methods: 
infrared, Raman, evanescent wave (which involves not only the fiber core but also the 
cladding), surface phenomena, refractometry, interferometry, and photo-acoustic 
spectrometry. Discussions of other miscellaneous techniques conclude the article. (140 
References). 

Fiber optic sensing schemes, intrinsic and extrinsic, are the topics described by Wolfbeis in 
Chapter 3. Intrinsic schemes are further categorized as to plain fibers, whose optical 
properties are changed due to interaction with the sample (analyte), or to 
"indicator-mediated sensors," where the fiber is treated in some way such that an analyte 
interacting with the treatment process produces an optical signal that may be 
characteristic of the analyte. Examples of extrinsic fiber optic sensing are given, such as 
absorbance, fluorescence, and reflectance, each of which changes some characteristic of 
the optical signal, the fiber optic providing only the path for the interrogation and return 
or transmitted signal. Wolfbeis distinguishes between a "sensor" and a "probe," the former 
having the capability to "continuously and reversibly" indicate a desired diagnostic of the 
analyte. A probe is defined as a single-shot device that must be replaced once it has 
served its purpose as a detector of some analyte or process. This chapter also includes a 
section on biosensing, some parts of which have direct applicability to environmental 
issues. (134 References). 

Chapter 4, by Oliver Parriaux, covers waveguide theory, wave propagation in different 
waveguide geometries, propagating modes in optical fibers, and how waveguides function 
in the transmission of light and in optical processing and data acquisition. The author has 
provided an excellent basis for the understanding and potential use of optical fibers as 
chemical sensors. (117 References). 

Intrinsic fiber optic sensors are discussed in Chapter 5, by R.A. Lieberman. These 
include a sensor whose refractive index is modified due to interaction with the sample 
under investigation, essentially a core effect; sensors whose cladding characteristics are 
modified by the sample, changing the evanescent wave behavior at the core-cladding 
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interface, the change being detectable spectroscopically; sensors with coatings designed to 
modify the optical characteristics of the fiber in a detectable way, the coating often 
designed to respond to a particular analyte; and sensors that depend on a sample 
interaction directly with the fiber optic core, termed "core-based intrinsic sensors." 
Included are discussions on transducers, sensor sensitivity and selectivity (specificity), and 
the effects of fiber geometrical shape and length on signal. (149 References). 

Chapter 6 of Vol. I, by D.N. Modlin and F.P. Milanovich, is not devoted to sensors but to 
the topic of instrumentation for FOCS. They give a short description of fiber optic 
sensors, including types and operating principles, followed by the main body of the paper 
on instrumentation. Modeling of fiber optics sensor-based systems addresses light sources, 
detectors, noise generation, S/N ratios, total optical systems, and performance. That 
section is followed by a section on system components - light sources (lasers and lamps), 
optical elements, and detectors - listing what is available for different applications. The 
authors state that this chapter should provide the reader with "enough basic tools and 
information to embark on the analysis and successful development of fiber optic chemical 
sensor instrumentation." (66 References). 

Chapter 7, "Sensor Chemistry," by E. Roller and O. Wolfbeis, covers the chemical 
procedures and materials often used in the fabrication of FOCSs. The chapter does not 
address FOCSs as tools for detection of certain analytes. Rather, it addresses the 
chemistry and materials used for pH, metals, and redox indicators, for potential-sensitive 
dyes, and for fluorescence applications. How these indicators are attached to the fiber 
and immobilized in place is followed by labeling techniques and protocols. This chapter, 
like Chapter 6 on instrumentation, is useful because it covers one more aspect of the 
design of a total FOCS system. (226 References). 

Volume I concludes with Chapter 8, "Fiber Optic pH Sensors," by M.J.P. Leiner and O. 
Wolbeis. It covers the fundamentals of pH determination, in particular as related to fiber 
optical sensors, and discusses the effects of sample parameters on pH measurements. 
Immobilization of the sensor reagent, response times, stability, and reversibility of the 
sensor are all covered. Finally, different pH sensor designs, based on absorbance, 
reflectivity, fluorescence, and energy transfer, are discussed. (70 References). 

Volume II continues in Chapters 9, 10, and 11, with the subject matter of Chapter 8, 
describing the use of optical fiber sensors for specific detection schemes. Chapter 9, 
"Optical Ion Sensing," by W. Seitz, covers cation and anion sensing methods. (38 
References). Chapter 10, "Oxygen Sensors," by O. Wolfbeis, describes the general aspects 
of optical fibers with indicators as oxygen detectors and sensprs that exhibit fluorescence, 
phosphorescence, or other characteristics in the presence of oxygen. (78 References). 
Chapter 11, "Gas Sensors," by O. Wolfbeis, reviews current work in the use of optical 
fibers for detection of many of the common gases. The gases covered are hydrogen, 
methane and related gases, carbon monoxide, carbon dioxide, ammonia, nitrogen oxides, 
hydrogen sulfide, sulfur dioxide, solvent vapors, humidity detection, and some 
miscellaneous gases. (97 References). 

Chapters 12, 13, and 14 are application oriented, describing the use of fiber sensors in 
particular fields. Chapter 12, "Environmental Monitoring Applications of Fiber Optic 
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Chemical Sensors (FOCS)," by S. Klainer et al., discusses techniques for intrinsic fiber 
optic detector design, configuration, membranes and materials, calibration, and test. The 
chapter concludes with descriptions of several probes and sensors for detection of 
chloroform, hydrocarbons, gasoline, pH, C02, 62, and others. (105 References). Chapter 
13, "Optical Fibers in Titrimetry," by O. Wolfbeis, describes the use of optical fibers in 
several titrimetry methods: acid-base, argentometry, and complexometry. In one use, the 
fiber acts only as a light pipe, transporting a source signal to the sample solution and from 
the sample to a detector. In the other use, an indicator of some type is placed on the 
distal tip of the fiber, which is then dipped into the sample during titratioa Color change 
or fluorescence from the indicator are two of the possible detection schemes. (21 
References). Chapter 14, "Fiber Optic Chemical Sensors in Nuclear Plants," by G. Boisde 
et al., is of some interest in environmental applications because it gives some applications 
of optical fibers (a) in severe radiation environments, such as nuclear reactors, nuclear 
waste repositories, and control of processes involving radioactive materials and (b) in 
radiation monitoring in soils and waters, in general. (63 References). 

The use of optical fibers in temperature measurement is covered in Chapter 15, "Fiber 
Optic Techniques for Temperature Sensing," by K. Grattan. Although not usually 
considered as the province of chemical sensors, thermometry is often a necessary part of 
analysis. The chapter covers both extrinsic and intrinsic devices as well as techniques and 
temperature ranges. (100 References). 

Chapter 16, "Transducer-Based and Intrinsic Biosensors," by M. Arnold and J. Wangsa, 
and Chapter 17, "Fiberoptics Immunosensors," by T. Vo-Dinh et al., describe the use of 
biological materials on optical fibers. Transducer-based sensors use a biological material 
on the fiber that interacts with the analyte, producing some type of signal that is 
transported by the fiber to a detector of some kind. Intrinsic biosensors have a biological 
material on the fiber that, when it interacts with the analyte, alters some optical 
characteristic of the fiber. Several specific sensors are described for each sensor type. 
(61 References). Immunosensors (Chapter 17) are generally very sensitive and highly 
specific as a result of the antibody design of the biological coating on the fiber. Such an 
antibody will bind to very specific antigens in the analyte, giving these sensors their high 
degree of sensitivity and selectivity. Descriptions of antibody preparation, 
antibody-antigen interaction, and different types of antibodies and their preparation are 
followed by a section on different types of immunosensors (e.g., fluorescence, internal 
reflection, and evanescent field). (68 References). 

Chapter 18, "Origin, Construction, and Performance of an In Vivo Oxygen Sensor," by J. 
Peterson and E. Stefansson, describes briefly the development of an oxygen sensor based 
on optical fibers. Chapter 19, "Biomedical Applications of Fiber Optic Chemical Sensors," 
by O. Wolfbeis, describes the use of optical fiber sensors to measure, monitor, and survey 
materials interior to a living body. Detectors for pH, p02, pC02, and blood gas are 
described. (82 References). 

Chapter 20, "Chemiluminescence and Bioluminescence Based Optical Probes," by L. Blum 
and P. Coulet, continues the discussion on the use of biological materials on optical 
fibers, those that generate a type of luminescence when in contact with a specific analyte. 
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Tables listing the use of immobilized materials for chemi- and bio-luminescence and the 
supporting references are included. (55 References). 

Volume II concludes with Chapter 21, "Fiber Optic Chemoreception," by U. Krull et al. 
The chapter discusses in some detail biological receptor systems (e.g., enzyme-substrate, 
antibody-antigen, lectin-saccharide, and molecular receptor-ligand) and their use and 
application with optical fibers. (79 References). 

2. Optical Fiber Sensors, Ed by A.N. Chester, S. Martellucci, and A.M. VergarScheggi; 
NATO Advanced Study Institute Series E: Applied Science, Vol. 132, 1986; Martinus 
Nijhoff Publishers, Boston, 1987. 

A general text on optical fiber sensors. One chapter, "Guided Wave Chemical Sensors," 
by A.L. Harmer, has short, descriptive sections on spectrometers; absorption 
measurements, including gas monitors, remote absorption, and reflectance measurements; 
fluorescence, including Raman spectroscopy; oximetry (haemoglobin measurement) in 
vivo; scattering; refractive index and liquid level; pH sensing; fluorescent quenching 
techniques; immunological assay; evanescent wave spectroscopy; surface reaction 
measurements; surface plasmon resonance; and chemical sensing by physical 
measurement. None of the entries are in-depth, but they do provide an indication of 
what was of interest around 1986. 

3. Fiber Optic Sensors, Fundamentals and Applications, D. A. Krohn, Inst. Soc. of America, 
Research Triangle Park, 1988. 

This text reviews fundamentals of fiber optics and discusses specific applications in its 12 
chapters, one of which is on chemical analysis. Short, elementary descriptions are given 
on fluorescence, absorption, scattering, refractive index change, and interferometry. 
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4. PIEZOELECTRIC SENSORS 

4.1 INTRODUCTION 

According to Alder and McCallum (1), Coulomb was the first to conjecture the possible 
production of electricity by the application of pressure on a suitable material. However, 

"The credit of being first to observe the phenomenon of piezoelectricity falls to the 
Curie brothers, Pierre and Jacques, in 1880. They showed that when some crystals were 
compressed in particular directions an electric potential was produced between the 
deformed surfaces, this potential being proportional to the applied pressure. The 
converse effect, unforeseen by the Curies, was predicted by Lippmann. By the end of 
1881, the Curies had verified the effect and showed that the piezoelectric coefficient of 
quartz had the same value for the direct and converse effects. 

"The piezoelectric effect arises when pressure on a dielectric material deforms the crystal 
lattice and causes a separation of the centres of gravity of oppositely charged species, 
which gives rise to a dipole moment in each molecule.... If electrodes are applied to 
the faces of a thin slab or rod of this material and an external current sensing circuit is 
connected, a current will be seen to flow through the external circuit when stress is 
applied to the crystal. Releasing the stress causes a transient current flow in the 
opposite direction. If the converse effect is used and an alternating potential difference 
is applied, mechanical oscillations occur within the crystal lattice. Stable oscillations only 
occur at the natural resonant frequency of the crystal and at that frequency the crystal 
presents a low impedance to the exciting voltage. If the crystal is incorporated into the 
feedback loop of an oscillating circuit, it becomes the frequency determining element of 
the circuit, as its Q (quality factor) is very high, typically several thousand." 

Piezoelectric crystals have no center of symmetry - there are 21 such classes (2). Well-known 
examples, those that show strong piezoelectric effect, are quartz, lithium niobate, zinc oxide, 
tellurium oxide, and lithium tantaiate; but quartz has been used most often in piezoelectric 
devices because of its low temperature coefficients. 

It has been known since the early 1900s that changing the mass of the crystal changed its resonant 
frequency; the higher the mass, the lower the frequency. Theoretical work leading to the use of a 
quartz crystal as a quantitative measure of mass can be traced to Lord Rayleigh (3). But it was 
Sauerbrey (4 and 5) who first used this concept to show that a sensitive microbalance could be 
constructed. Sauerbrey's work included development of an expression relating the change in 
frequency to the mass added to the crystal surface. In particular, for an AT-cut quartz crystal 
vibrating in the thickness-shear mode, 

SF = -2.3 x 106 F2(5m/A), (1) 

where 6F is the frequency change in Hz, F is the quartz crystal resonant frequency in MHz, 5m is 
the added mass in grams, and A is the coated area in cm2. This implies that to measure mass to 
within ± 0.3 ng/cm2, the frequency shift need be measured to about 10"3 at a frequency near 7 

29 



MHz, with ±1°C temperature control. This can easily be done with a frequency counter that 
counts for 10 sec. 

Sauerbrey's work is valid only when the added mass is "small." For larger mass changes, the 
acoustic impedances of the quartz and the added mass must be taken into account. As shown by 
Lu (6), an accurate expression is given by: 

M = tanx[Z tan *F]/irZ(l - F), (2) 

where M = pct,/pqt is the normalized areal density, the subscript c referring to the added 
"coating" and the subscript q referring to the quartz, p is density, t is thickness, F = (fq - fc)/fq is 
the normalized frequency shift, and Z = Zq/Zc is the acoustic impedance ratio, in which Zq = 
(PqPq)1* a n d z c = (PcHc)*' where u is shear modulus. 

Lu (6) shows that Equation 2 is accurate for values of M in the range from 0 to 0.7 and for 
values of F from 0 to 0.5, which covers the range of interest. 

The work of Sauerbrey (4,5), Lu (6), and others who have worked on the theory (7, 8, 9 and 10) 
serves as the foundation of the so-called bulk acoustic wave (BAW) sensor. But it is also possible 
to construct other types of devices that use piezoelectric transduction, depending on the details of 
the acoustic wave generation. Besides the BAW, the other principal type is called the surface 
acoustic wave (SAW) sensor because the waves are generated and travel in a thin film deposited 
on the surface of a piezoelectric substrate. However, other types of sensors have been and are 
being developed, notably the flexural plate-wave or Lamb-wave sensor (11), and the shear 
horizontal acoustic plate mode (SH APM) sensor (12). 

The following sections describe work done with BAWs, SAWs, and the other types of sensors. 

42 BAW SENSORS 

King (13) was the pioneer in the applications of BAW sensors to detection of chemicals. His 
work led to the development of a commercial water vapor detector with good selectivity. The 
King BAW sensor operated at 9 MHz and had a sensitivity of about 500 Hz/^g. King's work also 
included applications as a gas chromatography detector as well as the study of sensitivities of 
several coatings to a variety of gases, including hydrocarbon derivatives, several polar molecules, 
and hydrogen sulphide. 

A later development by Scheide and Taylor (14) was a BAW sensor for detection of mercury in 
air. The sensor operated at 9 MHz and used a gold coating. Linear response was obtained at 
mercury vapor concentrations as low as 0.1 ppb. When approximately 0.5#g of mercury had been 
"collected," corresponding to a frequency change of about 50 Hz, it was necessary to reactivate 
the surface using a heating-desorption cycle. The sensor showed good selectivity: of the seven 
chemicals tested, only water vapor at 100% relative humidity was a significant interference, and 
this could be removed by drying the sample before exposure to the sensor. 

One of the earliest reviews of analytical chemistry applications of BAW sensors is that by 
Guilbault (15). This review summarizes uses of BAWs as detectors for gas chromatography as 
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well as for detection of water vapor, sulphur dioxide, ammonia, hydrogen sulphide, hydrogen 
chloride (gas), various organophosphorous compounds - including chemical warfare agents and 
pesticides, aromatic and aliphatic hydrocarbons, toluene, mercury in air, mononitrotoluene (vapor 
from many explosives), and carbon monoxide. There is very little information on selectivity. 

Illustrative of English work on sensor development, the first of two reviews by Alder and 
McCallum (1) summarizes work on BAWs up to about 1983. The review includes many topics: 

• the theory of BAW sensors; 
• the particular application called the quartz crystal microbalance (widely used to monitor 

coating thickness in metals and multilayer coating industries); 
• adsorption, desorption, and decomposition research; 
• detection of aerosols and suspended particles; 
• applications in electrogravimetric research; 
• use of BAWs as detectors for gas chromatography; 
• the detection of various gases; 
• bacterial and fungal growth; 
• solution property measurement in organic solvents; 
• trace metal studies; and 
• thermal analysis. 

There are 113 references given. 

Papers by Kanazawa and Gordon (16 and 17) were among the first to report research on the 
theory and use of a BAW sensor in contact with a liquid. The principal result was to show that 
the density and viscosity of the liquid were important factors in determining the frequency shift. 

Other reports of research on BAWs in liquids include 1986, 1991 (review with 92 references), 
1992 papers by Thompson et al. (18 and 19) and a 1992 paper by Duncan-Hewitt and Thompson 
(20). The bulk of the papers is devoted to summaries of theoretical work, but there are reports 
of successful applications to liquid chromatography detection, determination of certain inorganic 
ions in aqueous solutions, and development of biosensors, especially in immunoassays. Quoting 
Thompson et al. (19), 

"It is evident from the progress reviewed in this article that the frequency response of 
the TSM (editorial note: TSM stands for thickness shear-mode, another name for 
BAW) device in liquids is governed by a number of factors. . . . Among these 
parameters, significant but hitherto unrecognized for the TSM sensor, is the role played 
by molecular slip and viscosity at the sensor-liquid interface." 

And quoting Duncan-Hewitt and Thompson, 

"The practical implications of this result are (1) the TSM sensor response in liquids is a 
complicated function of both bulk and surface properties which may be difficult a priori 
to predict, that is, without extensive knowledge of the liquid and interfacial structures, 
and (2) TSM sensors, used judiciously in carefully prepared interfacial systems, may be 
sensitive probes of interfacial energetics. Until now these energetics have been 
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characterized primarily by wettability tests such as contact angle measurements which are 
difficult to interpret fundamentally." 

The use of BAWs for chemical analyses are reviewed by Guilbault and Jordan (3) in a 1988 
review. This paper includes 129 references along with summaries of work on: 

• general experimental apparatus 
• sorption detectors 
• water vapor detectors 
• gas and liquid chromatography detectors 
• quartz crystal microbalances 
• polymer research 
• particulate mass concentration 
• trace metal analysis (electrogravimetric assay of solutions) 
• gas detection of acetoin, ammonia, aromatic hydrocarbons, carbon dioxide, carbon 

monoxide, formaldehyde, hydrocarbons and halogenated hydrocarbons, hydrogen, hydrogen 
chloride, hydrogen sulphide, mercury in air, trimethylamine, mononitrotoluene, nitrogen 
dioxide, organophosphorous compounds, ozone, phosgene, propylene glycol dinitrate, 
sulphur dioxide, toluene diisocyanate, and vinyl chloride 

• solution measurements, including ammonia, cyanide ion, bacteria and fungal growth, 
density and viscosity, silver ion, iodide ion, and immunoassay in solution 

• commercially available instrumentation, which includes instruments from DuPont 
Instruments, Wilmington, Delaware; Universal Sensors, Inc., New Orleans, La; and others 
described in references cited in the review. 

The most recent British review paper is an update (with 137 references) by McCallum (21) of the 
earlier review paper by Alder and McCallum (1). This review is almost entirely devoted to work 
with BAWs, but there is mention of SAWs under the title "Alternative Crystal Designs." An 
extensive summary of work done on liquids and solutions is included. One new topic of special 
importance is the use of sensor arrays along with newly developed computer analysis techniques 
using statistical methods such as varimax rotation, pattern recognition, cluster analysis, and factor 
analysis. Commercially available systems described include those from: 

• DuPont, Wilmington, Delaware 
• Universal Sensors, Inc., Metairie, Louisiana 
• Edwards High Vacuum, Crawley, United Kingdom 
• Microsensor Systems, Fairfax, Virginia 

Quoting from the paper's Conclusions section, 

"The limitations of piezoelectric crystals are well known and some work has appeared 
indicating ways to maximize the recovery of information from any sensor device, e.g., the 
use of sensor arrays together with chemometrics. The need for high selectivities using 
this approach appears to be a hindrance instead of a benefit as one is examining the 
pattern of sorption over the array and, hence, in addition to concentration data it may be 
possible to identify (certainly to class of compound and in some instances to a few 
materials) some of the species present. (Editorial note: this seems to be a puzzle; 
meaning unclear.) 
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"Most of the papers continue to report work carried out around ambient laboratory 
conditions (20 to 25C) with some optimized at a fixed temperature for the chemical 
system. It would be interesting to find a report of a sensor that has reasonable response 
characteristics over a range of 20C, for example, around ambient; but it is likely that at 
the lower temperatures problems could arise from the kinetics of the interaction between 
the coating and the 'atmospheric' contaminant. Certainly there are papers where a 
temperature program is used to maximize the response and minimize the time required 
for recovery. Indications of the reproducibility of both the coating method and the 
results obtained from the coated crystal(s) are now appearing in the literature 

"What of the future of piezoelectric devices (crystals and SAW sensors)? Certainly the 
potential is there. However, a practical device requires the careful specification of the 
sensor and the environment in which it will be used to allow it to be tailored to a 
particular need. . . . " 

Two papers on the use of BAWs in environmental pollution problems are noteworthy. The first, 
by Mierzwinski and Witkiewicz (from the Institute of Chemistry, Military Technical Academy, 
Warsaw, Poland), (22) cites 89 references and summarizes a bit of practical work on the 
applications of piezoelectric detectors to environmental pollution. 

Quoting the authors, "Attempts to apply piezoelectric detectors to measure environmental 
pollutants have been made for over 20 years. However, despite their many advantages these 
detectors have not found wide application. This is due to their faults and disadvantages. In the 
present survey both the advantages and disadvantages of piezoelectric detectors are discussed, so 
that the reader will gain a knowledge of their real value." 

Quoting selectively, 

"The weak dynamic characteristics, i.e., difficulties with recovery of piezoelectric 
detectors, seriously limit their practical applications. . . . The proper selection of the 
coating material is the most difficult problem to solve. Research has been undertaken to 
determine the usefulness of various substances for coating the resonators. The results 
are not unique, however. The coating material should be practically non-volatile, its 
properties should not change with time, it should be easy to apply to the resonator 
surface, and in the case of selective detectors, should interact only with the compound to 
be detected. Besides, the detector should be easily renovated, i.e., the vibration 
frequency of the resonator should return to its initial value after removing the cause of 
the change of frequency (i.e., the substance to be determined). It is very difficult and 
probably impossible to meet all these requirements. . . . This survey of the literature 
shows that among the numerous publications on the practical possibilities of utilizing 
piezoelectric detectors only a few are concerned with the design and testing of devices 
intended for a given purpose. This may seem astonishing, especially if we consider the 
data summarized . . . which show that the detectability shown by piezoelectric detectors 
is better than those obtained by other analytical methods. Other reasons exist, however, 
that limit the range of applications of these detectors. One is their low dynamics. The 
usually observed long responses and even longer recovery times of piezoelectric detectors 
hinder their use as measuring devices in cases where rapid information about the 
occurring hazards is crucial. There is a particularly pronounced inconsistency between 
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the requirements regarding the selectivity and those regarding the dynamics of a detector 
that will fulfill both these requirements simultaneously, although, if attention is paid to 
only one of them, good results were obtained. . . . The presented review of applications 
and properties of the piezoelectric detectors allows us to cherish the hope that the 
disadvantages of these detectors will be minimized to a level that will allow their wide 
application in analytical chemistry and especially in the testing of atmospheric air 
pollution." 

The other paper on piezoelectric and electrochemical sensing in environmental chemistry (23) 
devotes only a little space to piezoelectric sensors, most of the paper is about electrochemical 
techniques. 

43 SAW SENSORS 

Waves that occur on the surface of a solid were first described by Lord Rayleigh in 1885 (24). 
The work of White and Voltmer (25) in developing the interdigital transducer made the 
generation of surface waves in piezoelectric solids relatively simple. This development led to the 
pioneering work by Wohltjen and Dessy (26) and the first report of a SAW device for sensing 
chemical vapors. Wohltjen used both quartz and lithium niobate crystals, comparing their 
performance as a gas chromatograph detector when the crystal surface was coated with a 
sensitizing organic film. Early work by Bryant et al. (27) showed that a sulphur dioxide sensor 
could be made to detect less than 100 ppb, an order of magnitude greater sensitivity than 
achieved with a BAW sensor for sulphur dioxide. 

There are several types of surface acoustic waves. However, for best performance of SAW 
sensors, experience has shown that it is essential to use the pure mode Rayleigh waves, which 
have the mechanical and electrical components in one plane, the so-called sagittal plane, which is 
normal to the substrate surface. SAW sensors also can be implemented in layered substrates, as 
noted below. 

Quoting from the paper by Venema et al. (28) on the design of SAWs, 

"In homogeneous substrates the phase velocity and the amplitude of a SAW are 
determined by the elastic, piezoelectric, dielectric, conductive properties and the mass of 
the substrates. If one of these material parameters can be properly modulated by the 
quantity to be measured, the effect of sensing is created. In layered substrates the 
physical properties per layer and the thicknesses of the layers determine the phase 
velocity and amplitude of the SAW. The modulation can be performed in the transducer 
and/or transmission region of a delay line or resonator. 

"Two types of SAW devices in the configuration of a SAW oscillator have been shown to 
be useful for sensor applications: (a) The delay line [29]. This device . . . consists of two 
(uniform) interdigital transducers, one acting as an emitter of surface acoustic waves and 
the other as a detector of the waves. Since the transducers are located at some distance 
from each other, the device operates as a delay line. This device operates with travelling 
waves, (b) The resonator [29]. A SAW-emitting transducer is located between two 
acoustically reflecting mirrors (planar cavity). The distance between the mirrors allows 
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the constructive interference of successive reflections to occur between them (standing 
waves). The resulting storage of energy is maximal for one frequency. The mirrors are 
made of an array of metal strips on, or grooves in, the substrate surface. Another 
transducer can be added to the cavity for the detection of the SAW signal. 

"The interdigital transducer is a planar interweaved metal electrode structure whose 
adjacent electrodes are given equal but opposite potentials and which relies on the 
piezoelectric effect to couple directly electrical and mechanical energy. 

"The spatially periodic electric interdigital field ultimately produces a corresponding 
periodic mechanical strain pattern, which gives rise to the surface acoustic wave, 
provided the surface is stress free...." 

Four papers containing significant information on the design of SAWs are the one by Venema et 
al. (29), an earlier one by Wohltjen (30), one by Nieuwenhuizen and Barendsz (31), and a recent 
one by D'Amico and Verona (32). 

The D'Amico and Verona paper (32) also summarizes the different types of SAW sensors that 
have been developed during the last decade (up to 1989). The examples include sulphur dioxide, 
nitrogen dioxide, hydrogen sulphide, ammonia, carbon monoxide, water vapor, methane, hydrogen, 
and various organic vapors not specified. The piezoelectric materials used included quartz, 
lithium niobate, and a layered zinc oxide/silicon structure (zinc oxide is piezoelectric). 

A review paper by Fox and Alder (33) concentrates on the use of SAWs for atmospheric gas 
monitoring, but also includes some discussion of BAWs. The paper summarizes developments in 
SAW technology (including work on piezoelectric materials not previously used for sensors, 
namely, lithium tantalate, tellurium oxide, and the molecule Bi^GeO^), the design of new 
structures, including those useful for liquids, work on the interactions involved in chemical 
selectivity, and new developments in theory. A large section is devoted to a summary of reported 
applications of SAWs to gas sensing. These include use of both lithium niobate and quartz to 
sense nitrogen dioxide, ammonia, carbon dioxide, carbon monoxide, oxygen, sulphur dioxide, water 
vapor, methane, toluene vapor, hydrogen sulphide, hydrogen, ethanol vapor, nitromethane, 
methanol, propanol, benzene, tetrachloromethane, 1,2-dichloroethane, iso-octane, and other 
organic vapors. 

An important part of the paper is the discussion of the analysis techniques being studied for 
analysis of mixtures. Quoting from the review paper, 

"These workers [editorial note: see Reference 34] set out to test the classification ability 
of multiple sensors coated with different materials by pattern recognition techniques 
using the discriminant generated in the earlier work [editorial note: see Reference 35] 
by employing those data as a prediction set. They also wished to investigate the 
clustering of sensor responses in a data set including both single vapours and mixtures. 
The experiments were carried out at 35 ± 2 C, and SAWs were tested in arrays of four 
connected to the vapour stream in series. . . . Each array was exposed to nine single 
vapours, each at four concentrations in quadruplicate. Binary mixtures in air were 
generated at a single combination of concentrations and the responses were measured in 
quadruplicate. . . . 
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"A large amount of data was collected and subjected to pattern recognition routines 
included in an ADAPT software system. Using as few as four sensors, these routines 
were readily able to distinguish between the target and interferent vapours when the 
SAWs were exposed to single vapours. When two component mixtures were included in 
the data set, eight sensors were required to obtain the best classification. Using the data 
as collected, all but three of the binary mixtures could be classified; however, all could be 
classified when correction factors were applied to the data. The workers concluded by 
predicting that SAW coatings, the responses of which are more consistent, reproducible 
and sensitive to target species, and ones that can form a set with more widely yarying 
responses to key vapours, will enhance the information quality obtained. Temperature 
sensing and control would be advantageous for the improvement of performance and an 
inert reference on the SAWs desirable. . . . This study highlights the state of the art 
with chemical SAWs technology and also indicates the weak link in the sensing process. 
Selectivity of the coatings, coating reproducibility, temperature and synergistic effects are 
the limiting features . . . " 

A final section compares SAWs and BAWs, noting that while SAWs were intrinsically more 
sensitive to mass changes than BAWs because they can be operated at 10 to 30 times higher 
frequencies, this advantage is not achieved because system noise and drift limit the sensitivity 
improvement to about an order of magnitude. A final point stressed is, "Humidity is one of the 
biggest problems facing most sensing devices. Water will absorb on almost any surface up to 
relatively high temperature and over a wide range of pressures and it is imperative that some 
compensation be made for water sorption." 

More recent papers on SAWs include reports of further studies in the search for selective 
coatings for a variety of vapors (36 - a review paper with 95 references, 37, and 38) and a new 
high frequency SAW sensor for nitrogen dioxide (39). 

4.4 OTHER TYPES 

Four papers describe two other types of acoustic wave piezoelectric sensors: the plate-mode or 
Lamb-wave oscillator sensor, and the shear-horizontal acoustic plate-mode sensor (SH APM) for 
liquids. The Lamb-wave sensor is discussed in two papers, one by White et al. (40) and the other 
by Wenzel and White (11). The SH APM sensor work is in papers by Martin et al. (12) and 
Andle et al. (41). 

The reader is referred to the papers for a detailed explanation of the mechanisms that generate 
Lamb-waves. For our purposes, it is useful to summarize the expected advantages of Lamb-wave 
sensors over their SAW counterparts. Quoting from White et al. (40), 

"1) With a plate, acoustic energy is typically present at both surfaces. Thus one can 
enclose one side of the sensor to protect it from environmental attack while allowing 
wave interaction at the other surface. This is particularly attractive in vapor, chemical, 
and biological sensors, where sorption from a surrounding gas or fluid is evaluated from 
the velocity change [editorial note: or frequency shift] it produces [editorial note: see 
References 30 and 42]. 2) One should be able to launch and receive plate modes with 
electrode transducers on piezoelectric substrates (or on non-piezoelectric substrates 
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having on them piezoelectric films), as with SAWs. One might expect that this 
transduction would be more efficient with plate modes than with SAWs because of the 
absence of underlying material to be moved by the transducers. 3) Similarly, because its 
thickness and mass per unit area are small compared with those of the SAW substrate, 
one might expect a thin plate-mode sensor to respond to comparable stimuli more 
sensitively than a SAW sensor operating at the same wavelength. 4) It is well-known 
that the phase velocity of the lowest order antisymmetric plate mode (AO) approaches 
zero as the plate thickness decreases. Consequently, an oscillator sensor employing this 
AO mode could be made to operate, for a given wavelength, at a considerably lower 
frequency than a corresponding SAW or symmetric-mode oscillator sensor. The practical 
advantage here is to ease lithographic problems in making the transducers, and the 
difficulty of realizing the electronic amplifier. 5) Because the AO mode may have a low 
velocity, AO-mode sensors may operate well while immersed in liquids. From Huygen's 
principle, if the velocity in the immersed plate is lower than the compressional wave 
velocity in the liquid, energy will not radiate from the plate into the liquid, and so 
attenuation should not be materially increased by the presence of the liquid. This could 
permit plate-mode devices to be used for detecting certain chemicals in solution or 
certain biological substances in serum [editorial note: see Reference 43]. 6) Because 
their phase velocities depend on plate thickness, plate modes are dispersive; whereas a 
SAW in a homogeneous semi-infinite medium is not. . . . this can be used to some 
advantage, though it also means that plate-mode sensors will be more affected than 
SAW sensors by variations in fabrication procedures. 7) Sensors employing thin plates 
may be particularly well adapted for applications where one wishes to heat the substrate 
electrically - for example, to promote desorption of sorbed species or to generate plate 
waves thermoelastically - because the plates may have a small heat capacity per unit 
area and may be thermally isolated from surrounding heat sinks. 8) Techniques for 
fabricating very thin silicon plates by etching are well developed [editorial note: see 
Reference 44]. The resultant plates may be somewhat fragile and difficult to handle 
during manufacture and use. Sensors employing thin plates may also be more affected 
than SAW sensors by changes of ambient pressure and by airborne sound,..." 

The paper by Wenzel and White (11) describes more recent work from White's laboratory on a 
multisensor [multi - in the sense of multiple measurands, (e.g., force, pressure, mass, density, and 
thermal), Lamb-wave oscillator]. The work includes both theoretical modeling and confirming 
experiments. The confirming experiments were conducted using a layered sensor constructed 
from a silicon wafer on which are deposited layers of silicon nitride, aluminum, and zinc oxide. 
Quoting from the paper, 

"The device is suited to use as a tool or testbed for studying certain chemical processes, 
such as etching of films deposited on the membrane, or exothermic or endothermic 
reactions in liquids that contact the sensor. Because the elastic interactions between a 
liquid and a low-velocity AO mode can be purely reactive, only an evanescent disturbance 
is excited in the liquid. Accordingly, it appears that only very small liquid volumes need 
be used. We believe that many inexpensive quasi-digital sensors can be based on this 
simple structure. With it one could realize an accelerometer, barometer, thermometer, 
vapor or gas sensor, and so on. With the addition of suitable electrodes or a 
ferromagnetic film, it could sense electric and magnetic fields as well. Because of its 
sensitivity to many different measurands, for selective response it will be necessary to 
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design the device properly for a given application, or to use one or more active and 
reference sensors together. It appears that information obtained from the different 
responses of the several propagating modes and operating wavelengths of the device can 
be used to obtain precise information about individual measurands." 

Continuing to quote, "A Lamb-wave sensor shares with other acoustic sensors the problem of 
providing selective response. Conventional means for achieving selectivity with SAW sensors 
(such as a reference device and solubility-parameter matching in vapor sensors) could also be used 
with the Lamb-wave sensor. Moreover, some additional methods are available with these sensors. 

Research on the SH APM sensor for measurements in liquids led Martin et al. (12) to conclude, 

"SH acoustic plate mode devices have been found to function efficiently in contact with 
liquids, providing a sensitive means to monitor conditions at the solid/liquid interface. 
The device can be instrumented as a sensor either in an oscillator circuit or by 
monitoring changes in APM amplitude and phase delay between input and output. A 
number of interactions occur between plate modes and solutions, including mass loading, 
viscous entrainment and acoustoelectric effects. By controlling other interactions, the 
mass sensitivity of the device enables it to function as a microbalance in a number of 
sensor applications. Specific chemical sensors can be constructed by derivatizing 
[editorial note: meaning chemically modifying] the device surface with ligands capable of 
binding species from solution." 

The work of Andle et al. (41) on the SH APM sensor is devoted to sensing particular 
deoxyribonucleic acid (DNA) sequences. Quoting some of their conclusions, "The experiments 
clearly show that the APM biosensor is capable of detecting nanogram quantities of the specific 
DNA sequence, while ignoring larger quantities of another nonspecific DNA sequence. This level 
of sensitivity is at least competitive with the current technology without using radioisotopes, 
fluorescent labels, or enzyme amplification techniques." 
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Books that Contain Significant Information about Piezoelectric Sensors 

1. Applications of Piezoelectric Quartz Crystal Microbalances, C. Lu and A.W. Czanderna, eds., 
Volume 7 of Methods and Phenomena, Their Applications in Science and Technology, A.W. 
Czanderna, ed., Elsevier, New York, 1984. 

Chapter 1, Introduction, History, Overview of Applications of Piezoelectric Quartz Crystal 
Microbalances (QCM); 46 references. 

Chapter 2, Theory and Practice of the Quartz Crystal Microbalance, by C. Lu, discusses the 
detailed theory of the QCM, compares theory and experiment over a wide range of added 
masses and a wide range of operating frequencies; includes 46 references. 

Chapter 8, Applications of Quartz Crystal Microbalances in Analytical Chemistry, by G.G. 
Guilbault, describes the uses of QCMs (also called BAW sensors) as detectors for a) 
sorption of a variety of gases, b) water vapor, c) gas and liquid chromatography, d) air 
pollutants, and e) compounds in water. Other applications include microweighing, 
measurement of particulates in gases, electrogravimetric procedures for trace metal 
analysis, and film thickness and deposition rates. The final section discusses instruments 
that were commercially available in 1983/1984. There are 71 references cited. 

2. Sensors, A Comprehensive Survey, W. GOpel, J. Hesse, and J.N. Zemel, eds.; Volume 2, 
Chemical and Biochemical Sensors, Part I, W. GOpel, T.A. Jones, M. Kleitz, J. LundstrOm, 
and T. Seiyama, eds.; VCH Verlaggesellschaft mbh, New York, 1989. 

The Table of Contents of this Volume is: 

1. Definitions and Typical Examples, W. GOpel, K. D. Schierbaum, pp. 1-28 
2. Historical Remarks, W. GOpel, T. A. Jones, T. Seiyama, J. N. Zemel, pp. 29-60 
3. Chemical Sensor Technologies: Empirical Art and Systematic Research, W. GOpel, pp. 

61-118 
4. Specific Molecular Interactions and Detection Principles, W. GOpel, K. D. 

Schierbaum, pp. 119-158 
5. Specific Features of Electrochemical Sensors, H. D. Wiemhofer, K. Cammann, pp. 

159-190 
6. Multicomponent Analysis in Chemical Sensing, S. Vaihinger, W. GOpel, pp. 191-238 
7. Liquid Electrolyte Sensors: Potentiometry, Amperometry, and Conductometry, F. 

Oehme, pp. 239-340 
8. Solid State Electrochemical Sensors, M. Kleitz, E. Siebert, P. Fabry, J. Fouletier, pp. 

341-428 
9. Electronic Conductance and Capacitance-Sensors, W. GOpel, K.-D. Schierbaum, pp. 

429-466 
10. Field Effect Chemical Sensors (pp. 467-528): Device Principles, I. LundstrOm; Ion-

Sensitive FETs, A. van den Berg, B. H. van der Schoot, H. H. van den Vlekkert; Field 
Effect Gas Sensors, M. Armgarth, C.J. Nylander 

11. Calorimetric Chemical Sensors, T. A. Jones, P. Walsh, pp. 529-572 
12. Optochemical Sensors, O. Wolfbeis, G. E. Boisde, G. Gauglitz, pp. 573-646 
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13. Mass-Sensitive Devices, M. S. Nieuwenhuizen, A. Venema, pp. 647-680; including 273 
references 

Clearly, it is section 13 that is of interest in piezoelectric sensors studies. 

(Editorial note: Volume 3, Chemical and Biochemical Sensors, Part II, is advertised as including 
sections on biosensors, instrumentation, calibration of gas sensors, optochemical sensor 
applications to environmental problems, humidity control, biosensors for pesticides in water, 
respiration gas analysis, medical applications, solid-state electrochemical potentiometric sensors, 
and high-temperature sensor applications in glass melts. We have not yet found a copy of 
Volume 3. Some ads suggest it could have been published in 1991, but other information has the 
publication date as later - perhaps even 1993.) 
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5. RADIOCHEMICAL SENSORS 

The application of radioactivity to chemical analysis has been an analytical method from the time 
that unique half-lives for various isotopes were recognized. The identification of the decay 
schemes for the naturally occurring radioactive heavy elements prepared the way for the use of 
decay techniques in chemical analysis. Tracer analysis followed with the discovery of induced 
radioactivity, as did the discovery and identification of isotopes of known elements and isotopes of 
elements new to the periodic table (e.g., plutonium). Furthermore, the identification and 
explanation of the fission process was accomplished through the work of radiochemists and 
physicists. In each of these, a combination of chemistry and applied techniques was used; this 
combination is now identified as radiochemistry. 

Radiochemical sensors can be defined as devices that use the detection of atomic or nuclear 
reactions to identify chemical processes or constituents. As such, they do not differ from any 
sensor of radioactivity, only the application, perhaps, being different. In this section of the report, 
sensors of importance in chemical analysis are described, not the techniques used in 
radiochemistry. These sensors are used for sensing a radioactive decay product and generating a 
signal that provides information about some process of interest to the experimenter. With 
identical decay products, the sensor does not care how the product is generated, for example, as a 
result of a reaction in an accelerator or in the activation of a receptor in a chemical sample to be 
analyzed. Thus, the description of sensors will be nonspecific to any scientific field, but will 
concentrate on types, their operation or function, their sensitivities, and their roles as part of any 
overall detection system. For example, in neutron activation analysis, where the reaction product 
is a gamma ray (i.e., the (n,y) reaction), the gamma-ray detector is an essential part. 

It is believed that more than 90% of nuclear activation analyses are done using neutron activation 
of the target nucleus and analyzing the resultant gamma ray(s). Other types of activation analysis 
use photons or charged particles as the initiating event, but these will not be discussed further in 
this report. Reference is made to texts on the subject of nuclear activation analysis, such as the 
treatise by Elving et al. (1), for descriptions of counting techniques, detectors, and various 
activation processes. 

Neutrons are preferred for activation because they do not carry an electric charge; thus, they can 
more easily interact with a given target nucleus. A variety of neutron sources are available, a 
nuclear reactor being the most commonly used because of the high neutron fluxes available and 
the generally easy access to irradiation ports. Accelerators are another source of neutrons, but 
they have generally given way to nuclear reactors. Examples are (a) 9Be(d,n)10Be, using 
deuterons as the accelerated particle and yielding neutrons of about 5 MeV and (b) 3H(d,n)a 
using tritium as the target, producing neutrons of about 14 MeV. Typical neutron yields are 
perhaps 108 to 1010 neutrons/sec/uA. Small, portable sources, using the (a,n) reaction, are used 
where high flux values are not needed or where portability is important. For example, alpha 
particles from the decay of 210Po are used in the reaction 9Be(a,n)I2C, yielding about 106 

neutrons/sec/Ci of polonium. Alphas from 241Am, with Be as the target, will give neutron yields 
perhaps twice that from polonium. Finally, neutrons from spontaneously fissioning nuclides, 
generally trans-plutonium, are used to obtain yields several orders of magnitude greater than 
those from (a,n) reactions, per Curie of radioactive material. The most common of these sources 

43 



is 252Cf, which is primarily an alpha emitter, with fission accounting for about 3% of total decays. 
Neutron yield, per Curie of Cf, is about 4 x 109 per second. 

Gamma rays emitted from a neutron-irradiated sample are detected by the gamma ray interacting 
with some material that emits a pulse of light (e.g., a scintillator), the light in turn being detected 
by a device such as a photomultiplier, which converts the light signal into an electrical signal. 
Detectors of importance in gamma-ray spectrometry are inorganic crystals, such as NaL and solid 
state detectors, such as those fabricated from Si or Ge. Historically, Nal with trace amounts of 
thallium [Na(Tl), "thallium drifted"], has been the detector of choice. It can be fabricated in large 
sizes, has better light emission efficiency per gamma ray than any of the other solid detectors, and 
has linear response over a large energy range. A disadvantage is its high affinity to water 
absorption, which requires that the crystals be encapsulated. Energy resolution is not as good as 
that of the newer solid state detectors by one to two orders of magnitude. Of the solid state 
detectors, germanium has been the material of choice, with some silicon detectors also being used. 
Germanium doped with lithium [Ge(Li), "lithium drifted"] was the first widely used solid state 
detector. These detectors have excellent energy resolution, but they must be operated and 
maintained at liquid nitrogen temperature so as to reduce the thermal noise and prevent the 
lithium from drifting out of trapped sites, which occurs at room temperatures. With the advent of 
very pure Ge, intrinsic Ge detectors have largely replaced the Ge(Li) ones. Still operated at 
liquid nitrogen temperatures, the Ge devices can be stored at room temperatures without damage. 
What one gains in resolution using solid state detectors is somewhat offset by the necessity for 
cooling and by the decreased light efficiency to only about one-third that of Na(Tl). Other 
materials that have been used and show promise are crystalline bismuth germanate, Bi4Ge3012, 
and solid-state gallium arsenide (GaAs), cadmium telluride (CdTe), and mercuric iodide (Hgl2). 

To identify specific gamma rays, hence material, from neutron irradiated samples, detectors must 
have adequate resolution (i.e., ability to separate gamma-rays with nearly the same energies). In 
addition, data reduction techniques must be able to identify, if necessary, the type of interaction 
the gamma ray had with the detector (e.g., photoelectric, Compton scattering, or pair production). 
The source (sample), detector, and associated electronics, together with an interactive computer 
system, constitutes an effective gamma ray spectrometer. Gamma rays of different energies are 
sorted by pulse height, which is determined by the magnitude of the light signal or current signal 
produced in the detector. A multichannel analyzer converts an analog signal from the detector 
into a digital signal (A/D converter) and stores it in one of the many energy channels available. 
Analyzers with 1024 channels are commonplace and units are available with greater than 16,000 
channels. With resolution of the order of 1 keV or better (for gamma ray energies from about 
100 keV to several MeV) and the use of an extensive library of gamma rays in memory, a large 
number of elements can be uniquely identified. 

The treatise by Elving et al. (1) is recommended for an extended treatment of nuclear activation 
techniques in analytical chemistry. 

References and Review Notes for Radiochemical Sensors 

1. Treatise on Analytical Chemistry, Part I, Theory and Practice, Vol 14, Section K, Nuclear 
Activation and Radioisotopic Methods of Analysis, P.J. Elving, V. Krivan, and I.M. Kolthoff, 
eds., with 18 Contributing Editors, 2nd Edition, Interscience/John Wiley & Sons, New York, 
1986. 
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This text of eight chapters, each chapter having a different author is a good reference for 
radiochemical sensing; it includes (a) a good introduction to radioactivity and analysis, (b) 
detection of different types of radiation, (c) radiotracer experiments with determination 
techniques, (d) radioimmunoassay, (e) trace element analysis with radiotracers, and (f) 
techniques of nuclear activation analysis, including not only neutron activation, but also 
photon, charged-particle, and radionuclide activation. The last chapter on applications of 
activation analysis, with seven sections, describes techniques and analysis in biological 
materials, geochemistry and cosmochemistry, art and archaeology, and environmental samples, 
and there is one section on charged particle activation analysis. Unfortunately, the section on 
environmental analysis is short (less than 20 pages) and has only one page that mentions 
waste analysis, other samples being atmospheric aerosols, coal, fly ash, other fuel types, and 
water samples. Nevertheless, the text is a valuable reference, for it describes the many types 
of sensors in use as of the mid-1980s as well as those that were coming on the market. It 
also discusses the applicability and limitations of activation techniques, valuable to those 
whose interests are in isotopic identification of black-box material. 

Radioactivity in chemical analysis is, without question, the most sensitive of any technique, 
having the sensitivity (in principle) to detect a single decay event. In practice, this is usually 
not the case because of background events and the half-life of the material being counted. 
For a half-life of 1 sec, 14 atoms of a material will give a decay rate of 10/sec, an adequate 
signal for present detectors. Longer lived isotopes require larger numbers of atoms. 

Neutron activation analysis, in particular, (n,y) is the most commonly used analytical method. 
The text discusses the various neutron sources available, the spectrum from each, and their 
yields and uses. Gamma-ray detectors, from Nal through liquid scintillators and solid-state 
devices, are all covered. Multichannel analyzers, as gamma-ray spectrometers, are described. 
This is a mature field, with some new and potentially very useful new detectors being 
developed, particularly detectors that have good resolution and small size and operate at 
normal temperatures. Application to environmental chemical analysis will be mostly a matter 
of technique rather than availability of adequate sensors and support electronics. 

2. E. Bujdoso, /. Radioanal. Nucl. Chem., Articles, 97 381-398 (1986) 

This article includes a broad coverage bibliography on analysis by absorption and scattering of 
radiation and contains more than 150 references, most with a brief abstract. Radiation types 
included are X-ray, neutron, alpha particle, electrons, protons, and even muons, with X-ray 
techniques dominating. Many of the references are to papers in languages other than 
English. 

3. K. Masumoto and M. Yagi, /. Radioanal. Nucl. Chem., Articles, 100 287-301 (1986) 

Electron-beam-generated gamma-rays were used to produce gamma-ray-emitting isotopes 
from the (y,n) reaction. Determinations were made of 13 elements in three environmentally 
interesting sediments. 

4. R. Pietra, E. Sabbioni, M. Gallorini, and E. Orvini, /. Radioanal. Nucl. Chem., Articles, 102 
69-98 (1986) 
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Radiochemical separation procedures to identify trace metals using neutron activation analysis 
on environmental and biological samples are described. 

5. N. L. Truglio and V. P. Guinn, /. Radioanal. Nucl. Chem., Articles, 110 41-45 (1987). 

A computer-based analysis of 13 biological and 8 environmental reference materials with 
short-lived induced activities is included. 

6. W. D. James and J. A. Oyedele, /. Radioanal. Nucl. Chem., Articles, HO 33-40 (1987). 

This article describes the reactor pulse generation system and the sample transfer system used 
at the Texas A&M TRIGA reactor to produce 10 ms to 50 ms intense neutron pulses that 
are used in the identification of isotopes with short (e.g., < 1 sec) half-lives. 

7. J. E. Milley and A. Chatt, /. Radioanal. Nucl. Chem., Articles, HO 345-363 (1987). 

This work discusses multielement determination in acid rain using neutron activation analysis 
techniques. 

8. E. Sabbioni, R. Pietra, J. Edel, and L. Goetz, / Radioanal. Nucl. Chem., Articles, 112 109-
117 (1987). 

Research areas in neutron activation analysis are examined to show how this technique and 
the use of radiotracers can assist in solving trace metal toxicology problems in the 
environment. 

9. W. D James, /. Radioanal. Nucl. Chem., Articles, 112 361-373 (1987). 

Short, 10- to 50-ms pulses of neutrons from the Texas A&M TRIGA reactor were used to 
irradiate a variety of samples. A rabbit transfer system to a gamma-ray spectrometer 
permitted data taking within 0.5 sec after irradiation. The method was tested to evaluate its 
ability to identify isotopes with short half-lives. 

10. J. S. Petler, M. C. Underwood, and K. Randle, /. Radioanal. Nucl. Chem., Articles, 113 383-
390 (1987). 

This work discusses the use of gamma-rays coming from 14 MeV neutron interaction with 
coal- and fluid-saturated rock to determine the major elements in coal and the lithology, 
porosity, oil, and water saturation in oil well logging. 

11. E. Bujdoso, /. Radioanal Nucl. Chem., Articles, 158 215-238 (1992). 

This work is stated to be a current bibliography on environmental radiochemistry and 
radioactivity, with most of the papers addressing some aspect of the Chernobyl nuclear 
accident. Many of the referenced papers were presented in a language other than English. 
However, the abstracts are generally given in both languages. 
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12. V. P. Guinn, /. Radioanal. Nucl. Chem., Articles, 160 9-19 (1992). 

This article includes a history of neutron activation analysis from the first application in 1936 
to 1991, with discussion of the periods 1936 to 1944, 1944 to 1950, 1950 to 1960, 1960 to 
1970, and 1970 to 1991. 

13. M. De Bruin, /. Radioanal. Nucl. Chem., Articles, 160 31-40 (1992). 

A comparison of instrumental and radiochemical neutron activation analysis (NAA) with 
other spectrometric methods is included. Both NAA methods rated high in accuracy and 
sensitivity, but did not fare well in terms of turnaround time, accessibility, and cost. 

14. H. Nitsche, R. C. Gatti, and Sh. C. Lee, /. Radioanal. Nucl Chem., Articles, 161 401-411 
(1992). 

This article discusses detection of 239Pu to 10"10 M in aqueous samples, using L X-rays from U 
following alpha decay of the plutonium. Gamma-ray spectroscopy was used to correct for 
possible contributions from other radionuclides. 

15. M. Pimpl, B. Yoo, and I. Yordanova, /. Radioanal Nucl. Chem., Articles, 161 437-441 (1992). 

A radiochemical procedure for the extraction of uranium from nuclear facilities (or 
environmental samples) is described. After separation from the matrix, uranium is plated 
onto stainless steel discs and its activity measured by alpha spectrometry using surface barrier 
detectors. For 1000 minutes counting, the detection limit is stated to be 2 mBq per sample 
and nuclide of ^ U , ^ U , and K U . 

16. C. L. Hollas, D. A. Close, and C. E. Moss, Nucl. Inst, and Meth., B24/25 503-505 (1987). 

This work investigates the gamma-ray spectra from the fission products of photofission to 
determine if photofission can identify shielded fissionable material. The probing gamma rays 
were produced by 10 MeV electrons. Isotopes investigated were 232Th, BSU, 238U, and 239Pu 
through 70 cm lead, using a high-resolution Ge detector. 

17. K. Randle, Nucl Inst, and Meth., B24/25 1010-1013 (1987). 

Fast neutron (14 MeV and 3 MeV) activation analysis is used to determine the major 
elements of coal and various oil- or water-bearing matrices. Irradiation, followed by sample 
removal and counting, and prompt gamma-ray analysis techniques are described. 

18. G. F. Knoll, Nucl. Inst, and Meth., B24/25 1021-1027 (1987). 

A paper describes developments in charged-particle and gamma-ray detectors, circa 1987. 
Descriptions are given for bismuth germanate, barium fluoride, and cesium fluoride 
gamma-ray detectors; the use of photodiodes in place of photomultipliers; and passivated 
silicon detectors. A cyrogenic microcalorimeter is described, operating below 1 K, which can 
detect the temperature rise caused by the absorption of one photon. 
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19. W. D. Ehmann and D. E. Vance, Crit. Rev. Anal. Chem., 20 405 (1989). 

A review of advances in neutron activation analysis is included, and sensitivities reported (0.1 
to 10"7 ug/g) for much of the periodic table and recent applications of different neutron 
activation analysis are reviewed. 

20. B. Salbu, Analyst, 117 243-249 (1992). 

This article is a lecture on nuclear analytical techniques in environmental research, 
particularly neutron activation analysis, radiotracers, and measurements of environmental 
radioactivity. Detection limits for elements in the entire periodic table, using NAA with 
separation techniques where necessary, are given for stated conditions of neutron flux and 
irradiation time. These range from 0.001 to 20 ng for radiochemical NAA. 

21. S. A. E. Johansson, Analyst, 117 259-265 (1992). 

State-of-the-art particle-induced X-ray emission techniques using protons and alpha particles 
for determination of trace elements in biology, medicine, geology, air pollution, and 
archaeology are reviewed. Detection limits of 0.1 to 1 ppm are quoted. 

22. Nuclear Environmental Chemical Analysis, J. Tolgyessy and E.H. Klehr, Ellis Horwood Ltd., 
Chichester, West Sussex, England, 1987. 

This text of nine chapters covers, in less than 200 pages, a very representative survey of 
nuclear chemical techniques applied to environmental sample analysis. The authors define 
nuclear analytical chemistry as "those analytical methods that use the nuclear characteristics 
of appropriate nuclides to gain qualitative and quantitative information about various 
substances and about our environment." Furthermore, "the common feature of all such 
methods is the detection and measurement of nuclear radiation and/or characteristic X-rays." 
The book is more devoted to measurement techniques than to sensors and instrumentation, 
but it is a good reference text for sample gathering, preparation, and analysis. Sensors and 
instrumentation are not discussed in detail, possibly due to the nature of the book and the 
fact that both sensors and instrumentation for radiation measurements are quite mature 
industries. 

The first chapter of the book discusses the various kinds of chemical analysis available to the 
experimenter, including nuclear analytical techniques, and compares the several methods as to 
sensitivity, required analyte size, and data analysis. Chapter 2, on environmental sampling, 
concentrates on methods for taking and preserving samples in the atmosphere, water, and 
soils. Next, the authors tell how these samples should be prepared. Chapters 4 through 8 
are devoted to analysis techniques, beginning with radioactive samples, natural and 
man-made; isotope dilution analysis; radio-reagent methods; activation analysis (the most 
commonly used technique); and nonactivation interaction analysis. Sensors, specifically, and 
instrumentation, in general, are not described in any detail. Mention is made of various 
detectors, such as Nal crystals, germanium, and silicon solid state devices. None of the newer 
solid state sensors, which reportedly can operate at room temperature with good resolution, 
are mentioned. Reference is made to the use of multichannel analyzers for identification of 
gamma rays in gamma-ray spectrometry. The last chapter (Chapter 9) is a listing of sources 
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for the information given in the other chapters. Each chapter has an extensive listing of 
references. 

Useful tables include allowable concentrations in water, detection limits of various analytical 
methods, comparison of instrumental analytical methods (e.g., various spectrometry methods, 
activation analysis, X-ray fluorescence), and a moderately complete listing of radionuclides 
obtained in (n,y) reactions. 

This is an easy book to read that contains a lot of useful information and is well presented. 
It would have been nice to have a chapter or two on sensors and associated analytical 
instrumentation. 

23. Data for Radioactive Waste Management and Nuclear Applications, D. C. Stewart, John Wiley 
and Sons, New York, 1985. 

This is truly a book of data and not applications. The book contains five parts: Part 1, 
Physical Data, which includes information on light and heavy nuclides, transuranic elements, 
radiometric properties, and neutron sources; Part 2, Chemical Data, listing elements, 
oxidation potentials, solubility, process chemicals; and Part 3, Radioactive Wastes, defining 
high-level liquid wastes, non-high-level wastes, packaged wastes, and repository data. Part 4, 
Data for Operations, very briefly covers shielding, health physics, radiation damage, criticality, 
and decontamination. Part 5, Miscellaneous Data, has information on radioactive decay, 
neutron activation, and conversions. This is possibly a useful reference for those needing 
numbers for field operations, but probably not for one working in the sensor area. 
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6. JOURNAL ARTICLE REVIEWS AND REFERENCES - GENERAL 

6.1 REVIEWS 

1. R. E. Clement, M. L. Langhorst, and G. A. Eiceman, Anal. Chem., 63, 270R-292R, (1991). 

A recent review entitled "Environmental Analysis," covering "developments in analytical 
chemistry as applied to environmental analysis for 1989-1990." The paper includes general 
reviews, applications to analysis of air, water, soils and sediments, biological samples, and 
miscellaneous topics. This is the first of what will probably be a periodic review of 
environmental analysis such as is done, for example, in radiochemistry and other specialized 
topics. The list of references, which is quite up to date, is arranged in the same manner as 
the subject headings. Although chemical sensors are not addressed as a separate topic, the 
review should be useful because of its broad coverage of environmental issues. 

2. C. Nylander, /. Phys. E: Sci. Instrum., 18 736-749 (1985). 

This review paper gives short descriptions, with some applications, of types of chemical 
sensors (gas, semiconductor, electrochemical, field effect, piezoelectric, optical, and others) 
and a short discussion on the utility of multisensors to obtain more information than from 
single sensors. A section on biological sensors discusses the human nervous system and how 
sensors attempt to model that system. 

3. J. O. W. Norris, Analyst, H4 1359-1372 (1989). 

This article reviews the status and prospects for use of optical fiber in chemical analysis, late 
1980s time frame. Norris lists advantages, disadvantages, and principles of fiber optics as 
sensors and describes some extrinsic and intrinsic sensor types and their applications. For a 
short review, he does a credible job in describing the use of optical fibers in many 
applications. The paper is useful as background material. 

4. O. S. Wolfbeis, Fresenius J. Anal. Chem., 337 522-527 (1990). 

In about five pages, Wolfbeis gives a survey of chemical sensors and suggests possible trends. 
Two pages list advantages and disadvantages of chemical sensors. The rest of the paper is a 
general review of electrochemical, optical, and biosensors, and some applications. He 
predicts that the largest field of application will be in the biomedical sciences, but he also 
includes groundwater monitoring, process control, and biotechnology. 

5. J. M. Van Emon and V. Lopez-Avila, Anal. Chem., 64 79A-88A (1992). 

The authors define immunoassays as "immunochemical detection methods based on a reaction 
between a target analyte and a specific antibody." Reference to applications and a listing of 
reported methods for environmental analysis are followed by sections on (a) antibodies and 
immunoassays for environmental analysis, (b) evaluation, (c) immunoaffinity techniques, (d) 
use in laboratories, and (e) future work. 
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6. D. R. Walt, Chemistry & Industry, 20 January 1992, 58-61. 

A short paper discussing chemical sensors in general and their categorization into 
electrochemical, optical, thermal, or mass sensors, along with examples of applications. 

7. J. W. Grate and M. H. Abraham, Sensors Actuators, B3 85-111 (1991). 

A review paper on solubility interactions and the implications for design of chemically 
selective coatings for sensors. 

8. J. Janata and A. Bezegh, Anal. Chem., 60 62R-74R (1988), J. Janata, Anal Chem., 62 33R-
44R (1990), and J. Janata, Anal Chem., 64 196R-219R (1992). 

These articles are bi-annual reviews of chemical sensors. Each article includes books, 
reviews, journals, and proceedings entries. Large listings of references are included in each 
review. 

9. W. D. Ehmann and S. W. Yates, Anal Chem., 60 42R-62R (1988), W. D. Ehmann, J. D. 
Robertson, and S. W. Yates, Anal Chem., 62 50R-70R (1990), and W. D. Ehmann, J. D. 
Robertson, and S. W. Yates, Anal. Chem., 64 1R-22R (1992). 

These articles are bi-annual reviews of nuclear and radiochemical analysis. Each article 
includes books, reviews, journals, and proceedings entries - lots of references. 

10. R. Brina and A. G. Miller, Anal. Chem., 64 1413-1418 (1992) 

This paper covers the direct detection of trace levels of uranium by what the authors call 
laser-induced kinetic phosphorimetry. The claimed detection limit for uranyl ions in aqueous 
solution is 1 ng/L. Response is said to be linear up to concentrations of 5 mg/L. 
Pretreatment of bio-samples is needed only for measurements near the detection limit. 

11. E. Zanzottera, Crit. Rev. Anal. Chem., 21 279-319 (1990) 

This article is an excellent review of lidar applications to determination of atmospheric 
pollutants and includes a detailed exposition of source properties, lidar transmission, signal 
strength, absorption, etc. 

12. P. S. Vukusic, G. P. Bryan-Brown, and J. R. Sambles, Sensors Actuators, B8, 155-160 (1992) 

This paper reports the use of a novel technique for sensing gases. The technique described is 
called "measurement of a resonance maximum on a weak background signal by means of 
surface plasmon resonance on gratings." Gases used in the experiments included propan-2-ol, 
monoethylene glycol, pentanol, and water vapor. The grating was formed on a 100 nm-thick 
Ag film. 

13. C. A. Wade and I. Bennion, Int'l. J. Optoelectronics, 6 197-216 (1991) 
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This article provides a theoretical study of 2-band differential absorption for sensing of CH4, 
CO, C02, 02 , NO r SO^ H2S, C2H2, C2H4, and others. The sensor design uses fiber optics 
and a scanning comb filter whose spacing matches the rotational lines in the absorption 
spectrum of the gas being sensed. Results given include sensitivities of 0.002% for methane, 
0.005% for hydrogen sulfide, 0.02% for ethylene, 0.06% for acetylene, and 3.75% for carbon 
dioxide (measured for methane, calculated for others). 

14. B. C. H. Turton, A. Mohebati, and T. A. King, Int'l. J. Optoelectronics, 6 217-226 (1991). 

Standard telecommunications laser diodes (emitting at 1.33 nm) and fiber optics cables were 
used in the development of two techniques for frequency scanning the laser diode. The two 
techniques, called direct and harmonic detection, have been applied to the detection of 
methane. The paper includes a discussion of the two scanning techniques along with analysis 
algorithms and calibration procedures used for methane. 

15. J. Watson, Sensors Actuators, B8 173-177 (1992). 

An interesting paper on electrical characterization of solid-state gas sensors; it includes a 
discussion of the comparative value of resistance and conductance characterization, as well as 
ratios of electrical characteristics, and the best ways to define sensitivity. 

16. W. GOpel, Sensors Actuators, 16 167-193 (1989) 

The article discusses Solid State Chemical Sensors and Atomistic Models and Research 
Trends. It would be useful for those just tackling the development of new gas sensors. 

6.2 CHEMILUMINESCENCE BIBLIOGRAPHY 

The listings in this section were obtained from the Perkin-Elmer Corp. They are included in this 
report for general reference; they have little to do with the four main types of sensors addressed 
in the bulk of the report. 

Author(s) 

W. Adam, J.C. Liu 

F. J. Alvarez, N. J. 
Parekh, B. Matuszewski, 
R. S. Givens, T. 
Higuchi, R. L. Schowen 

N. S. Bayliss 

TUle 
An alpha-peroxylactone synthesis 

Multiple intermediates generate 
fluorphores derived light in the 
oxalate/peroxide chemiluminescent 
system 

The effect of the electrostatis 
polarization of the solvent on 
electronic absorption spectra in 
solution 

Citation 
J Am Chem Soc 1972; 94: 
2894-2895 

J Am Chem Soc 1986; 108: 
6435-6437 

J Chem Phys 1950; 18: 292-
296 
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Author(s) Title Citation 

J. W. Birks, ed. 

B. R. Branchini, J. D. 
Hermes, F. G. Salituro, 
N. J. Post, G. Claeson 

T. G. Burdo, W. R. 
Seitz 

J. L. Burguera, A. 
Townshend 

J. L. Burguera, M. 
Burguera, A. 
Townshend 

J. L. Burguera, A. 
Townshend, S. 
Greenfield 

A. K. Campbell, A. B. 
Hallelt 

C. L. R. Catherall, J. R. 
Palmer, R. B. Cundall 

Chemiluminescence and 
photochemical reaction detection 
in chromatography 
Sensitive enzyme assays based on 
the production of 
chemiluminescence leaving groups 

Mechanism of cobalt catalysis of 
luminol chemiluminescence 

Determination of ng/mL levels of 
sulphide by a chemiluminescence 
reaction 

Determination of zinc and 
cadmium by flow injection analysis 

Flow injection analysis for 
monitoring chemiluminescent 
reactions 

Measurement of nitrate, 
intracellular calcium ions, and 
oxygen radicals in 
polymorphonuclear leucocyte 
erythrocyte host hybrids 

Chemiluminescence from 
reactions of 
bis)pentachlorophenyl) oxalate, 
hydrogen peroxide, and 
fluorescent compounds 

VCH Publishers, New York, 
1989: 13, 36 

Anal Biochem 1981; 111: 87-
96 

Anal Chem 1975; 47: 1639-
1643 

Talanta 1980; 27: 309-314 

Anal Chim Acta 1981; 127: 
199-201 

Anal Chim Acta 1980; 114: 
209-214 

J Physiol London 1983; 338: 
537-550 

Chem Soc Faraday Trans II 
1984; 80: 823-836, 837-849 

E. A. Chandross A new chemiluminescent system Tet. Lett. 1963; 761-765 

M. M. Chang, T. Saji, 
A. J. Bard 

Electrogenerated 
chemiluminescence 30; 
electrochemical oxidation of ions 
in the presence of luminescers in 
ACW solutions 

J Am Chem Soc 1977; 99: 
5399-5403 

54 



Author(s) 

H. P. Chokshi, M. 
Barbush, 
R. G. Carbon, S. R. 
Givens, T. Kuwana, R. 
L. Schowen 

Title 
Oxalate/hydrogen peroxide 
chemiluminescence reaction. 
AF-NMR probe of the reaction 
mechanism 

Citation 
Biomed. Chrom. 1990; 4: 96-99 

R. D. Cox 

G. J. deJong, N. 
Lammers, F. J. Spruit, 
U. A. Th. Brinkman, R. 
W. Frei 

G. J. deJong, N. 
Lammers, F. J. Spruit, 
C. Dewaele, M. Verzele 

R. Delumya, A. V. 
Hartkopf 

C. A. Dorschel, J. L. 
Ekmanis, H. E. 
Oberholtzer, F. V. 
Warren Jr., B. A. 
Bidlingmeyer 

T. M. Freeman, W. R. 
Seitz 

W. Frei, H. Tanseu, U. 
A. Th. Brinkman 

U. Fritsche 

R. S. Givens, R. L. 
Schowen 

Determination of nitrate and 
nitrite at the parts per billion level 
by chemiluminescence 

Optimization of peroxyoxalate 
chemiluminescence detection 
system for the liquid 
chromatographic determination of 
fluorescent compounds 
Low dispersion chemiluminescence 
detection for packed capillary 
liquid chromatography 

Metal catalysis of the luminol 
reaction in chromatographic 
solvent systems 

LC detectors 

Oxygen probe based on tetrakis 
(alkylamino) ethylene 
chemiluminescence 

Post column reaction detectors for 
high performance liquid 
chromatography 

Chemiluminescence method for 
the determination of nanogram 
amounts of highly toxic 
alkylphosphates 

Chemiluminescence and 
photochemical reaction detection 
in chromatography 

Anal Chem 1980; 52: 332 

Chromatographia 1984; 18: 
129-133 

Anal Chem 1987; 59: 1458 

Anal Chem 1976; 48: 1402 

Anal Chem 1989; 61: 951A-
968A 

Anal Chem 1981; 53: 98-102 

Anal Chem 1985; 57: 1529A 

Anal Chim Acta 1980; 118: 
179-183 

VCH Publishers Inc., New 
York: 1989 
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Author(s) Title Citation 
M. L. Grayeski, J. K. 
DeVasto 

N. Hanaoka, R. S. 
Givens, R. L. Schowen, 
T. Kuwana 

K. Honda, K. K. 
Miyaguchi 

K. Honda, K. 
Miyaguchi, H. Nishino, 
H. Tanaka, T. Yao, K. 
Imai 

K. Honda, J. Sekino, K. 
Imai 

K. Imai, Y. Matsunga, 
Y. Tsukamoto 

K. Imai, K. Miyaguchi, 
K Honda 

K. Imai, A. Nishitani, Y. 
Tsukamoto 

Coumarin derivatizing agents for 
carboxylic acid detection using 
peroxyoxalate chemiluminescence 
with liquid chromatography 

Stopped flow determination of the 
parameters affecting the 
application of peroxyoxalate 
chemiluminescence to high 
performance liquid chromato
graphic detection 

Evaluation of aryl oxides for 
chemiluminescence detection in 
high performance liquid 
chromatography 

High performance liquid 
chromatography followed by 
peroxyoxalate chemiluminescence 
detection of acetylcholine and 
choline using immobilized enzymes 

Bis (2,4-dinitrophenyl) oxalate as a 
chemiluminescence reagent in 
determination of fluorescent 
compounds by flow injection 
analysis 

Application of bis(4-nitro-2-3,6,9 
trioxo-decyloxycarbonyl)-phenyI) 
oxalate to post column chemi
luminescence detection in high 
performance liquid 
chromatography 

High performance liquid 
chromatography 
chemiluminescence reaction 
detection system of fluorescent 
compounds using 
bis(2,3,6-trichlorophenyl) oxalate 
(TCPO) and hydrogen peroxide 

Prediction of the detection ranges 
for high performance liquid 
chromatography peroxyoxalate 
chemiluminescent detection system 
of fluorescent compounds 

Anal Chem 1987; 59: 1203 

Anal Chem 1988; 60: 2193-
2197 

Anal Chim Acta 1985; 177: 
111-120 

Anal Biochem 1986; 153: 50-53 

Anal Chem 1983; 55: 940-943 

J Chrom 1987; 400: 169-176 

Bioluminescence and 
Chemilumin-escence 
Instruments and Applications, 
Volume II, CRC Press, Boca 
Raton, 1985: 65-76 

Chromatographia 187; 24: 77-
81 
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Author(s) 

K. Imai, R. Weinberger 

N. Imaizumi, K. 
Hayakawa, M. 
Muyazakumin, K. Imai 

R. N. Jannings, T. 
Capomacia 

H. Kaiser 
H. Kawasaki, K. Sato, J. 
Ogawa, Y. Hasegawa, 
H. Yuki 

L. L. Klopf, T. A. 
Nieman 

S. Kobayashi, K. Imai 

T. Koziol, M. L. 
Grayeski, R. W. 
Weinberger 

P. Lechtken, N. J. 
Turro 

E. M. Lilius, S. A. 
Laakso 

F. McCapra 

F. McCapra, I. 
Beheshti, I. Burford, R. 
A. Hann, A. Zaklika 

Citation 
Trends in anal. chem. 1985; 4: 
170-175 

Analyst 1989; 114: 161-164 

Title 
Aryl oxalate chemiluminescence 
detection for high performance 
liquid chromatography 

Stability of bis(2,4,6-tri-
chlorophenyl)oxalate in high 
performance liquid 
chromatography for 
chemiluminescence detection 
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7. PROCEEDINGS - GENERAL 

1. PROCEEDINGS OF EUROSENSORS IV, PARTS I and II, Sensors Actuators, B4, 1990, KH. 
Hardtl (guest ed.). 

Proceedings of an annual conference on sensors and actuators. Contains papers, almost 
exclusively from outside the United States, on a broad spectrum of sensors and sensor-related 
topics. In the proceedings, topics covered are chemical sensors, sensor membranes, gas 
sensors, ISFETs and related sensors, thick-film sensors, humidity sensors, and biosensors. The 
coverage is across the entire field of chemical sensors, with a number of papers having 
application to environmental use of chemical sensors. Papers on each of the types of sensors 
considered in this report can be found at some place in these yearly proceedings. 

2. PROCEEDINGS OF EUROSENSORS V, PARTS I and II, Sensors Actuators, B6 and B7, 
1991, A. D'Amico (guest ed.). 

Part I contains sections on chemical, bio-, gas, physical, and ion sensors, plus sections on 
applications and ion sensor technology. Part II includes sections on biomedical, enzyme, 
Langmuir-Blodgett, plant-based, humidity, opto-chemical, solid state, ISFET, acoustic and 
ultrasonic, chlorine, hydrogen, and Sn02 sensors, as well as sections on technology of 
biosensors, environmental applications, test and characterization, and technology of gas 
sensors. A considerable number of the papers have application to environmental concerns, 
but the section on environmental applications contains only four papers. Most of the papers 
are from authors outside the United States. 

3. PROCEEDINGS OF THE THIRD INTERNATIONAL MEETING ON CHEMICAL 
SENSORS, Sensors Actuators, B5, 1990, C.-C. Liu and W.H. Ko (guest eds.). 

Approximately 50 papers, many of them having application to environmental monitoring. 
Included are papers on optical fibers, semiconductor devices for gas sensing, thin-film sensors, 
SAW devices, FETs, etc. 

4. SYMPOSIUM B, NEW MATERIALS, PHYSICS, AND TECHNOLOGIES for MICRONIC 
INTEGRATED SENSORS, EUROPEAN MATERIALS RESEARCH SOCIETY, 1991 Spring 
meeting, Strasbourg, May 27-31, 1991. Sensors Actuators, B8, No. 3, 1992. 

One paper of possible interest is Molecular materials for the transduction of chemical 
information by CHEMFETs, by J.R. Haak, P.D. van der Waal, and D.N. Reinhoudt; also 
includes a discussion of ISFETs. 

5. EAST-WEST WORKSHOP on MICROELECTRONIC SENSORS, Sozopol, Bulgaria, May 7-9, 
1991. Sensors Actuators, B8, No. 1 (1992). 

One paper may be of interest: Integrated opto-chemical sensors, by P.V. Lambeck; pgs. 103-
116. 
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8. BOOK REVIEWS - GENERAL 

1. Fundamentals and Applications of Chemical Sensors, ACS Symposium Series 309, D. Schuetzle 
and R. Hammerle, eds., American Chemical Society, Washington, D.C. 1986. 

The book is divided into three major sections: gas sensors, environmental sensors, and 
biosensors. The papers in the gas sensor section are mostly directed toward the commercial 
and manufacturing areas, covering semiconductor devices (silicon based), solid,electrolytes, 
and humidity sensors. Some of the techniques could apply to environmental problems, which 
are the subject of the four papers summarized below. 

a. J. Stetter, Electrochemical Sensors, Sensor Arrays, and Computer Algorithms for Detection 
and Identification of Airborne Chemicals. 

Discusses electrochemical sensors and arrays, suggesting that arrays of sensors with 
tailored responses, together with the use of computer algorithms, can increase the 
sensitivity and selectivity over what can be done with an individual sensor. 

b. N. Jarvis, J. Lint, A. Stone, and H. 'Woh\t}en,Amidoxime-Functionalized Coatings for 
Surface Acoustic Wave Detection of Simulant Vapors. 

Discusses preparation and use of coatings for a surface acoustic wave sensor that would 
have chemical specificity and sensitivity for a particular agent. Results were not 
encouraging. 

c. J. Giuliani, N. Jarvis, and A. Snow, Selective Response of Polymeric-Film-Coated Optical 
Waveguide Devices to Water and Toxic Volatile Compounds. 

Includes investigation of polymeric coatings on a glass capillary tube optical waveguide for 
detection of specific vapors. 

d. I. Karube, Microbial Sensors for Process and Environmental Control. 

Covers use of microbial sensor in combination with electrochemistry for detection of toxic 
materials in waste waters. The section on biosensors is on techniques related to drug and 
medical issues. 

Most of the reports in this book were early efforts in the expanding field of chemical sensors 
and, as such, are useful for a developmental history. There have been considerable advances 
in every area covered in the environmental section during the past several years. 

2. Optoelectronics for Environmental Science, S. Martellucci and A.N. Chester, eds., Proceedings 
of the 14th Course of the International School of Quantum Electronics on Optoelectronics 
for Environmental Science, September 1989, Erice, Italy; Plenum Press, New York, 1991. 
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This compendium of papers from the above school is divided into two major sections: in situ 
measurements and laboratory analytical techniques. The first section has 13 papers, 11 of 
which are on the use of lasers for detection of pollutants in the atmosphere or ocean or for 
monitoring atmospheric ozone. Thus, the papers are on techniques, rather than sensors. The 
remaining two papers on optical fiber use give only superficial discussions of types and their 
use as sensors. The section on laboratory analytical techniques, with 11 papers, is heavily 
weighted toward laser-based techniques. Nine of the papers are on laser spectrometry of 
some type or on the use of lasers in sample preparation. One paper is on interferometry and 
one is on adaptive optics. The papers address detection methods and techniques, not 
chemical sensors. Not a useful reference for chemical sensors. 

3. Monitoring Methods for Toxics in the Atmosphere, W. L. Sielinski, Jr. and W. D. Dorko, eds.; 
Papers presented at the Conference on Recent Developments in Monitoring Methods for 
Toxics in the Atmosphere, American Society for Testing and Materials, STP 1052, 1990. 

A general coverage of atmospheric monitoring, including programs for specific sites in Denver 
and California, with sections on monitoring volatile organics, acid gases, and products from 
waste incineration. Coverage of sensors is minimal. One chapter on neutron activation 
analysis of particulates from incineration has some interest. Not a useful reference for 
chemical sensors. 

4. Detection and Measurement of Hazardous Gases, C. F. Cullis and J. G. Firth, eds., Heinemann 
Educational Books, Inc., Exeter, 1981. 

- This collection of seven papers is devoted to gases and their potential effect on humans and 
" their environment. There are chapters on "History and Law," flammable gases and vapours, 

" lack of oxygen, personnel monitoring, and sampling strategies. None of the chapters cover 
their subject in-depth, and none have more than a superficial coverage of sensors. The 
chapter on "Monitoring Toxic Gases in the Work Place" is good general reading. Not a 
useful chemical sensor reference. 

5. Chemical Sensing with Solid State Devices, M. Madou and S. R. Morrison, Academic Press, 
San Diego, 1989. 

Three classes of solid sensors are emphasized: "Semiconductor sensors, where the species to 
be detected is adsorbed or absorbed and changes the electronic conductivity of the 
semiconductor; solid electrolyte devices for use in gas or liquid, where the species to be 
detected affects the Nernst potential or changes the ionic current through the solid; and 
ChemFETs, where the species to be detected affects the potential at the gate of a field-effect 
transistor." This book of 13 chapters provides a good background on the theory of solid-state 
devices used as sensors and discusses their use in gases and liquids. There are chapters on 
the uses of catalysis and membranes and on biosensors and their use with solid-state devices. 
A chapter on field effect transistors as chemical sensors is followed by chapters on silicon 
devices used in potentiometric and amperometric measurements. Thin-film gas sensors, solid 
electrolytes, semiconductor powders, and applications of solid-state sensors conclude the text. 
This book is recommended for good coverage of solid-state devices, both in understanding 
how they work and their uses in environmental areas. 
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6. Instrumentation for Environmental Monitoring, Volume 2, Water, Second Edition. Principal 
Authors: M. S. Quinby-Hunt, R. D. McLaughlin, and A. T. Quintanilha, Lawrence Berkeley 
Laboratory Environmental Instrumentation Survey; John Wiley and Sons, New York, 1986. 

The entire volume is devoted to the environmental aspects of materials in water and the 
methods of measuring same. Part I is about inorganics - salinity, metallic trace elements, 
nutrients, dissolved gases, inorganic disinfectants, and pH, acidity, and alkalinity. Part II, 
organics, covers carbon, synthetic organics, pesticides, halogenated hydrocarbons, phenolics 
and polynuclear aromatic hydrocarbons, and oil and greases. Part III, on biological 
constituents, includes biomass, coliform bacteria, and other microorganisms. Part IV deals 
with the physical characteristics of water, such as temperature, turbidity, color, taste, and 
odor, and residues such as asbestos and radiation sources. Each chapter describes the 
characteristics of the particular materials, their sources, controls, methods of measurement, 
and instrumentation. Short reviews of chemical sensor techniques used for detection and 
monitoring are given. The book covers a lot of material and is useful for a general survey of 
sensors and instrumentation. Two companion volumes (not available from the reference 
libraries we searched) address radiation and air. 

7. Principles of Chemical Sensors, J. Janata, Plenum Press, New York, 1989. 

Janata's book places chemical sensors in four categories: thermal, mass, electrochemical, and 
optical. Following a general chapter on selectivity and a systems approach to measurement, 
there are four chapters on the categories just listed. Each chapter develops the theory of the 

■ sensor and presents specific applications. References are included at the end of each 
_ chapter. 

Thermal sensors - thermistors, pyroelectric devices, catalytic gas sensors - all depend on 
some transfer of heat as the measurement medium. Piezoelectric devices are mentioned in 
the section on pyroelectric sensors. In general, a coating responsive to heat provides the 
input to the sensing device. 

Piezoelectric and SAW sensors are covered in the mass sensor chapter. Coatings receptive to 
mass changes provide the input to the piezoelectric crystal, the measured response generally 
being a change in frequency of crystal oscillation. SAW sensors also are based on 
piezoelectric crystals with the addition of a surface transmitter/receiver set. An electrical 
input to the transmitter generates an acoustic wave that propagates along the crystal surface 
to the receiver, which transforms the acoustic signal back into an electrical signal. Coatings 
on the surface along which the acoustic wave propagates interact with the analyte, changing 
the propagation characteristics, hence the final electrical response. Janata discusses selective 
coatings in the last part of this chapter. 

In the section on electrochemical sensors, Janata discusses general theory and application 
with reasonably elaborate equations and graphs. These sensors are categorized as 
potentiometric, amperometric, and conductimetric. Within these major categories are 
subcategories based on types of interfaces, membranes, and electrodes. 

Theory and operation are presented in the form of equations and graphs representing 
performance parameters, physical processes, and applications. Topics covered under the 
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category of potentiometric sensors include nonpolarized interface, ion-selective membrane, 
electrochemical cell, enzyme electrodes and enzyme transistors, and gas sensors. Topics 
covered under amperometric sensors include microelectrodes and gas electrodes. 
Conductimetric sensors are discussed under the subheadings of chemiresistors, semiconducting 
oxide sensors, conductimetric gas-membrane sensors, and dielectrometers. 

Because electrochemical sensors are the largest and oldest group of chemical sensors, Janata 
has devoted about half (158 pages) of the four sensor chapters to the discussion of these 
devices. 

The optical sensor chapter has a brief survey of optical spectroscopy, followed by a 
description of the operation of optical fibers and waveguides. The use of optical fibers as 
extrinsic or intrinsic sensors and as part of total detection systems concludes the chapter. 

This is not an easy text to read. The development of the theory of operation of these sensors 
is often unclear because of incomplete explanation of equation elements, use of the same 
symbols for different parameters in the same development, and parameters used without 
definition. To one unfamiliar with the technology, this would be a difficult text from which to 
learn the principles of chemical sensors. However, even with the shortcomings, the text is 
valuable because of its broad coverage and general applications. References follow each 
chapter, and there are several appendices amplifying elements in the body of the book. 

8. Sensors - a Comprehensive Survey: Vol. 2, Part I, Chemical and Biochemical Sensors and 
-Volume 3, Part II, Chemical and Biochemical Sensors; W. GOpel, J. Hesse, J. N. Zemel (eds. 
' for complete Survey). W. GOpel, T. A. Jones, M. Kleitz, J. LundstrOm, and T. Seiyama (eds. 

"- for Vols. 2 and 3); VCH Press, New York, 1991. 

This impressive survey devotes two entire volumes to chemical and biochemical sensors. 
Definitions, examples, and historical information precedes in-depth coverage of a broad class 
of sensors and applications. Each of the sensor types addressed in this report are included in 
the survey. Of particular interest are chapters on electrochemical sensors and applications; 
solid-state electrochemical sensors; field effect (FET) sensors; fiber optic sensors; 
piezoelectric (mass sensitive) devices; a chapter devoted to environmental control; and a 
chapter on multicomponent analysis in chemical sensing. Volumes 2 and 3 comprise 26 
chapters and more than a thousand pages. Recommended for its comprehensive coverage 
and recent date of publication. 

9. Chemical Sensors and Microinstmmentation, R. Murray, R. Dessy, W. Heineman, J. Janata, 
and W. R. Seitz, (eds.) Amer. Chem. Soc. Symp. Series, American Chemical Society, 
Washington, D.C., 1988 

This is a review text covering electrochemical sensors (seven chapters), mass and thermal 
microsensors (seven chapters), and fiber optic chemical sensors (nine chapters). The 
opening chapter gives a good overview of electrochemical sensors, piezoelectric materials, 
including mass sensitive devices, quartz microbalances, surface acoustic wave devices, and 
optical fiber sensors. Other sensors mentioned are thermal and lipid bilayers. The 
electrochemical section includes potentiometric and voltammetric applications, thin film 
applications, microelectrodes, and fiber optic electrodes. The section on mass and thermal 
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applications has papers on the use of optical fibers for biosensors, surface acoustic wave 
devices, and quartz microbalances (piezoelectric applications). The nine chapters on optical 
fibers cover some techniques in fabricating such sensors, pH measurements, multidimensional 
sensors, antibody-based sensors, fluorescence, absorption, and biosensors. 

10. Chemical Sensor Technology, Volume 1, T. Seiyama, ed., Kodansha Ltd., Tokyo and Elsevier, 
New York, 1988. 

The leading chapter on the current state and future outlook of chemical sensors discusses 
current and expected future applications of sensors to detection processes. Passing reference 
is made to environmental applications. A brief description is given of a multidimensional 
sensor system and the use of pattern recognition to recover identification of, and quantitative 
information about, specific analytes. There is one chapter on optical chemical sensors (K. 
Nishizawa) that has abbreviated descriptions on optical fibers in general, guided-wave sensors, 
evanescent wave, and surface plasma applications. Though short, the descriptions are good. 

11. Chemical Sensor Technology, Volume 2, T. Seiyama, ed., Elsevier, New York, 1989. 

The second in what is promised to be an annually issued series (Vol. 1 reviewed just above). 
The first 12 chapters have to do with various types of gas sensors (e.g., a Pd-gate H2 sensor, a 
thin-film semi-conductor sensor for hydrogen and CO in air, ozone detection by ln203 thin 
film sensors); chapters 13 and 14 describe a new glucose sensor and an optical immunosensor; 

. and the last two chapters (16 and 17) are about biosensors. Chapter 15, The Molecular 
' Recognition Component of Chemical Sensor Selectivity, by M. Thompson et al., is perhaps 

- the most interesting in the book. 

12. Current Advances in Sensors, B. E. Jones, ed., Adam Hilger, Philadelphia, 1987. 

A multi-chapter, multi-author compilation about sensors in the late 1980s. The first two 
chapters on advances in sensor technology and technologies of the future are of general 
interest. Only one chapter, Chemical and Biological Sensors, by C. Nylander, addresses 
sensors with direct application to environmental issues. The chapter is short (16 pages) but 
includes descriptive material on a number of different sensor types, some with applications. 
Some of the other chapters are of interest in their discussion of sensor design and 
applications, such as microelectronic sensor technology, sensor systems, optical fiber sensors 
for industry, optical fibre interferometers, acoustic techniques, and gas sensors. None of the 
chapters are long nor do they discuss their subjects in great detail, but they do give a good, 
broad description of the sensor field. 

13. Solid State Gas Sensors, P. T. Moseley and B. C. Tofield, eds., Adam Hilger, Philadelphia, 
1987 

A book with 10 chapters and an interesting appendix on hazardous concentrations of various 
gases in air mixtures. The preface describes gas sensing equipment, old and new. 

Chapter 1, by R.M.A. Kocache, is on applications of oxygen-ion-conducting solid electrolytes. 
The next chapter, by E. Jones, is a rare discussion of the pellistor catalytic gas detector, in 
which Jones may be THE world's expert. Titles and authors of the next several chapters are: 
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• Chapter 3, The Theory of Poisoning of Catalytic Flammable Gas Sensing Elements, by S.J. 
Gentry and P.T. Walsh 

• Chapter 4, Characterization of Semiconductor Gas Sensors, by T.A. Jones 

• Chapter 5, Conduction and Gas Response of Semiconductor Gas Sensors, by D.E. Williams 

• Chapter 6, The Role of Precious Metal Catalysts, by J.O.W. Norris 

• Chapter 7, Non-Nernstian Potential-generating Gas Sensors, by P.T. Moseley 

• Chapter 8, Oxide Surfaces: The Basic Processes of Sensor Behavior, by A.M. Stoneham 

• Chapter 9, Surface Analysis of Gas Sensor Materials, by J.C. Riviere 

The final chapter has the interesting title "State of the Art and Future Prospects for Solid 
State Gas Sensors." 

14. Plasma Chromatography, T. W. Carr, ed., Plenum Press, New York, 1984 

This intriguing title caught the attention of one of the report's authors in a visit to the 
Stanford University Chemistry Library, and that led to an interesting fingering of enough 
pages to see that the subject is not particularly germane to the DOE's problems. 

By way of explanation, plasma chromatography is also called ion-mobility spectroscopy. As 
explained in this book, the operation of a plasma chromatograph (or ion-mobility 
spectrometer) can be described as follows: 

A sample - which is usually a gas containing organic compounds - is contacted with ions 
to convert each organic molecule to a very stable ion-molecule. These ion-molecules are 
then separated by a process of injection into a tube filled with a non-reactive gas through 
which the ions are drifted by means of a strong electric field. The ion-molecules arrive at 
a collector as ion peaks at times characteristic of their structure. Subsequently, the ion 
stream can be introduced into a mass spectrometer to determine ion masses. 

Books Reviewed; Title Suggested Relevance, but Review Showed Irrelevance 

1. Aquatic Chemistry Concepts, J. F. Pankow, Lewis Publishing, 1991. Nothing about 
sensors; all theory and modeling of chemistry of water. 

2. Chemicals in the Environment, W. B. Neely, M. Dekker, New York, 1980. Mostly about 
air pollution, nothing about sensors. 

3. Chemodynamics; Environmental Movement of Chemicals in Air, Water, and Soil, L. J. 
Thibodeaux, John Wiley & Sons, New York, 1979. Models of diffusion of chemicals, 
nothing about sensors. 

4. The Handbook of Environmental Chemistry, O. Hutzinger, Springer Verlag, New York, 
1980. Nothing about sensors. 

5. Pollution Evaluation; the Quantitative Aspects, W. F. Pickering, M. Dekker, New York, 
1977. Models, nothing about sensors. 
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6. Analyses of Hazardous Substances in Air, Volume 1, A. Kettrup, ed., VCH 
Verlagsgesellschaft mbH, Weinheim, Germany, 1991. Work of the Federal Republic of 
Germany's "Working Group 'Analytical Chemistry' of the FRG Commission of the 
Deutsche Forschungsgemeinschaft for the Investigation of Health Hazards of Chemical 
Compounds in the Work Area." Purely analytical chemistry; nothing about sensors. 

7. Environmental Inorganic Chemistry: Properties, Processes and Estimation Methods, I. 
Bodek, W. J. Lyman, W. F. Reehl, and D. H. Rosenblatt, eds., Pergamon Press, New 
York, 1988. Nothing about sensors: compilation of information on physicochemical 
properties of environmentally important inorganic chemicals. Estimation in the title 
refers to ways of estimating the properties of inorganic chemicals - not to determinations 
of concentrations or to approximate analyses. 

8. The Wiley Series Advances in Environmental Science and Technology, J. O. Nriagu and J. 
B. Sprague, eds., John Wiley & Sons, New York. Volume 19 - Cadmium in the Aquatic 
Environment, 1987 - 10 chapters; last one - Methods of Cadmium Detection (pgs. 231-
263) - only one of possible interest; discusses methods of analysis, not sensors for use in 
analysis. Volume 20 - Chromium in the Natural and Human Environments, 1988; no 
mention of sensors or analysis or determination or anything related to those terms. 
Volume 17 - Toxic Metals in the Atmosphere, 1986 - mentions general methods of 
analysis only; nothing about sensors. Volume 24 - Gaseous Pollutants: Characterization 
and Cycling, 1992; 11 chapters, last one is Evaluation of Pollutants Relevant to 
Photochemical Smog; discusses analysis methods, but nothing on sensors. 

9. Environmental Radioanalysis, by H. A. Das, A. Faanhof, and H. A. van der Sloot, 
Elsevier, New York, 1983. Volume 22 of the series Studies in Environmental Science. 
About activation analysis and radiotracer studies applied to smog; no other applications 
discussed. 

10. Detection in Analytical Chemistry: Importance, Theory and Practice; Amer Chem Soc 
Sympos Series #361, Amer Chem Soc, Wash DC, 1987. Nothing about sensors. 

11. Compilation of EPA's Sampling and Analysis Methods, L. H. Keith, W. Mueller, and D. 
L. Smith, Lewis Publishing, Boca Raton, 1991. 

12. Environmental sampling and analysis; a practical guide, L. H. Keith, Lewis Publishing, 
Chelsea, Michigan, 1992. All about planning sampling, validity of results, reporting 
results, etc; nothing about sensors. 

13. Handbook of Environmental Isotope Geochemistry, P. Fritz and J. Ch. Fontes, Elsevier, 
New York, 1980. 

14. Principles of Environmental Sampling, L. H. Keith, Amer Chem Soc, Washington, D.C., 
1988. 

15. Analytical Techniques in Environmental Chemistry 2: Proceedings of the 2nd International 
Congress, Barcelona, 1981, J. Albaiges, Pergamon, New York, 1982. Papers on specific 
analytical procedures, nothing about sensors. 

16. Chemicals in the Environment: Proceedings of the International Conference of 1-3 July 
1986, Lisbon, J. N. Lester, R. Perry, and R. M. Sterritt, Selper Ltd., Lonaon, 1986. 

17. Environmental Applications of Chemometrics, J. J. Breen and P. E. Robinson, Amer 
Chem Soc, Washington, D.C., 1985. Applications of pattern recognition, cluster analysis, 
and factor analysis to analytical chemistry; not about sensors. 

18. Photochemistry of Environmental Aquatic Systems, W. J. Cooper and R. G. Zika, Amer 
Chem Soc, Washington, D.C., 1987. 
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19. Immunochemical Methods for Environmental Analysis, J. M. van Emon and R. O. 
Mumma, eds., Amer Chem Soc, Washington, D.C., 1990. Devoted almost entirely to 
pesticide analyses; nothing about sensors. 

20. Fate of Chemicals in the Environment, R. L. Swann and A. Eschenroeder, eds., Amer 
Chem Soc, Washington, D.C., 1983. 

21. Immunoassays for Trace Chemical Analysis, M. Vanderlaan, L. H. Stanker, B. E. Watkins, 
and D. W. Roberts, eds., Amer Chem Soc, Washington, D.C., 1991. Environmental 
monitoring for regulated compounds, food monitoring for pesticides and mycotoxin 
residues, et sim; nothing about sensors. 

22. Chromatographic Analysis of the Environment, R. L. Grob, ed., M. Dekker, New York, 
1983. Methods for use of gas, liquid, thin layer, and paper chromatography to analyze air, 
water, soil, and waste: not about sensors used in the analyses. 

23. Wilson & Wilson's Comprehensive Analytical Chemistry, G. Svehla, ed., Volume 13, 
Analysis of Complex Hydrocarbon Mixtures, Part A - Separation Methods; Part B -
Group Analysis and Detailed Analysis, Elsevier, New York, 1982. Nothing about 
sensors used in analyses. 

24. Speciation of Fission and Activation Products in the Environment, R. A. Bulman and J. R. 
Cooper, eds., Elsevier, Appl Sci Publishing, New York, 1985. Methods for studying 
speciation (complete molecular specification of all chemical compounds present), but 
nothing about sensors used in studies. 

25. Electrochemical Detectors, Fundamental Aspects and Analytical Applications, T. H. Ryan, 
ed., Plenum Press, New York, 1984; Proceedings of a Symposium Sponsored by the 
Analytical and Faraday Division of the Royal Society of Chemistry, September 15-16, 
1981, London. Not about sensors; almost entirely applications of electrochemical 
detectors for biological and medical problems, especially as used in high-performance 
liquid chromatography. 
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9. REFERENCES FROM CHEMICAL ABSTRACTS/STN 

The STN International Scientific and Technical Information Network1 was used to search for 
references pertinent to this review. This search, which encompassed a 20-year period, focused on 
the Chemical Abstracts (CA) Database of STN. Using an array of linked keywords associated with 
chemical sensors, detectors, analysis, environmental, and waste, there were 950 answers. 

These abstracts were sorted and provided as input to the PC data base program called Q&A (v. 
4.0). The Q&A structure includes the Chemical Abstracts accession number (the column headed 
CA No.), the author (2nd column), the title of the reference (Col. 3), an extensive list of 
keywords (Col. 4), the journal or report or book cited (Col. 5), the sensor type - either as 
mentioned in the reference or deduced by this report's authors (Col. 6), and other information for 
identifying the cited reference. 

Seven different types of sensors were selected for use in Col. 6; these are the four types that are 
the principal focus of this report (electrochemical, fiber optics, piezoelectric, and radiochemical), 
plus three others - chromatography, spectrometry, and "general." The general category was 
adopted to denote less specific types of sensors. 

STN International, 2540 Olentangy River Road, P.O. Box 3012, Columbus, OH 43210-0012 
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SENSOR TYPE 

117(16) t l 6 3 1 5 3 a P a r k , Young J o o j Yoo. Hee Boot U s , 
Nam Soo 

1 1 7 ( 1 6 ) 1 1 6 3 0 7 8 * Aue, W a l t e r A . i H i l l i a r , B r i a n ; Sun , 
Xun Yun 

1 1 7 ( 1 6 ) i l 6 3 0 7 7 d Sun, Xun Yun; M i l l i e r , B r i a n i Aue, 
H a l t e r A. 

117(14) .1424171 Yu, Aimrnj Xu, Menguot Hang, Fend i r 
Wang. Xut L i u , Yum J i n , Qinhan 

1 1 7 ( 1 4 ) t l 3 9 5 1 9 d Haas , F . X. t C l i c k , J . B . t HcKany, J 
N . i G a r r e t t , A. G. i Ruaso , P . A . j 
Sheppard , G A t Wenz. T. R . r M i l l e r , 
M. C. 

1 1 7 [ 1 4 ) . 1 3 7 2 0 6 a Czo lk , R t R e i c h e r t , J.i Ache , H J . 

117 (10 )1103262a F a b r i c i u s , N i G a u g l i t z , 0 . i 
I n g e n h o f f , J . 

1 1 7 ( 1 0 ) . 1 0 3 0 7 9 w S m i t h . C l a r e H. M i N i c h o l , Robbin t 
L i t t l e j o h n , Davidt P e r k i n s , C h a r l e s 

117 (10 ) i96982e Yamamoto, H a s a h i r o t T a n a k a , S h i g e r u r 
Hashimoto , Yosh ikazu 

Atomic e m i s s i o n d a t e c t o r f o r g a s 
c h r o m a t o g r a p h y u s i n g c y l i n d r i c a l 
microwave c a v i t y . 

Flame p h o t o m e t r i c d e t e c t i o n of some 
t r a n s i t i o n m e t a l s - 1 1 . Enhancement of 
s e l e c t i v i t y . 

Flame p h o t o m e t r i c d e t e c t i o n of some 
t r a n s i t i o n m e t a l s - X C a l i b r a t i o n s and 

A s t u d y o n microwave i n d u c e d p l a s m a 
i o n i z a t i o n d e t e c t o r fo r g a s 
c h r o n a t o g r a p h . 

Holdup m e a s u r e m e n t s of p l u t o n i u m i n 
g l o v e box e x h a u s t s . 

O p t i c a l s e n s o r f o r d e t e r m i n a t i o n of 
h e a v y m e t a l i o n s . 

A g a s s e n s o r b a s e d on an i n t e g r a t e d 
o p t i c a l Mach-Zehnder i n t e r f e r o m e t e r . 

L i g h t s o u r c e s , s p e c t r o m e t e r s a n d 
d e t e c t o r s f o r con t inuum s o u r c e a t o m i c 
a b s o r p t i o s p e c t r o m e t r y . 

S e l e c t i v e d e t e r m i n a t i o n o f t r a c e 
a r s e n i c a n d an t imony s p e c i e s i n 
n a t u r a l w a t e r s by g a s c h r o m a t o g r a p h y 
w i t h a p h o t o i o n i z a t i o n d e t e c t o r . 

a t o m i c , e m i s s i o n , d e t e c t o r , g a s , 
c h r o m a t o g r a p h y , c y l i n d r i c a l , 
mic rowave , c a v i t y , s p e c t r o c h e m i c a 1 , 
a n a l y s i s , p l a s m a , d e t e c t i o n , 
c h r o m a t o g r a p h s , d e t e c t o r s , 
s p e c t r o m e t r i c , c a r b o n , t e t r a c h l o r i d e , 
e t h a n o l , m e t h a n o l , c h l o r o f o r m , 
p r o p a n o l , d i c h l o r o m e t h a n e 

f l a m e , p h o t o m e t r i c , d e t e c t i o n , m e t a l s , 
a n a l y s i s , v o l a t i l e , o r g a n o m e t a l l i c , 
p h o t o m e t r y , g a s , c h r o m a t o g r a p h y , 
o r g a n o m e t a l l i c s , s p e c t r o c h e m i c a l , 
c h r o m a t o g r a p h s , a n a l o g , compu te r , 
ch roma tog rama , d e t e c t o r , i r o n , 
manganese , n i c k e l , osmium, rhenium, 
r u t h e n i u m , chromium, c o b a l t , 
n a p h t h a l e n e , f e r r o c e n e , d o d e c a n e , 
d i h e x y l , e t h e r , i n d o l e , n i c k e l o c e n e , 
oemocene, c o b a l t o c e n e , r u t h e n o c e n e , 
m e t h y l c y c l o p e n t a d i e n y l m a n g a n e s e , 
t r i c a r b o n y l , d i r h e n i u m , d e c a c a r b o n y l 

f l a m e , p h o t o m e t r i c , d e t e c t i o n , m e t a l s , 
s p e c t r a , a n a l y s i s , v o l a t i l e , 
o r g a n o m e t a l l i c , p h o t o m e t r y , g a s , 
c h r o m a t o g r a p h y , m e t a l , s p e c t r o m e t r y , 
s p e c t r o c h e m i c a l , chromium, d i r h e n i u m , 
d e c a c a r b o n y l , c h e m i l u m i n e s c e n t , 
n a p h t h a l e n e , d o d e c a n e , d i h e x y l , e t h e r , 
n i c k e l o c e n e , d i c y c l o p e n t a d i e n y l c o b a l t , 
molybdenum, s p e c t r u m , n i c k e l , r h e n i u m , 

mic rowave , p l a s m a , i o n i z a t i o n , 
d e t e c t o r , g a s , c h r o m a t o g r a p h . 
c h r o m a t o g r a p h s , d e t e c t o r s , e t h e r , 
a n a l y s i s , b e n z e n e , monoch lo rome thane , 
c a r b o n , d i s u l f i d e , m o n o c h l o r o b e n z e n e , 
d i o x i d e , w a t e r , oxygen 

P l u t o n i u m , g l o v e , e x h a u s t s , r ocky , 
f l a t s , h e a l t h , p h y s i c s , e x h a u s t , 
n u c l e a r , f i s s i l e , r a d i o a c t i v e , w a s t e s , 
g a s e o u s 

o p t i c a l , s e n s o r , m e t a l , i o n s , germany, 
s e n s o r s , i m m o b i l i z e d , p o r p h y r i n s , 
cadmium, w a t e r , a n a l y s i s , 
t e t r a p h e n y l p o r p h y r i n 

g a s , s e n s o r , i n t e g r a t e d , o p t i c a l , 
z e h n d e r , i n t e r f e r o m e t e r , germany, 
h y d r o c a r b o n s , a n a l y s i s , d e t e c t i o n , 
l amps , xenon , i n t e r f e r o m e t e r s , 
c h r o m a t o g r a p h s , d e t e c t o r s , s e n s o r s , 
p e r c h l o r o e t h y l e n e 

l i g h t , s p e c t r o m e t e r s , d e t e c t o r s , 
a t o m i c , a b s o r p t i o n , s p e c t r o m e t r y , 
m e t a l s , a n a l y s i s , o p t i c a l , d i o d e , 
e l e c t r i c , l a m p s , xenon , 
s p e c t r o c h e m i c a l , e l e c t r o t h e r m a l , lamp, 
d e t e c t o r , m a n g a n e s e , molybdenum, 
cadmium, chromium, c o p p e r 

a r s e n i c , an t imony , w a t e r s , g a s , 
c h r o m a t o g r a p h y , p h o t o i o n i z a t i o n , 
d e t e c t o r , w a t e r , a n a l y s i s , d e t e c t i o n 

B u l l . Korean Chem Soc , 1 3 ( 4 ) , 349-51 CHROMATOGRAPHY CODENi BKCSDE ISSN 0253 -2964 . 
(Eng) 1992 

Can J Chem , 7 0 ( 4 ) , 1143-55 (Eng) 
1992 

SPECTROMETRY CODENi OJCHAG ISSN) 0006-4042 

Can. J . Chem , 7 0 ( 4 ) , 1129-42 (Eng) 
1992 . 

Chem. Res . C h i n . Univ , 7 ( 4 ) , 243-4 
(Eng) 1991 

SPECTROMETRY CODENi CJCHAG ISSNi 0006-4042 

CHROMATOGRAPHY CODENi CRCUED 

P r o c I n t Conf F a c i l . 
O p e r . - S a f e g u a r d s I n t e r f a c e , 4 t h , 
Mee t ing Date 1 9 9 1 , 2 3 7 - 4 2 . Am. N u c l . 
Soc.*. La Grange P a r k , 1 1 1 . <Eng) 1 9 9 2 . 

A l t l a s t e n s a n i e r u n g 9 0 , I n t . KfKVTNO 
Kongr . , 3 r d , Mee t ing Date 1990, Volume 
1, 939-40 E d i t e d b y . A r e n d t . 
F r i e d r i c h i H i n a e n v e l d , H.* Van d e n 
B r i n k , W. J B u n d e s m m i s t . F o r s c h . 
T e c h n o l . t Bonn, Germany. (Ger) 1 9 9 1 . 

S e n s . A c t u a t o r s , B, B 7 ( l - 3 ) , 672-6 
(Eng) 1992 . 

RADIOCHEMICAL CODENi S8EFAK 

SPECTROMETRY 

SPECTROMETRY 

Anal Proc (London), 29(6), 262-4 
(Eng) 1992. 

SPECTROMETRY 

CODENi 572NA6 

CODENi SABCBB. ISSN: 0925-4005 

CODENi ANPRDI ISSN. 0144-557X. 

Appl. Organomet 
(Eng) 1992 

Chem , 6 ( 4 ) . 3 5 1 - 6 CHROMATOGRAPHY CODENi AOCHEX ISSNi 0268-2605 

9661.012.92-1/93 



Chapter 9 DOE/HWP-

SENSOR TYPE 

1 1 7 ( 8 ) . 8 2 7 0 9 J F i t s u v a . Yokoi S a n e y o s h i , H i d e j i t 
Wada. Tomio 

S p e c t r a l s e n s o r s c o n t a i n i n g 
p y r i d i n i o p h e n o l a t e d e r i v a t i v e s . 

1 1 7 ( 8 ) . 8 2 4 9 3 3 C z o l k , R i R e i c h e r t , J.t Ache, K. J . 

117(8) i78374d E y r i c h , H . i K l o t z , If. D.( Simon, G. G. 

1 1 7 ( 8 ) t 7 6 0 7 1 d 

1 1 7 ( 6 ) . 6 1 9 6 8 c 

D a l e y , P . F . i C o l s t o n , B. W., J r . i 
Brown, S. B . t L a n g r y , IC.i M i l a n o v i c h , 
F . P . 

Chudyk, Wayne* B o t t e r o n , C a r o l ) 
P o h l i g , Kenneth 

s p e c t r a l , s e n s o r s , p y r i d i n i o p h e n o l a t e . 
h y g r o m e t e r s , p y n d i n i o p h e n o x i d e , 
a l c o h o l s , a n a l y s i s , amides , c a r b o n y l , 
c a r b o x y l i c , a c i d s , d e t e c t i o n , 
s p e c t r o c h e m i c a l , m o i s t u r e , c a r b o x y l , 
e s t e r s , e t h a n o l , a c e t o n e 

An o p t i c a l s e n s o r f o r t h e d e t e c t i o n of o p t i c a l , s e n s o r , d e t e c t i o n , m e t a l , 
heavy m e t a l i o n s . i o n s , germany , e l e m e n t s , a n a l y s i s , 

m e t a l s , s e n s o r s , o p t r o d e s , m e r c u r y , 
cadmium, s u l f o n a t o p h e n y l , p o r p h y r i n , 
i m m o b i l i z e d 

New e v a l u a t i o n methods f o r p l u t o n i u m 
a s s a y by p a s s i v e n e u t r o n i n t e r r o g a t i o n 

o f b a r r e l s w i t h h e a v y a n d 
h e t e r o g e n e o u s w a s t e . 

F i b e r o p t i c s e n s o r f o r c o n t i n u o u s 
m o n i t o r i n g of c h l o r i n a t e d s o l v e n t s i 
i n g r o u n d w a t e r , f i e l d t e s t r e s u l t s . 

V a p o r - p h a s e a n a l y s i s of a r o m a t i c 
o r g a n i c compounds u s i n g l a s e r - i n d u c e d 
f l u o r e s c e n c e a n d f i b e r o p t i c s . 

P l u t o n i u m , p a s s i v e , n e u t r o n , b a r r e l s , 
h e t e r o g e n e o u s , w a s t e , germany , 

c o n c r e t e , v e s s e l s , w a s t e s , 
r a d i o a c t i v e , r a d i a t i o n , d e t e c t o r s , 
a l p h a , p a r t i c l e , e m i t t e r s , a n a l y s i s , 
d i o x i d e , amer ic ium, c a l i f o r n i u m , 
p o l y e t h y l e n e 

f i b e r , o p t i c , s e n s o r , c h l o r i n a t e d , 
s o l v e n t s , v a d o s e , g r o u n d w a t e r , 
l a w r e n c e , s e n s o r s , s o l v e n t , 
t r i c h l o r o e t h y l e n e , a n a l y s i s , 
d e t e c t i o n , w a t e r 

v a p o r , a n a l y s i s , a r o m a t i c , o r g a n i c , 
l a s e r , f l u o r e s c e n c e , f i b e r , o p t i c s , 
s p e c t romet r y , s p e c t r o e h e m i c a l , 
f l u o r o m e t r i c , w a t e r , ground , b e n z e n e , 
e t h y l b e n z e n e , t o l u e n e 

J p n . Kokai Tokkyo Koho J P 04055758 A2 
24 Feb 1992 H e i s e i , 4 p p . ( J a p a n ) . 

S e n s . A c t u a t o r s . B. B 7 ( l - 3 ) , 540-3 
(Eng) 1992 . 

K e r n f o r s c h u n g s z e n t . K a r l s r u h e , (Ber ) 
KfK, KfK 4999 , 48 pp (Ger) 1992 . 

P r o c . S P I E - l n t . S o c . O p t . E n g . , 
1587(Chem., Biochem. , E n v i r o n . F i b e r 
S e n s . 3 ) , 278-82 (Eng) 1992. 

P r o c . S P I E - l n t . S o c . O p t . E n g . , 
1587(Chem., Biochem. , E n v i r o n . F i b e r 
S e n s . 3 ) , 242-9 (Eng) 1992 . 

SPECTROMETRY 

SPECTROMETRY 

CODEN. JKXXAF. CLASS. ICHt C01N031-22 
ICSt G01N021-25i G01N021-29i 
G01N021-81t G01N031-00) G01N031-22. 
APPLICATION. J P 90-168100 25 Jun 1990. 

CODENt SABCEB. ISSN: 0925-4005 

RADIOCHEMICAL CODEN. KKBRAY ISSN- 0 3 0 3 - 4 0 0 3 . 

FIBER OPTIC 

FIBER-OPTIC 

CODEN. PSISDG ISSN> 0277-786X. 

CODENi PSISDG ISSN. 0277-786X. 

1 1 7 ( 6 ) i 6 1 9 3 7 s T a b a c c o , Marybe th t Zhou. Quant N e l s o n , 

1 1 7 ( 6 ) . S S S 8 9 p G r i f f i n , J e f f r e y W.r O l s e n , K h r i s B. 

117(4)>39276d 

1 1 7 ( 4 ) . 3 9 2 7 3 a 

1 1 7 ( 4 ) . 3 3 2 9 0 g 

T e r r e t t a z , Samuel j Voge l , H o r s t i 
G r a e t z e l , Michae l 

P h i l i p p a e r t a , J . j Vanhoof, C . j 
V a n s a n t , B. P . 

Chemica l s e n s o r s f o r e n v i r o n m e n t a l 
m o n i t o r i n g 

F i b e r o p t i c a s p e c t r o c h e m i c a l e m i s s i o n 
s e n s o r s f o r c h e m i c a l a n a l y s i s of 

Calcium (3 ♦) - s e n s i t i v e m o n o l a y e r 
e l e c t r o d e s . 

I m m o b i l i z e d bromophenol b l u e a s 
s e n s i n g e l e m e n t i n o p t i c a l pH s e n s o r . 

W a s t e w a t e r a n a l y s i s b y p u r g e a n d t r a p 
c a p i l l a r y GC-FT1R s p e c t r o m e t r y . 

c h e m i c a l , s e n s o r s , e n v i r o n m e n t a l , 
f i b e r , h u m i d i t y , a r o m a t i c , 
h y d r o c a r b o n s , a n a l y s i s , d e t e c t i o n , 
e n v i r o n m e n t , o p t i c , g r o u n d w a t e r , a i r , 
o p t r o d e s , e t h y l e n e , h y d r a z i n e , c a r b o n , 
monoxide , ammonia, w a t e r 

f i b e r , o p t i c s , s p e c t r o c h e m i c a l , 
e m i s s i o n , s e n s o r s , c h e m i c a l , a n a l y s i s , 
w a t e r s , w a s t e s , o p t i c , g r o u n d , 
w a v e g u i d e s , o p t i c a l , v a d o s e , w a t e r , 
s p e c t r o m e t r y 

c a l c i u m , s e n s i t i v e , mono laye r , 
e l e c t r o d e s , membranes, p h o s p h o l i p i d , 
l o n o p h o r e , mixed, s i l i c o n , p o t a s s i u m , 
c h l o r i d e , l i t h i u m , magnesium, 
e l e c t r o l y t e , a d m i t t a n c e , a n a l y s i s , 
d e t e c t i o n , e l e c t r o d e , t e t r a d e c y l c r o w n , 
s i l a n e , c rown , d i o x i d e , w a f e r , 
i n s u l a t e d , chromium, g o l d , v a p o r 

i m m o b i l i z e d , bromopheno l , s e n s i n g , 
e l e m e n t , o p t i c a l , s e n s o r , s e n s o r s , 
e t h a n o l , m e t h a n o l , a n a l y s i s , 
c h l o r o f o r m , b u t a n o l , d i c h l o r o e t h a n e , 
c o a g u l a n t , h y d r o g e n , i o n , 
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h a l o g e n s , e m i s s i o n , s p e c t r o m e t r i c , 
d e t e c t i o n , e l e c t r i c , d e t e c t o r s , 
c h r o m a t o g r a p h y , a n a l y s i s 

B e h a v i o r of p o l y a c r y l a m i d e - a c y c l i c p o l y a c r y l a m i d e , a c y c l i c , o x y e t h y l e n e , 
p o l y ( o x y e t h y l e n e ) - c o a t e d i o n - s e l e c t i v e c o a t e d , i o n , e l e c t r o d e s , n o n a q u e o u s , 
e l e c t r o d e s s o l v e n t s s o l v e n t s , m e t a l , a n a l y s i s , po lymer , 

conjugation 

SENSOR TYPE 

Phys Med B i o l . , 3 1 ( 2 ) , 135-44 (Eng) SPECTROMETRY CODENi PHMBA7 ISSN: 0031-9155 
1986 

A n a l , Chim. A c t a , 177, 183-95 (Eng) ELECTROCHEMICAL CODENt ACACAM ISSNi 0003-2670 
1985 

R a d i o i s o t o p e s , 3 4 ( 1 ) , 15-22 ( J a p a n ) 
1 9 8 5 . 

R e p o r t , ARO-17654 4-CHi O r d e r No 
AD-A153047, 17 pp A v a i l . NTIS Gov. 
Rep . Announce. I n d e x (U. S . ) 196S, 
6 5 ( 1 5 ) , A b s t r No. (Eng) 1 9 8 5 . 

Eur P a t . A p p l . EP 174093 Al 12 Mar 
1986, 26 p p . 

Anal Chem , 5 8 ( 7 ) , 1578-80 (Eng) 

RADIOCHEMICAL CODENi RAISAB ISSNi 0033-8303 

PIEZOELECTRIC 

CHROMATOGRAPHY DESIGNATED STATESi Ri AT, BE, CH, DE. 
FR, GB, I T , L I , LU, NL, SE (Eng) 
CODENi EPXXDW. CLASS. ICM. C07B033-00 
ICS. CO7CO47-O0. C07C049-00) 
C07C015-04I C07C005-42i C07C045-29i 
G01N021-76i BOUO19-O0i BO1J023-52 
APPLICATION. EP 85-30S476 31 J u l 1985 
PRIORITY. US 84-637505 3 Aug 1984 

ELECTROCHEMICAL CODEN. ANCHAM ISSN. 0003-2700 OTHER 
SOURCES. CJACS 

Ho Tzu K'o Hsueh, 22 277-84 (Ch) 1985 SPECTROMETRY CODEN- HTKHAB ISSN. 0029-5647 

R a d i a t s . Bezop . Zashch AES, 9 , 266-73 SPECTROMETRY CODENi RBZADI ISSN 0137-0057 
(Russ) 1965 

Sepu, 2 (5 ) 245-7 (Ch) 1 9 8 5 . CHROMATOGRAPHY CODENt SEPUER 

S p e c t r o c h i m A c t a , P a r t B, 4 0 B ( 1 0 - 1 2 ) , CHROMATOGRAPHY CODENi SAASBH ISSN 0584-6547 
1573-64 (Eng) 1985 

B u l l . Chem Soc J p n , 5 8 ( 1 1 ) , 3409-10 ELECTROCHEMICAL CODEN BCSJA8 ISSNi 0009-2673 
(Eng) 1985 
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SENSOR TYPE 

1 0 4 ( 1 6 ) . 1 4 1 1 7 1 J P e l l o u x , A . i Fab ry , P . i D u r a n t e , P . 

1 0 4 ( 1 6 ) t 1 4 1 0 9 5 n Edmonds, T. E. 

104 (16 ) .137870U F l e i s s n e r , J . G . i O e r t e l , C. P . 
G a r r e t t , A. G. 

1 0 4 ( 1 6 ) t l 3 7 7 7 4 r S t r a u s s , M. G. i Sherman, 1 . S . i Roche , 
C. T . i P e h l , R. H. 

1 0 4 ( 1 2 ) i 9 5 1 8 8 v S c h n e i d e r , G e r h a r d 

1 0 4 ( 1 2 ) . 9 5 1 1 S u Chen, L e t i a n t L i u , Kena 

1 0 4 ( 1 2 ) : 9 4 3 7 7 u Underdown, Alan W. t Col f o r d , Mar tha J . 
Townshend 

1 0 4 ( 1 2 ) t l 0 1 6 8 5 y Anderegg, Robe r t J , 

1 0 4 ( 1 2 ) i ! 0 1 6 3 5 g C o l s o n , Ewan R. 

D e s i g n a n d t e s t i n g of a p o t e n t i o m e t r i c p o t e n t i o m e t r i c , c h l o r i n e , g a g e , g a s , 
c h l o r i n e g a g e . a n a l y s i s , s e n s o r , s e n s o r s , g a s e s , 

p o t e n t i o m e t r y 

S e n s . A c t u a t o r s , 7 ( 4 ) , 245-52 (Eng) ELECTROCHEMICAL CODENi SEACDX ISSN: 0250-6874 
1985 . 

104<12) .101404f Chen, Zhiming 

1 0 4 ( 1 0 ) . 8 1 0 7 3 s L i u , P u l i n g . Q i , T i a n q i n g t Song, 
C a i z h i 

104(7 ) .50288m Yu, T. R. 

1 0 4 ( 7 ) t 5 0 2 8 6 j Yu, T i a n r e n 

104(6 )>45026v C a i , L i z h e n i Du, X u e l i n g i Hu. Suy ing 

C h e m i c a l s e n s i n g i n t h e e n v i r o n m e n t ! 
t h e c h a l l e n g e t o t h e a n a l y t i c a l 
c h e m i s t . 

A h i g h c o u n t r a t e gamma-ray 
s p e c t r o m e t e r sys tem f o r p l u t o n i u m 
i s o t o p i c m e a s u r e m e n t s . 

S i ( L i ) - N a l ( T l ) sandwich d e t e c t o r a r r a y 
f o r m e a s u r e m e n t s of t r a c e 
r a d i o n u c l i d e s i n s o i l s a m p l e s . 

Sys tem f o r d e t e c t i n g o i l p o l l u t i o n i n 
g r o u n d w a t e r s . 

I o n c h r o m a t o g r a p h i c d e t e r m i n a t i o n o f 
b r o m i d e , s u l f i t e , f l u o r i d e , c h l o r i d e , 
n i t r a t e a n d s u l f a t e . 

Development of a p e r s o n - p o r t a b l e 
a n a l y t i c a l s y s t e m . 

A s e l e n i u m - s e l e c t i v e c h r o m a t o g r a p h i c 
d e t e c t o r b a s e d on i s o t o p e c l u s t e r s . 

F l ame i o n i z a t i o n d e t e c t o r s a n d 
h i g h - e n d l i n e a r i t y . 

U l t r a s e n s i t i v i t y p h o t o i o n i z a t i o n 
d e t e c t o r f o r p o r t a b l e g a s 
c h r o m a t o g r a p h y . 

Use of p r e s e p a r a t i o n and 
t h a l l i u m - a c t i v a t e d sodium i o d i d e 
d e t e c t o r f o r t h e n e u t r o n a c t i v a t i o n 
d e t e r m i n a t i o n o f r a r e e a r t h e l e m e n t s 

A p p l i c a t i o n of i o n - s e l e c t i v e 
e l e c t r o d e s in s o i l s c i e n c e . 

A p p l i c a t i o n of i o n - s e l e c t i v e 
e l e c t r o d e s i n s o i l s c i e n c e . 

PVC m a t r i x membrane 
c h r o m i u m ( V I ) - s e l e c t i v e e l e c t r o d e s 
b a s e d on e t h y l v i o l e t o r V i c t o r i a 
B l u e . 

c h e m i c a l , s e n s i n g , e n v i r o n m e n t , 
a n a l y t i c a l , a t m o s p h e r e , r o c k s , 
s e n s o r s , a i r , a n a l y s i s , e n v i r o n m e n t a l , 

r a t e , gamma, r a y , s p e c t r o m e t e r , 
P l u t o n i u m , i s o t o p i c , n u c l e a r , r e a c t o r , 
f u e l s , f u e l , e l e m e n t s , r a d i o a c t i v e , 
w a s t e s , s p e c t r o m e t e r s , a n a l y s i s , 
i s o t o p e s , b u l k , s c r a p , r a d i a t i o n , 
d e t e c t o r 

s a n d w i c h , d e t e c t o r , r a d i o n u c l i d e s , 
• o i l , a s h e s , r e s i d u e s , a c t i n i d e , 
r a d i o a c t i v i t y , l i t h i u m , d r i f t e d , 
s i l i c o n , t h a l l i u m , a c t i v a t e d , sod ium, 
i o d i d e , a c t i m d e e , r a d i a t i o n , 
d e t e c t o r s , s o i l s , a n a l y s i s , n u c l e a r , 
s p e c t r o m e t e r s , r a y , p l u t o n i u m 

o i l . p o l l u t i o n , g r o u n d w a t e r s , 
p e t r o l e u m , u n d e r g r o u n d , t a n k s , 
p i p e l i n e s , d e t e c t o r , w a t e r , a n a l y s i s , 
g r o u n d 

i o n , c h r o m a t o g r a p h i c , b romide , 
s u l f i t e , f l u o r i d e , c h l o r i d e , n i t r a t e , 
s u l f a t e , a n a l y s i s , a n i o n , s e a , g r o u n d , 
r a i n , a m p e r o m e t r i c , d e t e c t o r s , w a t e r s 

p o r t a b l e , a n a l y t i c a l , s p i l l s , a i r , 
a n a l y s i s , h a z a r d o u s , f lame, 
i o n i z a t i o n , p h o t o i o n i z a t i o n , 
d e t e c t o r s , d e t e c t i o n 

s e l e n i u m , c h r o m a t o g r a p h i c , d e t e c t o r , 
i s o t o p e , c o m p u t e r , d e t e c t i o n , 
s p e c t r o m e t r y , s p e c t r o s c o p y , g a s , 
c h r o m a t o g r a p h y , d e t e c t o r s , 
s p e c t r o m e t r i c , amino, a c i d s , a n a l y s i s , 
a e l e n o , a c i d 

f l ame , i o n i z a t i o n , d e t e c t o r s , g a s , 
f u e l , a l k a n e s , a n a l y s i s , a l k e n e s , 
h y d r o c a r b o n s , s e n s i t i v i t y , 
c h r o m a t o g r a p h y , g a s e s 

p h o t o i o n i z a t i o n , d e t e c t o r , p o r t a b l e , 
g a s , c h r o m a t o g r a p h y , p l a n t , a r o m a t i c , 
h y d r o c a r b o n s , a n a l y s i s , a i r , 
d e t e c t i o n , d e t e c t o r s , w a t e r 

t h a l l i u m , a c t i v a t e d , sodium, i o d i d e , 
d e t e c t o r , n e u t r o n , a c t i v a t i o n , r a r e , 
e a r t h , e l e m e n t s , s o i l , w a t e r , m e t a l s , 
a n a l y s i s , r o c k s 

i o n , e l e c t r o d e s , s o i l , e l e c t r o d e , 
a n a l y s i s 

i o n , e l e c t r o d e s , s o i l , a n a l y s i s , i o n s 

membrane, chromium, e l e c t r o d e s , e t h y l , 
membranes , a n a l y s i s , w a s t e , 
p o t e n t i o m e t r y , p o t e n t i o m e t r i c , i o n , 
e l e c t r o d e 

TrAC, Trends A n a l . Chem. ( P e r s . E d . ) , GENERAL 
4 ( 9 ) , 220-4 (Eng) 1985 . 

CODEN: TTAEDJ ISSN 0165-9936 . 

N u c l . Ma te r . Manage . , 1 4 ( 3 ) , 4 5 - 5 6 SPECTROMETRY CODEN: NUMMB8 ISSN. 0362-0034 
(Eng) 1965. 

N u c l . I n s t rum Methods P h y s . Res , RADIOCHEMICAL CODENi NIMAER 
S e c t . A, A242(3) , 387-94 (Eng) 1 9 6 6 . 

G e r . O f t e n . DE 3426834 Al 23 J a n 1986, GENERAL 
6 p p . (Ger) 

CODENi GWXXBX. CLASS- ICM. G01N033-I8 
APPLICATION. DE 84-3426834 20 J u l 
1984 . 

Sepu . 2 ( 4 ) , 207-8 (Ch) 1985 . CHROMATOGRAPHY CODENt SEPUER. 

P r o c . Tech Semin Chem. S p i l l s , 2nd , SPECTROMETRY CODENt 54GDAU 
3 4 4 - 5 9 . E n v i r o n . P r o t . S e r v . t O t t a w a , 
Ont (Eng) 1985 . 

A n a l . Chim Ac ta , 176, 175-83 (Eng) CHROMATOGRAPHY CODEN- ACACAM ISSN 0 0 0 3 - 2 6 7 0 . 
1 9 8 5 . 

A n a l . Chem., 5 8 ( 2 ) , 337-44 (Eng) 1 9 8 6 . SPECTROMETRY CODEN. ANCHAM. ISSN. 0003-2700 OTHER 
SOURCES. CJACS. 

Sepu , 2 ( 4 ) , 236 (Ch) 1985. 

He D i a n z i x u e Yu Tance J i s h u , 5 ( 5 ) , 
3 1 1 - 1 3 (Ch) 1985. 

CHROMATOGRAPHY CODENt SEPUER 

RADIOCHEMICAL CODEN. HDYUEC 

l o n - S e l . E l e c t r o d e Rev , 7 ( 2 ) , 165-202 ELECTROCHEMICAL CODEN ISRVDR ISSN. 0191-5371 
(Eng) 1965. 

Turangxue J i n z h a n , 1 3 ( 4 ) , 1-23 (Ch) ELECTROCHEMICAL CODEN. TUJ1DF. ISSN- 0254-010X 
1985 . 

Shanx i Daxue Xuebao, Z i r a n Kexueban, ELECTROCHEMICAL CODEN. SDXKDT ISSN: 0 2 5 3 - 2 3 9 5 . 
24, 4 3 - 7 (Ch) 1984 

9661.012.92-1/93 
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SENSOR TYPE 

1 0 4 ( 6 ) i 4 1 8 0 8 d Anon. 

1 0 3 ( 2 6 ) : 2 2 6 7 i 2 r D r i s c o l l , J . N . r W i l s h i r e , A. G-i 
B o d e n r a d e r . J , W. 

103(26) .220100 t Krzymien , Harek E . i E l i a s . L o m e 

103(22) .188580m Body. P . B. / S t i m b u r y s , P . ; Mulcahy, 
D. E. 

103(20) .171183m H a r r i s o n . Roy M.i H e w i t t , C. N. 

103(20) .168346m Yamakoshi , H i s a o 

1 0 3 ( 1 7 ) t l 4 0 8 1 6 r M o r e i r a - N o r d e m a n n , L . M.i L u c h t , L. A. 
M.i Muniz, R. P . A. 

1 0 3 ( 1 6 ) . 1 3 4 1 7 6 r P i n o n e s O . , 0 . 

1 0 3 ( 1 6 ) > 1 2 e i 9 8 h O k i t a , T o s h i i c h i 

1 0 3 ( 1 4 ) . 1 1 5 3 4 4 c G v e l e s i a n i , Z. A . i B e r e z k i n , V. G . i 
P o s h e m a n s k i i , V. M.i A n d r o n i k a s h v i l i , 
T . G. 

1 0 3 ( 1 4 ) . 1 0 9 2 3 5 b B a r k e r , N i c h o l a s J . ) Leveson , R i c h a r d 

1 0 3 ( 1 2 ) . 9 8 1 1 4 h Z e n i n a , G. A. 

1 0 3 ( 1 2 ) i 9 7 9 7 i y H i r a k i . K e i z o i N a k a g u c h i , Yuzurut 
M o r i t a , M i c h i t a k a i H a j i r i . Nobuyuki 

Method and a p p a r a t u s f o r m e a s u r i n g t h e a p p a r a t u s , p l u t o n i u m , s t r e a m , l i q u i d , 
p l u t o n i u m c o n c e n t r a t i o n i n a s t r e a m o f n u c l e a r , f u e l s , r e a c t o r , f u e l , 
t r e a t e d l i q u i d . s t r e a m s , r a d i o a c t i v e , w a s t e s , a n a l y s i s 

B e l g . BE 902461 Al 16 Sep 1985 . 15 p p . 
<Fr>. 

RADIOCHEMICAL 

New c o n t i n u o u s m o n i t o r i n g s y s t e m s f o r 
measurement o f h a z a r d o u s p o l l u t a n t s . 

Automated s a m p l i n g a n d a n a l y s i s of 
f l u e g a s e s from p l a s m a p y r o l i z e r . 

A p o t e n t i o m e t r i c s e n s i n g sys t em f o r 
l e a d . 

Development o f s e n s i t i v e GC-AAS 
i n s t r u m e n t a t i o n f o r d e t e r m i n a t i o n of 
o r g a n o m e t a l l i c s p e c i e s i n t h e 
e n v i r o n m e n t . 

S imp le fo rmula f o r e x p r e s s i o n of d o s e 
r a t e d i s t r i b u t i o n s a r o u n d s p e n t f u e l 
s h i p p i n g c a s k . 

P h o t o a c o u s t i c s p e c t r o s c o p y and s u r f a c e 
t e m p e r a t u r e m e a s u r e m e n t s of t r o p i c a l 

D e t e r m i n a t i o n of c e s i u m - 1 3 7 i n 
e n v i r o n m e n t a l s a m p l e s by h i g h 
r e s o l u t i o n gamma-ray s p e c t r o m e t r y . 

I m p o r t a n c e of r e m o t e s e n s i n g i n t h e 
s t u d i e s of e n v i r o n m e n t a l p o l l u t i o n . 

Some c h a r a c t e r i s t i c s of t h e m e c h a n i s 
of i o n f o r m a t i o n i n a t h e r m i o n i c 
d e t e c t o r w i t h c a r b o n monoxide a s a 
f lame g e n e r a t o r . 

A m i n i a t u r i z e d d i r e c t - r e a d i n g 
p h o t o i o n i z a t i o n d e t e c t o r f o r a i r 
a n a l y s i s . 

Use of a g a s c h r o m a t o g r a p h i c column 
w i t h PMS-100 p o l y m e t h y l s i l o x a n e fo r 
s a n i t a r y - h y g i e n i c s t u d i e s . 

D e t e r m i n a t i o n of m e t a l i o n s w i t h 
p o l a r i z e d Zeeman e f f e c t a n d o p t i c a l 
t e m p e r a t u r e s e n s o r a n d c o n t r o l s y s t e i 
f l a m e l a t o m i c a b s o r p t i o n 
s p e c t ropho tomet r y . 

h a z a r d o u s , p o l l u t a n t s , a m b i e n t , a i r . 
a n a l y s i s , e n v i r o n m e n t a l , s o i l , 
h y d r o c a r b o n s , w a s t e , c h r o m a t o g r a p h y , 
g a s , i o n i z a t i o n , p h o t o , d e t e c t o r s , 
w a s t e s , p o l l u t a n t 

a u t o m a t e d , a n a l y s i s , f l u e , g a s e s , 
p l a s m a , p y r o l i z e r , a m b i e n t , a i r , 
i n c i n e r a t i o n , h a z a r d o u s , w a s t e s , g a s , 
w a s t e , i n c i n e r a t o r , a u t o m a t i c , 
i n c i n e r a t o r s , t o r c h , t o x i c , a d s o r b e n t 

p o t e n t i o m e t r i c , manaing. body, 
p o t e n t i o m e t r y , f low, e l e c t r o l y t i c , 
a n a l y s i s , s e n s o r , e l e m e n t , l a u r i c , 
a c i d , l a u r a t e 

s e n s i t i v e , o r g a n o m e t a l l i c , 
e n v i r o n m e n t , e n v i r o n m e n t a l , g a s , 
a b s o r p t i o n , s p e c t r o m e t r i c , a i r , 
a n a l y s i s , g a s o l i n e , t e t r a a l k y l l e a d , 
c h r o m a t o g r a p h y , s p e c t r o m e t e r , 
s p e c t r o m e t e r s , c h r o m a t o g r a p h , 
s p e c t r o m e t r y 

d o s e , r a t e , f u e l , s h i p p i n g , c a s k , 
d o s i m e t r y , r e a c t o r , n u c l e a r , f u e l s , 
e l e m e n t s , r a d i o a c t i v e , w a s t e s 

p h o t o a c o u s t i c , s p e c t r o s c o p y , t r o p i c a l , 
s o i l s , s o i l , h e a t , b i o l o g i c a l , 
a b s o r p t i o n , i r o n , o x i d e , o r g a n i c , 
a n a l y s i s , s p e c t r o c h e m i c a l 

c e s i u m , e n v i r o n m e n t a l , gamma, r ay , 
s p e c t r o m e t r y , g r a s s , v e g e t a b l e , 
a n a l y s i s , s o i l , s p e c t r o m e t r i c 

s e n s i n g , e n v i r o n m e n t a l , p o l l u t i o n , 
s o i l , m o i s t u r e , l i d a r , a i r , a n a l y s i s , 
p o l l u t a n t , a b s o r p t i o n , f l u e , g a s , 

i o n , t h e r m i o n i c , d e t e c t o r , c a r b o n , 
monox ide , f l ame , i o n i z a t i o n , g a s e s , 
d e t e c t o r s , c h r o m a t o g r a p h y , g a s , 
a n a l y s i s , d e t e c t i o n , hyd rogen 

m i n i a t u r i z e d , r e a d i n g , 
p h o t o i o n i z a t i o n , d e t e c t o r , a i r . 
a n a l y s i s , nonmethane , h y d r o c a r b o n , 
p o r t a b l e , d e t e c t i o n 

g a s , c h r o m a t o g r a p h i c , 
p o l y m e t h y l s i l o x a n e , s a n i t a r y , 
h y g i e n i c , a l c o h o l s , a n a l y s i s , e s t e r s , 
h y d r o c a r b o n s , k e t o n e s , e n v i r o n m e n t , 
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germanium gamma-ray s p e c t r o m e t e r f o r 
e n v i r o n m e n t a l m o n i t o r i n g . 

I n v e s t i g a t i o n of cadmium-107 a n d - 1 1 5 
d e c a y schemes a n d t h e i r a p p l i c a t i o n i n 
n e u t r o n a c t i v a t i o n a n a l y s i s . 

Uranium and r adon e s t i m a t i o n by 
p l a s t i c t r a c k d e t e c t o r s . 

E x p e r i m e n t a l s t u d i e s c o n c e r n i n g t h e 
d r y i n g of v o l o x i d i z e r o f f - g a s e s . 

R e a c t i o n d e t e c t o r s i n h i g h - p e r f o r m a n c e 
l i q u i d c h r o m a t o g r a p h y . 

D e t e r m i n a t i o n of n i t r a t e s 

c h r o m a t o g r a p h y , u r a n i u m , i o n , 
e x c h a n g e r s , r i v e r , e n e r g y , u r i n e , 
a n a l y s i s , g round , w a t e r s 

b a r i u m , p o l y e t h o x y l a t e , 
p o t e n t i o m e t r i c , s e n s o r s , n o n i o n i c , 
s u r f a c t a n t s , b i r c h , d e t e r g e n t s , 
e l e c t r o d e , a l c o h o l s , e t h o x y l a t e d 

s e n s i t i v e , p h o t o i o n i z a t i o n , d e t e c t o r , 
g a s , c h r o m a t o g r a p h y , a n a l y s i s , a i r , 
c h r o m a t o g r a p h 

l i t h i u m , doped , germanium, gamma, r a y , 
s p e c t r o m e t e r , e n v i r o n m e n t a l , a i r , 
a t o m i c , e n e r g y , n u c l e a r , 
s p e c t r o m e t e r s , d e t e c t o r , d r i f t e d 

cadmium, schemes , n e u t r o n , a c t i v a t i o n , 
a n a l y s i s , b i r c h , gamma, r a y , ind ium, 
i s o t o p e s , r a d i o c h e m i c a l , i s o t o p e , 
s p e c t r u m , t r e e s , n u c l e a r , e n e r g y 

u r a n i u m , r a d o n , p l a s t i c , t r a c k , 
d e t e c t o r s , h e a l t h , p h y s i c s , 
e n v i r o n m e n t , s o i l , a n a l y s i s , p l a n t , 
h y d r o p h y t e , w a t e r s , abundance 

e x p e r i m e n t a l , d r y i n g , v o l o x i d i z e r , 
g a s e s , e n e r g y , m o l e c u l a r , s i e v e s , 
a d s o r p t i o n , t r i t i a t e d , w a t e r , i o d i n e , 
r a d i o a c t i v e , w a s t e s , g a s e o u s , 
p r e p a r a t i o n , w a s t e 

d e t e c t o r s , l i q u i d , c h r o m a t o g r a p h y , 
s o i l , a n a l y s i s , p h a r m a c e u t i c a l , 
f l u o r o m e t e r s , s p e c t r o m e t e r s , 
f l u o r o m e t r i c , s p e c t r o m e t r i c 

n i t r a t e s , a n a l y s i s , l e a c h a t e s , s o i l s , 
p o t e n t i o m e t r i c , s o i l , humus, humic, 
n i t r a t e , e l e c t r o d e s , membrane, i o n , 
e x c h a n g e , s i l v e r , s a l t , e l e c t r o d e 

SPECTROMETRY 

I n t J E n v i r o n . A n a l . Chem. , 1 0 ( 3 - 4 ) , CHROMATOGRAPHY CODEN- IJEAA3. ISSNi 0306-7319 
287-94 (Eng) 1 9 8 1 . 

A n a l y s t (London) , 1 0 6 ( 1 2 6 6 ) , 974-84 ELECTROCHEMICAL CODEN- ANALAO ISSN- 0003-2654 
(Eng) 1 9 8 1 . 

Nenryo o y o b l Nensho , 4 8 ( 1 1 ) , 829-36 CHROMATOGRAPHY CODENi NEONAA ISSNt 0369-3783 
( Japan) 1 9 8 1 . 

P r o c . N u c l . Chem. Radiochem. Symp. , SPECTROMETRY CODEN: 46XKA3. 
M e e t i n g Date 1980, 6 3 0 - 3 . I n d i a Dep. 
Atomi E n e r g y . Bombay, I n d i a . (Eng) 
1 9 8 1 . 

R e p o r t , GKSS-80/E/19, 118 p p . A v a i l . RADIOCHEMICAL 
INIS From: INIS Atomindex 1 9 9 1 , 1 2 ( 7 ) , 
A b s t r . No. S90749 (Ger) 1 9 8 0 . 

I n d i a n J . P u r e A p p l . P h y s . , 1 9 ( 1 1 ) , RADIOCHEMICAL CODEN. IJOPAU ISSN. 0019-5596 
1131-3 (Eng) 1 9 8 1 . 

R e p o r t . ORNL/SUB-7164/1, 139 p p . GENERAL 
A v a i l . NTIS Fromt Energy R e s . A b s t r . 
1 9 8 1 , 6 ( 2 0 ) , A b s t r . No. 30031 (Eng) 
1 9 8 1 . 

Ch imia , 3 5 ( 1 1 ) , 4 4 7 - 5 3 (Ger) 1 9 8 1 . CHROMATOGRAPHY CODENi CHIMAD ISSN. 0009-4293 . 

Czech . CS 187272 B 15 Mar 1961 , 3 p p . ELECTROCHEMICAL CODENi CZXXA9. CLASS. ICt G01N027-52 
(Czech) APPLICATION- CS 77-2769 27 Apr 1977 

9 6 ( 6 ) i 4 5 4 1 8 r E c k h o f f . M i c h a e l A t McCarthy, James 
P . t C a r u s o , J o s e p h A. 

S e q u e n t i a l s l ew s c a n n i n g monochrometor 
a s a p l a sma e m i s s i o n c h r o m a t o g r a p h i c 
d e t e c t o r f o r d e t e r m i n a t i o n of v o l a t i l 
h y d r i d e s . 

s l e w , s c a n n i n g , a o n o c h r o m a t o r , p l a s m a , 
a m i s s i o n , c h r o m a t o g r a p h i c , d e t e c t o r , 
v o l a t i l e , h y d r i d e s , c h r o m a t o g r a p h y , 
g a s , d e t e c t o r s , m u l t i e l e m e n t , 
d e t e c t i o n , e l e m e n t s , monochromatora , 
a n a l y s i s , h y d r i d e 

A n a l . Chem , 5 4 ( 2 ) , 165-8 (Eng) 1982 . CHROMATOGRAPHY CODENi ANCHAM. ISSN. 0003-2700 . 
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SENSOR TYPE 

96 (2) .14703b 

95(26) I 2 3 1 2 4 3 J 

9 5 ( 2 6 ) i 2 2 7 6 8 6 p 

Bairn, Michae l A . i H i l l , H e r b e r t H. 
J r . 

Huang, T e - P e i i T a t , Tse-Hoi Tan, 
Mei-Huai Cheu, Chung-Mingt Wang, 

B a c h u n n . A. V. i N a z a r y u k , A S . i 
Obukhov, V, T . t F e d o r o v s k i i . F . P . 
Khomchik. L . H. 

T u n a b l e s e l e c t i v e d e t e c t i o n f o r 
c a p i l l a r y g a s c h r o m a t o g r a p h y by i o n 
m o b i l i t y m o n i t o r i n g . 

M a n u f a c t u r e of b a r i u m - s e l e c t i v e 
membrane e l e c t r o d e . 

95(24>i211899z G u t z . I v a n o G. R. 

9 5 ( 2 4 ) : 2 0 6 7 1 9 k S e k u l i c , Tim S . t De laney . B . T. 

Use of t h e r m o e x o e m i s s i o n d e t e c t o r s fo r 
m o n i t o r i n g t h e r a d i o a c t i v e 
c o n t a m i n a t i o n o f i n d u s t r i a l 
w a s t e w a t e r s . 

P r e c i s e d e t e r m i n a t i o n of d r o p t i m e s 
w i t h an i n s t r u m e n t u s i n g a 
p i e z o e l e c t r i c d e t e c t o r . 

95 (22 ) i l 9 6 7 3 0 s Kulmatov, R. A . i K i s t , A. A . ) Karimov, 
1 . l . i P u l a t o v , D. Di K a m i l ' d z h a n o v , 
A. Kh. 

9 5 ( 2 0 ) t l 7 5 4 2 1 b Umarov. M U . i G r i b a n o v . B. X. 

9 5 ( 2 0 ) t ! 7 5 4 1 3 a 

95(20) .175041c 

Ho, Mat H. i G u i l b a u l t , George G. i 
S c h e i d e , Eugene P . 

Kawamata, M o r i k a t s u i Misima, T s u y o s i ; 
Mizuno, O h o i c h i i Aoki , Minorui N a r u k i , 

9 5 ( 1 9 ) i l 6 7 5 9 2 t Hinami, K a t u s y u k i i F u k u c h i . Sadao 

95(16) I 1 4 3 5 5 7 J C h i m e n t i , Robe r t J . L . 

95(16) i l 36177f Sweetman, J . A . i B o e t t n e r , E. A. 

9 5 ( 1 4 ) . 1 2 5 6 1 0 s B a t e s , S c o t t A . i Uden, P e t e r C . ; 
B a r n e s , Ramon H. 

t u n a b l e , d e t e c t i o n , c a p i l l a r y , g a s , 
c h r o m a t o g r a p h y , i o n , h y d r o c a r b o n s , 
a n a l y s i s , g a s o l i n e , h y d r o c a r b o n , 
d e t e c t o r , d e t e c t o r s , s p e c t r o m e t e r s , 
c h r o m a t o g r a p h 

b a r i u m , membrane, e l e c t r o d e , 
c h r o m a t e s , s u l f a t e s , a n a l y s I s , 
p o t e n t i o m e t r i c , t i t r i m e t r i c , 
e l e c t r o d e s , membranes , i o n 

t h e r m o e x o e m i s s i o n , d e t e c t o r s , 
r a d i o a c t i v e , w a s t e w a t e r s , r a d i a t i o n , 
s c i n t i l l a t i o n , p l a s t i c , w a s t e s , 
t h e r m o e m i s s i o n , a n a l y s i s 

p i e z o e l e c t r i c , d e t e c t o r , p o l a r o g r a p h y , 
t r a n s d u c e r e , e l e c t r o d e 

A n a l . Chem , 5 4 ( 1 ) , 38-43 (Eng) 1982 . CHROMATOGRAPHY CODEN. ANCHAM. ISSN. 0003-2700 . 

A t . E n e r g . . 5 1 ( 4 ) , 266-7 (Russ) 1 9 8 1 . RADIOCHEMICAL CODENt AENGAB ISSN- 0004-7163 

An. Simp. B r a s . E l e t r o q u i m . PIEZOELECTRIC CODEN. 46KNAF 
E l e t r o a n a l . , 2nd, 1 0 5 - 1 1 . E d i t e d b y . 
Rabocka i , T i b o r t Neves , Eduardo 
A lme ida . I n s t . Quim. Un iv . Sao P a u l o . 
Sao P a u l o , B r a z i l . ( P o r t ) 1 9 8 0 . 

A s s e s s i n g h a z a r d o u s w a s t e t r e a t m e n t 
f a c i l i t y f u g i t i v e a t m o s p h e r i c 
e m i s s i o n s . 

R a d i o a c t i v a t i o n a n d x - r a y f l u o r e s c e n t 
m e t h o d s f o r t h e d e t e r m i n a t i o n of 
c e r t a i n e l e m e n t s i n t h e ambien t a i r 
a n d i n w a t e r . 

h a z a r d o u s , w a s t e , f u g i t i v e , 
a t m o s p h e r i c , e m i s s i o n s , a c i d s , 
a n a l y s i s , a m i n e s , a i r , e m i s s i o n , 
w a s t e s , v a p o r s 

r a d i o a c t i v a t i o n , r a y , f l u o r e s c e n t , 
e l e m e n t s , a m b i e n t , a i r , w a t e r , m e t a l s , 
a n a l y s i s , e n v i r o n m e n t a l , i m p u r i t y , 
f l u o r e s c e n c e , r a d i o m e t r i c , 
r a d i o c h e m i c a l , neu t r o n , a c t i v a t i o n 

t h o r i u m , u r a n i u m , s u b s u r f a c e , w a t e r s , 
a c t i v a t i o n , a n a l y s i s , s e m i c o n d u c t o r , 
d e t e c t o r , g e o l , g r o u n d w a t e r , g r o u n d 

S i m u l t a n e o u s d e t e r m i n a t i o n of tho r ium 
a n d u r a n i u m i n s u b s u r f a c e w a t e r s by 
a c t i v a t i o n a n a l y s i s u s i n g a 
s e m i c o n d u c t o r d e t e c t o r . 

D e t e r m i n a t i o n o f nanogram q u a n t i t i e s nanogram, m e r c u r y , w a t e r , g o l d , 
o f m e r c u r y i n w a t e r w i t h a g o l d - p l a t e d p l a t e d , p i e z o e l e c t r i c , c r y s t a l , 
p i e z o e l e c t r i c c r y s t a l d e t e c t o r . d e t e c t o r , c o a t e d , d e t e c t o r s , a n a l y s i s , 

c o b a l t 

D e t e r m i n a t i o n o f n u c l e a r m a t e r i a l s i n 
t h e w a s t e s by c o i n c i d e n c e c o u n t i n g . 

D e t e r m i n a t i o n o f v o l a t i l e s u l f u r 
compounds i n s o i l by g a s 
c h r o m a t o g r a p h y . 

D e t e c t i o n of u ran ium by l i g h t - i n d u c e d 
l u m i n e s c e n c e . 

D e t e c t i o n of b r o m m a t e d and 
c h l o r i n a t e d o r g a n i c s by a g a s 
c h r o m a t o g r a p h i c m i c r o c o u l o m e t r i c 
d e t e c t o r . E f f e c t of p y r o l y s i s t u b e 
c o n d i t i o n s . 

M i c r o w a v e - e x c i t e d a t m o s p h e r i c p r e s s u r e 
h e l i u m p l a s m a e m i s s i o n d e t e c t i o n 
c h a r a c t e r i s t i c s i n f u s e d s i l i c a 
c a p i l l a r y g a s c h r o m a t o g r a p h y . 

n u c l e a r , w a s t e s , c o i n c i d e n c e , f u e l , 
f i s s i l e , r a d i o a c t i v e , w a s t e , a l p h a , 
p a r t i c l e , e m i t t i n g , s c i n t i l l a t i o n , 
r e a c t o r , f u e l s , e l e m e n t s , a n a l y s i s 

v o l a t i l e , s u l f u r , s o i l , g a s , 
c h r o m a t o g r a p h y , a n a l y s i s 

d e t e c t i o n , u r a n i u m , l i g h t , 
l u m i n e s c e n c e , l a s e r , r a d i a t i o n , 
c h e m i c a l , f l u o r e s c e n c e , m i n e r a l s , 
e n v i r o n m e n t , s p e c t r o m e t e r s , 
s p e c t r o c h e m i c a l , a n a l y s i s , s e n s o r 

d e t e c t i o n , b r o m m a t e d , c h l o r i n a t e d , 
o r g a n i c s , g a s , c h r o m a t o g r a p h i c , 
m i c r o c o u l o m e t r i c , d e t e c t o r , p y r o l y s i s , 
t u b e , h e a l t h , c h r o m a t o g r a p h y , 
p o l l u t e d , w a t e r s , a n a l y s i s 

mic rowave , e x c i t e d , a t m o s p h e r i c , 
h e l i u m , p l a s m a , e m i s s i o n , d e t e c t i o n , 
f u s e d , s i l i c a , c a p i l l a r y , g a s , 
c h r o m a t o g r a p h y , h a l o g e n s , e l e m e n t s , 
m e t a l s , a n a l y s i s , d e t e c t o r , c h e m i c a l , 
d e t e c t o r s , s p e c t r o m e t r i c , c a p i l l a r i e s , 
p l a s m a s 

CODEN. XPARD6. ISSN. 0092-8054 U S . E n v i r o n . P r o t . Agency, Of f . R e s . CENERAL 
Dev . , (Rep. ) EPA, EPA-600/9-8 Symp. 
F u g i t i v e Emis s . Meas. C o n t r o l , 4 t h , 
PB81-174393, 119-3 (Eng) I 9 6 0 . 

Zavod, Lab , 4 7 ( 6 ) , 28-32 (Russ) 1 9 8 1 . RADIOCHEMICAL CODENt ZVDLAU. ISSN. 0044-1910 . 

G e o f i z . Metody I s s l e d . v G l d r o g e o l . l ELECTROCHEMICAL 
I n z h . Geol , (Tashken t ) ( 3 ) , 7 0 - 6 
Fromi Ref . Z h . , G e o l . 1 9 8 1 , A b s t r No. 
8V701 (Russ) 1979 . 

Anal Chim. A c t a , 1 3 0 ( 1 ) , 141-7 (Eng) PIEZOELECTRIC CODENt ACACAM ISSN 0003-2670 
1981 

Toka i Works Semi-Annu. P r o g . R e p . . RADIOCHEMICAL CODENi TwsRDX. 
Volume Date 1978, PNCT831-79-02, 6 7 - 7 2 
(Eng) 1979 

Nippon Dojo Hi ryogaku Z a s s h i , 5 2 ( 1 ) . CHROMATOGRAPHY CODEN. NIDHAX. ISSN- 0029-0610 
62-6 ( Japan) 1 9 8 1 . 

Can CA 1103049 16 J u n 1 9 8 1 , 32 pp RADIOCHEMICAL CODENi CAXXA4. CLASS IC: G01N021-52. 
(Eng) G01V009-00 PRIORITY! US 77-832636 13 

Sep 1977. 

J . Chromatogr , 2 1 2 ( 1 ) , 115-20 (Eng) CHROMATOGRAPHY CODEN- JOCRAM. ISSN 0021-9673 
1 9 8 1 . 

A n a l . Chem . 5 3 ( 1 2 ) , 1629-37 (Eng) 
1 9 6 1 . 

CHROMATOGRAPHY CODENt ANCHAM ISSN. 0003-2700 . 

9661.012.92-1/93 
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SENSOR TYPE 

9 5 ( 1 4 ) i !2S522q O t o s h i , T s u n e h i k o i S u z u k i , Hiromi 

9 5 ( 1 2 ) i l 0 8 0 1 0 d Sherwood, Glenn A i J o h n s o n , Denn i s C 

9 5 ( 1 1 ) i 9 5 5 6 3 j Adamowicz, 8 > B a l l m o , N i Mars , 
Simonet O t t o , C h r i s t i a n a 

9 5 ( 1 0 ) . 9 0 5 5 8 b HacCrehan, W i l l i a m A i D u r s t , R i c h a r d 

9 5 ( 1 0 ) t 9 0 5 5 1 u Simpson, C o l i n F i Cough, T e r r y A 

9 5 ( 1 0 ) t 9 0 4 3 0 d Hassan , fiaad 8 M i H a b i b , M M 

9 5 ( 1 0 ) i 6 5 3 6 1 j Leveson , R i c h a r d C i B a r k e r , N i c h o l a s 

M u l t i e l e m e n t n e u t r o n a c t i v a t i o n 
a n a l y s i s of s o i l a n d s e d i m e n t s a m p l e s 
u s i n g a s m a l l c o m p u t e r s y s t e m 

A c h r o m a t o g r a p h i c d e t e r m i n a t i o n o f 
n i t r a t e w i t h a m p e r o m e t r i c d e t e c t i o n a t 
a c o p p e r i z e d cadmium e l e c t r o d e 

Compar i son of d i f f e r e n t t e c h n i q u e s of 
n i t r a t e d e t e r m i n a t i o n i n s o i l s a n d 
v e g e t a b l e s 

D u a l - e l e c t r o d e , l i q u i d c h r o m a t o g r a p h i c 
d e t e c t o r f o r t h e d e t e r m i n a t i o n of 
a n a l y t e s w i t h h i g p o t e n t i a l s 

D i r e c t q u a n t i t a t i v e a n a l y s i s u s i n g 
f lame i o n i z a t i o n d e t e c t i o n The 
c o n s t r u c t i o n a n d p e r f o r m a n c e of t h e 
FXDOH d e t e c t o r . 

G r a p h i t e - s i l v e r d i e t h y l d i t h i o c a r b a m a t e 
a s a new p o t e n t i o m e t r i c s e n s o r f o r 
t i t r a t i o n o f some m e t a l s , h a l i d e s , 
t h i o l s , a n d s u l f o n a m i d e s 

9 5 ( 8 ) i 7 2 7 7 4 q 

9 5 ( 8 ) t ? 2 7 6 0 g 

9 5 ( 8 ) t 6 9 S 8 2 v 

95(4) t34933h 

95(4) t34722p 

Clemons, J e r r y ; L e a s e b u r g e , Emory) 
S p a n g l e r , Wayne 

R i c e . 0 . W i R i c h a r d , J J i D ' S i l v a , 
A P . t F a s s e l , V A 

Gough, T e r r y Antony ; Simpson, C o l i n 
F r e d e r i c k 

H a u s l e r , D W ; T a y l o r , L T 

A p o r t a b l e mu l t i componen t a i r i m p u r i t y 
a n a l y z e r h a v i n g s u b p a r t p e r b i l l i o n 
c a p a b i l i t y w i t h o u t s amp le 
p r e c o n c e n t r a t i o n 

S e p a r a t i o n a n d d e t e r m i n a t i o n of t r a c e 
s u l f u r compounds 

m u l t i e l e m e n t , n e u t r o n , a c t i v a t i o n , 
a n a l y s i s , s o i l , s e d i m e n t , compu te r , 
p o l l u t i o n , g e o l o g i c a l , s e d i m e n t s , 
m e t a l s , s o i l s , gamma, r a y , 
s p e c t r o m e t r y , c o m p u t e r i z e d , 
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8 6 ( 2 3 ) : 1 6 9 7 6 8 t Goodman. D. 

8 6 ( 2 0 ) i l 4 5 1 8 2 w Kurand , K. 

8 6 ( 2 0 ) t l 4 4 8 0 7 s Oerdoegh , M.i Kalman, L. 

66 (18 ) :126223u Wooten. G. W. 

D e t e r m i n a t i o n of n i t r a t e i n s o i l 
p a s t e s by i o n s e l e c t i v e e l e c t r o d e s . 

N e u t r o n a c t i v a t i o n t e c h n i q u e s i n t h e 
d e t e c t i o n a n d measurement of 
e n v i r o n m e n t a l p o l l u t a n t s . 

D e t e r m i n a t i o n of r a d i o n u c l i d e s in 
m e t r o p o l i t a n w a s t e w a t e r s . 

N o n - d e s t r u c t i v e measurement of 
p l u t o n i u m a n d uranium, i n p r o c e s s 
w a s t e s a n d r e s i d u e s . 

n i t r a t e , s o i l , p a s t e s , i on , 
e l e c t r o d e s , food, a n a l y s i s , e l e c t r o d e 

n e u t r o n , a c t i v a t i o n , d e t e c t i o n , 
e n v i r o n m e n t a l , p o l l u t a n t s , 
r a d i o e l e m e n t s , a n a l y s i s , l i v e d , 
a e r o s o l s , i s o t o p e s , r a d i o c h e m i c a l , 
m e t a s t a b l e 

r a d i o n u c l i d e s , m e t r o p o l i t a n , w a s t e , 
w a t e r s , r a d i o i s o t o p e s , r a d i o e l e m e n t s , 
a n a l y s i s , w a s t e w a t e r , s l u d g e , 
r a d i o e l e m e n t 

p l u t o n i u m , u r a n i u m , w a s t e s , r e s i d u e s , 
f u e l s , r a d i o a c t i v e , n o n d e s t r u c t i v e , 
a n a l y s i s 

E x p e r i m e n t i n t h e u s e of i o n - s e l e c t i v e 
e l e c t r o d e s f o r l a b o r a t o r y a n d f i e l d 
s t u d i e s o f s o i l s . 

Measurement of e n v i r o n m e n t a l 
a m e r i c i u m - 2 4 1 a n d t h e 
p l u t o m u m / a m e r i e i u m - 2 4 1 r a t i o by 
p h o t o n s p e c t r o m e t r y . 

A s s a y of p l u t o n i u m i n p r o c e s s w a s t e s 
from f u e l f a b r i c a t i o n p l a n t s . 

e x p e r i m e n t , i o n , e l e c t r o d e s , s o i l s , 
e l e c t r o l y t e s , w a t e r s , s o i l , a n a l y s i s , 
a c t i v i t y , e l e c t r o d e 

e n v i r o n m e n t a l , amer i c ium, p l u t o n i u m , 
r a t i o , p h o t o n , s p e c t r o m e t r y , e n e r g y , 
a n a l y s i s , s p e c t r o m e t r i c 

Low b a c k g r o u n d g e r m a n i u m ( l i t h i u m ) 
d e t e c t o r w i t h a n t i c o i n c i d e n c e Nal 
a n n u l u s . 

Cadmium i o n a c t i v i t y i n s o i l s , 
e v a l u a t i o n of cadmium i o n - s e l e c t i v e 
e l e c t r o d e . 

D e t e r m i n a t i o n of ammonium a n d n i t r a t e 
i o n s by i o n - s e l e c t i v e membrane 
e l e c t r o d e s . 

A c o m p a r i s o n of i n s i t u gamma s o i l 
a n a l y s i s a n d s o i l s a m p l i n g d a t a f o r 
mapping a m e r i c i u m - 2 4 1 and 
p l u t o n i u m - 2 3 9 s o i l c o n c e n t r a t i o n s a t 
t h e Nevada t e s t s i t e . 

A u t o m a t i c a p p a r a t u s f o r t h e 
d e t e r m i n a t i o n of pH and n i t r a t e i n 

E m i s s i o n r e c o r d s r - a v a l u a b l e 
i n s t r u m e n t f o r e n v i r o n m e n t a l 
p r o t e c t i o n m e a s u r e s - i l l u s t r a t e d u s i n g 
t h e • r a d i o a c t i v e w a s t e w a t e r s from 
n u c l e a r power p l a n t s 

N e u t r o n a c t i v a t i o n a n a l y s i s of 
a i r b o r n e i n o r g a n i c p o l l u t a n t s . 

M i c r o w a v e - i n d u c e d e m i s s i o n 
s p e c t r o s c o p y : a new a n a l y t i c a l t o o l 
f o r u I t r a t r a c e e l emen t d e t e r m i n a t i o n 
o f I n d u s c l i n i c a l a n d e n v i r o n m e n t a l 

p l u t o n i u m , w a s t e s , f u e l , p l a n t s , 
r a d i o a c t i v e , gamma, s p e c t r o m e t r y , 
a n a l y s i s 

germanium, l i t h i u m , d e t e c t o r , 
a n t i c o i n c i d e n c e , a n n u l u s , e g g , e n e r g y , 
r a d i o a c t i v i t y , e n v i r o n m e n t a l , s o i l , 
v e g e t a t i o n , a n a l y s i s , p l a n t , gamma, 
r a y , h e a l t h , p h y s i c s , s o i l s , 
r a d i a t i o n , d e t e c t o r s 

cadmium, i o n , a c t i v i t y , s o i l s . 
e l e c t r o d e , o a k , r i d g e , s o i l , a n a l y s i s , 
e l e c t r o c h e m 

ammonium, n i t r a t e , i o n s , i o n , 
membrane, e l e c t r o d e s , s o i l , 
m i c r o o r g a n i s m , a n a l y s i a , p l a n t , 
p o t e n t i o m e t r i c , membranes 

gamma, s o i l , a n a l y s i s , mapping , 
a m e r i c i u m , p l u t o n i u m , l a w r e n c e , 
p o l l u t i o n , p l t u o m u m 

a u t o m a t i c , a p p a r a t u s , n i t r a t e , s o i l s 
s o i l , a c i d i t y , a n a l y s i s 

e m i s s i o n , e n v i r o n m e n t a l , p r o t e c t i o n , 
r a d i o a c t i v e , w a s t e w a t e r s , n u c l e a r , 
p l a n t s , r a d i o a c t i v i t y , w a s t e w a t e r , 
gamma, r a y , e m i t t e r s , w a s t e s , 
a n a l y s i s , w a s t e 

n e u t r o n , a c t i v a t i o n , a n a l y s i s , 
a i r b o r n e , i n o r g a n i c , p o l l u t a n t s , 
r a d i o a c t i v e , w a s t e s , a i r , r e a c t o r , 
n o n r a d i o a c t i v e 

m i c r o w a v e , e m i s s i o n , s p e c t r o s c o p y , 
a n a l y t i c a l , e l e m e n t , e n v i r o n m e n t a l , 
b l o o d , a n a l y s i s , cadmium, o y s t e r , 
e l e m e n t s , e n v i r o n m e n t , 
s p e c t r o c h e m i c a l , s o u p s 

J . S c i . F o o d A g r i c , 2 8 ( 6 ) , 501-5 
(Eng) 1977 . 

Meas . , D e t e c t . C o n t r o l E n v i r o n . 
P o l l u t . , P r o c . I n t . Symp., 1 5 1 - 6 4 . 
IAEA- Vienna , A u s t r i a . (Eng) 1 9 7 6 . 

R a d i o i s o t o p e s , 2 6 ( 4 ) , 252-4 ( Japan) 
1977. 

ELECTROCHEMICAL CODEN: JSFAAE. 

RADIOCHEMICAL CODENi 35KXAR. 

RADIOCHEMICAL CODEN- RAISAB. 

RADIOCHEMICAL CODENt 35KUAI. S a f e g u a r d i n g N u c l . M a t e r . , P r o c 
Symp., Mee t ing Date 1975, Volume 2 , 
5 8 9 - 9 7 . IAEA. V i e n n a , A u s t r i a . (Eng) 

D e p o s i t e d Doc- , VINITI 2 2 4 4 - 7 5 , 34 p p . ELECTROCHEMICAL 
A v a i l . BLLD (Russ) 1 9 7 5 . 

R e p o r t , BNWL-SA-5781, 37 p p . A v a i l . SPECTROMETRY 
NTIS From. ERDA Energy R e s . A b s t r . 
1977, 2 ( 1 1 ) . A b s t r . No. 27117 (Eng) 
1976 . 

R e p o r t , KFK-3321. 29 p p . A v a i l . INIS SPECTROMETRY 
From. INIS Atomindex 1977, 8 ( 7 ) , 
A b s t r . No. 300011 (Eng) 1 9 7 6 . 

R e p o r t , EGG-1183-2326(Rev . ) , 3 7 p p . RADIOCHEMICAL 
A v a i l . NTIS F r o a i ERDA Energy R e s , 
A b s t r . 1 9 7 7 , 2 ( 9 ) . A b s t r . No. 23197 
(Eng) 1976 . 

E n v i r o n . S c i . T e c h n o l . , 1 1 ( 6 ) , 565-7 ELECTROCHEMICAL CODENt ESTHAG. 
(Eng) 1977. 

Agrokem. T a l a j t a n , 2 5 ( 3 - 4 ) , 415-20 ELECTROCHEMICAL CODENt AKTLAU. 
(Hung) 1976 . 

IEEE T r a n s . N u c l . S c i . , N S 2 4 ( 1 ) , 
587-90 (Eng) 1977 . 

A n a l y s t (London) , 1 0 1 ( 1 2 0 9 ) , 943-6 
(Eng) 1976 . 

G e s u n d . - I n g . , 9 7 ( 1 0 ) , 218-20 (Ger) 
1976 . 

RADIOCHEMICAL CODENt IETNAE 

ELECTROCHEMICAL CODENi ANALAO 

RADIOCHEMICAL CODENi GE1NA5. 

R e p o r t , KFKI-75-3 , 17 p p . A v a i l . INIS RADIOCHEMICAL 
From- INIS Atomindex 1976, 7 ( 9 ) , 
A b s t r . No 239507 (Eng) 1 9 7 5 . 

Edgewood A r s e n a l S p e c . P u b l . (U. S . 
Dap. Army), EO-SP-76001, P r o c Annu. 
Symp. ' T r a c e A n a l . D e t e c t . E n v i r o n - * , 
6 t h , 1 9 7 5 , 268-91 (Eng) 1 9 7 6 . 

SPECTROMETRY CODEN: EASPDE. 
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SENSOR TYPE 

8 6 ( 1 6 ) t l l 0 5 2 8 m P a p e r i e l l o , C. J . 

9 6 ( 1 4 ) . 9 5 4 5 7 s E a s t , L . V . i G a t t i , R . i Wawrowski. S. 

86 (14 ) t95163 t Nakano, S o u i c h i ) Honboh. J u k i c h u 
U r a b e , N o r i a k e 

8 6 ( 1 2 ) i 7 7 8 0 5 z Megumi, Kazukoi Mamuro, T e t s u o 

96(11) .66299m Cur by , W. A . . Win ick . R. D.i Hoy, E . 
C. 

8 6 ( 1 0 ) . 6 5 1 0 2 e Houpt , P . M. 

8 6 ( 1 0 ) . 5 9 7 5 5 d T a n a b e , H i r o s h i i H o r i k o s h i . Y o s h i n o r i 

8 5 ( 2 6 ) t l 9 7 1 8 3 w Karmarka r , K. H . i G u i l b a u l t , G. G. 

8 S ( 2 2 ) . 1 7 1 2 6 4 y Egan. Anthonyi Spy rou . N i c h o l a s M. 

8 S ( 2 0 ) t l 5 3 4 1 6 v I h i d a , Mutsumi 

8 5 ( 1 9 ) t l 4 1 6 1 6 n N i e l s e n , Hans J o e r g e n i Hansen , E l o 
H a r a l d 

85 (18 ) i l 3 0 1 0 7 f Van Loon. J . C i Radz iuk , B. 

8 5 ( 1 8 ) i ! 3 0 0 9 7 c Ga l lman , R. A. 

8 5 ( 1 3 ) . 9 2 7 4 3 a B a r t u z i , J a m Dechn ik , Xgnacyi 
S t e p n i e w s k a . Z o f i a 

I n t e r n a l g a s - p r o p o r t i o n a l 
b e t a - s p e c t r o m e t r y f o r measurement of 
r a d i o a c t i v e n o b l e g a s e s i n r e a c t o r 
e f f l u e n t s . 

Automated gemma r a y s c a n n i n g sys t em 
t o r w a s t e drum a s s a y . 

The n e u t r o n a c t i v a t i o n a n a l y s i s o f 
mercu ry i n s o i l . 

D e t e c t i o n o f e n v i r o n m e n t a l 
c o n t a m i n a t i o n b y u r a n i u m ( 1 ) . 

A s s a y s of t o x i c p o l l u t a n t s by f i s h 
b l o o d . 

g a s , p r o p o r t i o n a l , b e t a , s p e c t r o m e t r y , 
r a d i o a c t i v e , n o b l e , g a s e s , r e a c t o r , 
h e a l t h , w a s t e s , n u c l e a r , a n a l y s i s 

a u t o m a t e d , gamma, r a y , s c a n n i n g , 
w a s t e , c h e m i c a l , p l u t o n i u m , u r a n i u m , 
r a d i o a c t i v e , a u t o m a t i o n , w a s t e s , 
a n a l y s i s 

n e u t r o n , a c t i v a t i o n , a n a l y s i s , 
m e r c u r y , s o i l 

d e t e c t i o n , e n v i r o n m e n t a l , u r a n i u m . 
s o i l , p o l l u t i o n , s p e c t r o c h e m , a n a l y s i s 

t o x i c , p o l l u t a n t s , f i s h , b l o o d , 
p o l l u t a n t , b i o l o g i c a l , p o l l u t i o n 

Noble Gases , (Symp. ) , I s s u e 
CONF-730915, 2 3 9 - 4 6 . E d i t e d b y . 
S t a n l e y , R i c h a r d E . i M o g h i s s i , A. 
A l a n . U. E n v i r o n . P r o t . Agencyt Las 
Vegas . Nev. (Eng) 1973 . 

N u c l . H a t e r . Manage . . 5 ( 3 ) , 137*46 
(Eng) 1976. 

SPECTROMETRY CODENt 34CBAG. 

phenomena. analyt ical, helium, 
microwave, electric, gas, detectors, 
chromatography, energy, metastable, 
emission, analysis, detection 
analysis, radionuclides, 
environmental, gamma, ray, 
spectrometry, radioactive, wastes, 
fuel, plant, cereal, vegetable, milk, 
soil, radioelements, radioelement 
detection, aromatic, hydrocarbons, 
air, coated, piezoelectric, crystal, 
detector, paraffin, oils, coatings, 
chlorocarbonylbis, triphenylphosphin, 
irridium. analysis, coating, 
t riphenylphosphine 

detection, cyclic, activation, 
coincidence, radiation, gamma, ray, 
neutron, environment, radiochemical, 
analysis, environmental 
detection, emission, spectroscopic, 
analysis, iron, steel, photoelectric, 
detectors, metals, spectrochemical, 
elements, spectrometers, steels, 
element 

New n i t r a t e i o n - s e l e c t i v e e l e c t r o d e s n i t r a t e , i o n . e l e c t r o d e s , q u a t e r n a r y , 
b a s e d on q u a t e r n a r y ammonium compounds ammonium, n o n p o r o u s , p o l y m e r , 
i n n o n p o r o u s p o l y m e r membranes . membranes , s o i l , a n a l y s i s , s o i l s . 

P h y s i c a l phenomena a n d a n a l y t i c a l 
a p p l i c a t i o n s of h e l i u m microwave 
d i s c h a r g e s . 

A n a l y s i s of r a d i o n u c l i d e s i n 
e n v i r o n m e n t a l s a m p l e s by t h e gamma-ray 
s p e c t r o m e t r y a t T o k a i Works , PNC. 

D e t e c t i o n a n d measu remen t of a r o m a t i c 
h y d r o c a r b o n s i n t h e a i r b y a c o a t e d 
p i e z o e l e c t r i c c r y s t a l d e t e c t o r . 

D e t e c t i o n o f l e a d v i a l ead-207m u s i n g 
c y c l i c a c t i v a t i o n a n d a m o d i f i e d 
s u m - c o i n c i d e n c e s y s t e m . 

D e t e c t i o n l i m i t s i n e m i s s i o n 
s p e c t r o s c o p i c a n a l y s i s of i r o n a n d 
s t e e l w i t h p h o t o e l e c t r i c d e t e c t o r s . 

A q u a r t z "T* t u b e f u r n a c e - a t o m i c 
a b s o r p t i o n s p e c t r o s c o p y s y s t e m f o r 
m e t a l s p e c i a t i o n s t u d i e s . 

System f o r m e a s u r i n g t h e u ran ium 
c o n c e n t r a t i o n o f l i q u i d e f f l u e n t s from 
t h e e n r i c h e d u r a n i u m r e c o v e r y f a c i l i t y 
a t Oak Ridge Y-12 p l a n t . 

Use o f s e l e c t i v e e l e c t r o d e s f o r 
measurement o f t h e a c t i v i t y of 
c h l o r i d e s a n d n i t r a t e s i n s o i l s . 

t u b e , f u r n a c e , a t o m i c , a b s o r p t i o n , 
s p e c t r o s c o p y , m e t a l , g e o l , m e t a l s , 
a n a l y s i s , e n v i r o n m e n t a l , s p e c t r o m e t r y , 
e n v i r o n m e n t , s e l e n i u m , s o i l , w a s t e , 
w a t e r , s l u d g e , m e r c u r y , s p e c t r o s c o p i c 

u r a n i u m , l i q u i d , e n r i c h e d , oak , r i d g e , 
p l a n t , r a d i o a c t i v e , w a s t e s , a n a l y s i s . 

e l e c t r o d e s , a c t i v i t y , c h l o r i d e s , 
n i t r a t e s , s o i l s , s o i l , a n a l y s i s 

RADIOCHEMICAL CODENt NUMMB6 

B u l l . Chem S o c J p n . , 4 9 ( 9 ) , 2 4 3 7 - 9 RADIOCHEMICAL 
(Eng) 1976 . 

Annu. Rep. R a d i a t . C e n t . Osaka RADIOCHEMICAL 
P r e f e c t . , 16, 28-30 (Eng) 1 9 7 5 . 

U. S E n v i r o n . P r o t . Agency, Off . R e s . GENERAL 
Dev. , (Rep. ) EPA, B P A - 6 0 0 / 3 - 7 6 - 0 6 9 . 67 
PP- (Eng) 1976 

Anal Chim. A c t a , 8 6 ( 1 ) , 129-38 (Eng) 
1976. 

Toka i J i g y o - s h o , Doryoku-do . 
Kaku-nenryo K a i h a t s u J i g y o - d a n , 
(Rep ) , PNCT 8 3 1 - 7 5 - 0 2 , 174-81 (Eng) 
1975 . 

E n v i r o n . L e t t , 1 0 ( 3 ) , 237-46 (Eng) 
1975 . 

SPECTROMETRY 

SPECTROMETRY 

CODENi BCSJA8. 

CODENt ARROAA 

CODENt XPARD6 

CODENi ACACAM 

CODENi TJDKAD. 

PIEZOELECTRIC CODEN. EVLTAX. 

A n a l . Chem., 4 6 ( 1 3 ) , 1959-62 (Eng) RADIOCHEMICAL CODENi ANCHAM. 
1976 . 

T e t s u To Hagane, 6 2 ( 6 ) , 749-56 ( J a p a n ) SPECTROMETRY CODENi TEHAA2 
1976 
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1976 

Can. J . S p e c t r o s c , 2 1 ( 2 ) , 4 6 - 5 0 (Eng) SPECTROMETRY CODENi CJSPAI. 
1976 . 

R e p o r t , Y-2004, 20 p p . A v a i l . NTIS 
From- N u c l . S c i . A b s t r . 1976 . 3 3 ( 6 ) , 
A b s t r . No 12091 (Eng) 1976 . 

RADIOCHEMICAL 

ELECTROCHEMICAL CODENi ROGLAA 

9661.01" M/93 
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8 5 ( 1 2 ) < 8 6 7 5 4 p 

S S t l Q ) i 6 7 5 3 9 f 

8 5 ( 1 0 ) ; 6 7 4 2 S r 

8 5 ( 9 ) i 5 7 8 4 5 p 
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fiS(4tt25064* 

8 5 ( 2 ) - 9 7 6 6 s 

8 5 ( 2 ) - 1 3 4 0 3 p 

8M2)U1443c 

Li tman , R o b e r t ; F i n a t o n , Harmon L . t 
W i l l i a m s , Evan T . 

L a t t i n , Kenne th R . t E r i c k s o n , G e r a l d 
L . 

K r s t u l o v i c , An te H . i R o s i e , Doug las 
M.i Brown, P h y l l i s R. 

C o c h r a n e , W. P t G r e e n h a l g h . R-

E x a m i n a t i o n of soma c u r r e n t p r o c e d u r e s e x a m i n a t i o n , mercu ry , a d v a n t a g e , 
f o r t r a c e mercu ry d e t e r m i n a t i o n ! The n e u t r o n , a c t i v a t i o n , r a y , e n v i r o n m e n t , 
a d v a n t a g e of n e u t r o n a c t i v a t i o n a n d a n a l y s i s , e n v i r o n m e n t a l 
x - r a y c o u n t i n g . 

M o n i t o r i n g t h e e f f l u e n t from n u c l e a r 
f a c i l i t i e s . 

S e l e c t i v e m o n i t o r i n g of p o l y n u c l e a r 
a r o m a t i c h y d r o c a r b o n s b y h i g h p r e s s u r e 
l i q u i d c h r o m a t o g r a p h y w i t h w a v e l e n g t h 
d e t e c t o r . 

E v a l u a t i o n e n d c o m p a r i s o n of s e l e c t i v e 
g a s c h r o m a t o g r a p h i c d e t e c t o r s f o r t h * 
a n a l y s i s of p e s t i c i d e r e s i d u e s . 

K a s h l d a , S h i g e h i k o 

H i n g e s , 0 . P . i Chands , R i c h a r d N . 
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F i z . T e k h . P o l u p r o v . , 6 ( 7 ) , 1391-4 
(Russ) 1972 

RADIOCHEMICAL CODENt JADEAQ 

RADIOCHEMICAL 

RADIOCHEMICAL 

RADIOCHEMICAL 

RADIOCHEMICAL CODEN. FTPPA4. 

J . C h r o m a t o g r - , 6 8 ( 1 ) , 302 (Eng) 1972 RADIOCHEMICAL CODENt JOCRAM. 

S p e c t r o c h i m . Ac ta , P a r t B, 2 7 ( 6 ) , 
247 -55 (Eng) 1972 . 

R e p o r t , WaBoLu-3/70, 13 p p . From. 
N u c l . S c i . A b s t r . 1972, 2 6 ( 4 ) , 6712 
(Ger) 1970 

SPECTROMETRY CODENi SAASBH 

RADIOCHEMICAL 

Zavod. L a b . . 3 8 ( 2 ) , 131-3 (Russ) 1972 . CHROMATOGRAPHY CODEN. ZVDLAU. 

R e p o r t , T l D - 4 1 0 0 ( S u p p l . 6 5 ) , 41 p p . 
A v a i l . DTIE From. N u c l . S c i , A b s t r . 
1972, 2 6 ( 2 ) , 2032 (Eng) 1 9 7 1 . 

R e p o r t , WCAP-7562-4, 45 p p . A v a i l . 
Dep NTIS From. Nucl S c i . A b s t r 
2 5 ( 2 3 ) , 55004 (Eng) 1971 

SPECTROMETRY 

RADIOCHEMICAL 

76(20) .117289m E a s t , L . V . i P a r k e r , J . L . t R e i l l y , 
D.i Wal ton , R. B. 

7 6 ( 1 2 ) : 6 7 1 0 5 a Zimmer, Wi l l i am H. 

7 6 ( 6 ) t 3 0 3 0 4 p 

Gamma-ray s c a n n i n g s y s t e m f o r b a r r e l s 
c o n t a i n i n g p l u t o n i u m w a s t e . 

Ge (L i ) IV p l u t o n i u m - 2 3 9 p a c k a g e 
c o u n t e r . 

Atomic a b s o r p t i o n s p e c t r o m e t r y a s a 
mercu ry s p e c i f i c d e t e c t i n g sys t em f o r 
g a s c h r o m a t o g r a p h y . 

gamma,, r a y , s c a n n i n g , b a r r e l s , 
p l u t o n i u m , w a s t e , r a d i o a c t i v e , w a s t e s , 
a n a l y s i s 

p l u t o n i u m , h a n f o r d , e n e r g y , gamma, 
r a y , c h e m i c a l , r a d i o a c t i v e , w a s t e s , 
c o m p u t e r , a n a l y s i s 

a t o m i c , a b s o r p t i o n , s p e c t r o m e t r y , 
m e r c u r y , g a s , c h r o m a t o g r a p h y , 
d e t e c t o r s , food, a n a l y s i s , 
s p e c t r o p h o t o m e t r i c , d e t e c t o r 

IEEE T r a n s . N u c l . S c i . 
(Eng) 1972 . 

1 9 ( 1 ) , 211 -18 RADIOCHEMICAL CODENt IETNAE 

U. S. A t . Energy Comm., ARH-1993, 26 
p p . A v a i l . Dep. NTIS Fromt N u c l . S c i . 
A b s t r . 1971 , 2 5 ( 2 1 ) , 48952 (Eng) 1971 

F r e s e n i u s ' Z . A n a l . 
361-2 (Ger) 1 9 7 1 . 

Chem., 2 5 6 ( 5 ) . 

RADIOCHEMICAL CODENt XAERAK 

CHROMATOGRAPHY CODENi ZACFAU 

9661.012.92-1/93 



Chapter 9 DOE/HWP-130 

SENSOR TYPE 

76 ( 4 ) . 2 0 8 4 9 a 

7 6 ( 4 ) . 2 0 4 7 5 f 

7 5 ( 1 7 ) . 1 0 5 9 3 5 k 

G i r a r d i , F . i C u z z i , G. 

Kawazu, Hideo i Sakanoue , Masanobu 

P i H a y , K K. S i v a s a n k a r a i Thomas, 
C h a r l e s C , J r . i S o n d e ! , James A . i 
Hyche , C a r o l y n M. 

Gamma-ray s p e c t r o s c o p y by means of gamma, r a y , s p e c t r o s c o p y , germanium, 
germanium l i t h i u m - d r i f t e d d e t e c t o r s i n l i t h i u m , d r i f t e d , d e t e c t o r s , 
a c t i v a t i o n a n a l y s i s . a c t i v a t i o n , a n a l y s i s , r a d i o c h e m i c a l , 

r a d i a t i o n 

7 5 ( 1 0 ) t 7 0 4 8 5 j F i s h e r , W i l l i a m L. 

7 S ( 8 ) t 5 6 3 1 2 t 

7 5 ( 6 ) . 4 4 0 9 5 n 

74(26) .149834k 

Cooke , D. 0 t D a g n a l l , R. M.j S h a r p , 
B L . i West , Thomas Summers 

S m i t h , Douglas G. i Cochran , J A . i 
S h l e i e n , B . 

C o c h r a n , J o s e p h A . i S m i t h , D G. i 
Magno, P a u l J . i S h l e i e n , B e r n a r d 

C h a r a c t e r i s t i c s of t h e l i t h i u m - d r i f t e d 
germanium d e t e c t o r i n s t a l l e d i n 
Kanazawa U n i v e r s i t y a n d i t s 
a p p l i c a t i o n s t o e n v i r o n m e n t a l 
p r o b l e m s 

D e t e r m i n a t i o n of m e r c u r y i n b i o l o g i c a l 
a n d e n v i r o n m e n t a l s a m p l e s b y n e u t r o n 
a c t i v a t i o n a n a l y s i s . 

Use a n d c a l i b r a t i o n of t h e a u t o m a t i c 
Co lumbia R i v e r m o n i t o r i n g s t a t i o n 
i o d i n e m o n i t o r . 

A p p l i c a t i o n of p h o t o n c o u n t i n g a s a 
d e t e c t i o n s y s t e m i n a t o m i c 
f l u o r e s c e n c e a n d e m i s s i o n 
s p e c t romet r y . 

C a l i b r a t i o n a n d i n i t i a l f i e l d t e s t i n g 
o f k r y p t o n - 8 5 d e t e c t o r s f o r 
e n v i r o n m e n t a l m o n i t o r i n g . 

7 3 ( 2 4 ) t l 2 6 6 0 2 y L a i , S u d a r s h a n ; C h r i s t i a n , Gary D. 

73(18) i93911 t H a s h i t a n i , H i r o s h i i Bmura, S a t o r u i 
Katsuyama, Kazuoi Naka j ima , K a t s u t o s h i 

7 3 ( 1 4 ) i 7 2 8 3 2 c R i v a , H i c h e l e ; C a r i a a n o , A l e s s a n d r o 

I n v e s t i g a t i o n o f a i r b o r n e r a d i o a c t i v e 
e f f l u e n t from a n o p e r a t i n g n u c l e a r 
f u e l r e p r o c e s s i n g p l a n t 

P o t e n t i o m e t r i c s t u d i e s w i t h a l i q u i d 
i o n - e x c h a n g e l e a d - s e l e c t i v e e l e c t r o d e . 

S e p a r a t i o n a n d d e t e r m i n a t i o n of 
z i r c o n i u m - 9 S - n i o b i u m - 9 5 a n d 
r u t h e m u m - 1 0 6 i n p r o c e s s s o l u t i o n s on 
r e p r o c e s s i n g t e s t s w i t h i r r a d i a t e d 
f u e l s . 

S e l e c t i v e d e t e c t i o n of p h o s p h o r u s , 
h a l o g e n s , n i t r o g e n , and a r s e n i c by 
i o n i z i n g f l a m e s m o d i f i e d b y a l k a l i 
m e t a l s a l t s . 

7 3 ( 8 ) t 4 1 0 7 2 a 

72(26).136173c 

Emma, V i Lo Higro, S.i Hilone, C. 

Bernard, Pierret Br land, C.i Bisset, 
J. P 

71(22)i!05057t 

Surace, Massimo 

De Groot, A J . ) Zschuppe, K. 
Bruin, H i Houtman, J . P W.i 
P. Amin 

Fission measurements by means of g lass 
detectors 

Spectrometry of radioactive 
alpha-emitters using semiconducting 
de tec to rs . 

Preliminary comparative analysis of 
t r i t ium and nickel-63 electron capture 
de tec tors . 

H.i De 
Singgih, 

l i t h i u m , d r i f t e d , germanium, d e t e c t o r , 
e n v i r o n m e n t a l , r a d i o a c t i v e , w a s t e s , 
e n v i r o n m e n t , n u c l e a r , r e a c t o r , 
r a d i a t i o n , d e t e c t o r s , gamma, r a y s , 
s o i l , e x p l o s i o n 

m e r c u r y , b i o l o g i c a l , e n v i r o n m e n t a l , 
n e u t r o n , a c t i v a t i o n , a n a l y s i s , f i s h , 
e n v i r o n m e n t , a q u a t i c , e r i e 

a u t o m a t i c , r i v e r , i o d i n e , e n e r g y , 
r a d i a t i o n , gamma, r a y , s c i n t i l l a t i o n 
w a t e r , a n a l y s i s 

p h o t o n , d e t e c t i o n , a t o m i c , 
f l u o r e s c e n c e , e m i s s i o n , s p e c t r o m e t r y , 
a n a l y s i s , s p e c t r o c h e m , d e t e c t o r s , 
s p e c t r o p h o t o m e t r i c 

k r y p t o n , d e t e c t o r s , e n v i r o n m e n t a l , 
h e a l t h , i o n i z a t i o n , r a d i a t i o n , 
e n v i r o n m e n t , r a d i o a c t i v e , w a s t e s , 
r a d i o c h e m i s t r y , d e t e c t i o n , a n a l y s i s 

a i r b o r n e , r a d i o a c t i v e , n u c l e a r , f u e l , 
p l a n t , h e a l t h , r a d i o a c t i v i t y , 
e n v i r o n m e n t a l , r e a c t o r , f u e l s , 
i r r a d i a t e d , a n a l y s i s 

p o t e n t i o m e t r i c , l i q u i d , i o n , e x c h a n g e , 
e l e c t r o d e , e l e c t r o d e s , a n a l y s i s , 
t i t r i m e t r i c , t i t r a n t 

z i r c o n i u m , n i o b i u m , r u t h e n i u m , 
s o l u t i o n s , i r r a d i a t e d , f u e l s , e n e r g y , 
r a d i o a c t i v e , w a s t e s , a n a l y s i s , 
n u c l e a r , r e a c t o r , f u e l , f i s s i o n 

d e t e c t i o n , p h o s p h o r u s , h a l o g e n s , 
n i t r o g e n , a r s e n i c , i o n i z i n g , f l a m e s , 
a l k a l i , m e t a l , s a l t s , f l a m e , 
i o n i z a t i o n , c h r o m a t o g r a p h i c , 
c h r o m a t o g r a p h y , g a s , d e t e c t o r s , s a l t , 
a n a l y s i s 

f i s s i o n , g l a s s , d e t e c t o r s , a n g u l a r , 
n u c l e a r , e m u l s i o n s , gamma, r a y s , 
b r e m s s t r a h l u n g 

s p e c t r o m e t r y . r a d i o a c t i v e , a l p h a , 
e m i t t e r s , s e m i c o n d u c t i n g , d e t e c t o r s , 
w a s t e s , r a y . e m i t t e r , r a y s , w a s t e , 
w a t e r , a n a l y s i s 

p r e l i m i n a r y , a n a l y s i s , t r i t i u m , 
n i c k e l , e l e c t r o n , d e t e c t o r s , g a s , 
s t e r o i d s , f l u i d s , ch roma tog raphy , 
d e t e c t o r 

Advan A c t i v Anal , 1 , 137-61 (Eng) RADIOCHEMICAL CODENi ADAYAR 
1969 

S c i . Rep. Kanazawa Univ , 1 6 ( 1 ) , 1-13 RADIOCHEMICAL CODENt SRKAAT 
(Eng) 1 9 7 1 . 

A c t i v a t i o n a n a l y s i s a p p l i e d t o 
s e d i m e n t s from v a r i o u s r i v e r d e l t a s , 

a c t i v a t i o n , a n a l y s i s , s e d i m e n t s , 
r i v e r , s o i l , e l e m e n t s , g e o l o g i c a l 

Anal Chem , 4 3 ( 1 1 ) , 1419-25 (Eng) 
1 9 7 1 . 

RADIOCHEMICAL CODEN. ANCHAM 

U S. A t . Energy Comm., BNWL-B-41. 25 RADIOCHEMICAL CODEN. XAERAK 
p p . A v a i l . Dep. NTIS From. Nuc l S c i . 
A b s t r 1 9 7 1 . 2 5 ( 8 ) , 15881 (Eng) 1970 

S p e c t r o s c L e t t , 4 ( 5 ) . 91-7 (Eng) 
1 9 7 1 . 

U.S C l e a r i n g h o u s e F e d . S c i . T e c h . 
Inform , PB R e p . , No. 195973 , 47 p p . 
A v a i l . NTIS From. U. S R e s . D e v e l o p . 
Rep 1 9 7 1 , 7 1 ( 3 ) , 139 (Eng) 1970 . 

U S C l e a r i n g h o u s e F e d . S c i . T e c h . 
I n f o r m . , PB R e p . , No. 193803 , 49 p p . 
A v a i l CFSTI From. U. S . G o v t . Res 
D e v e l o p . Rep 1970, 7 0 ( 2 0 ) , ISO (Eng) 
1970 

Anal Chim A c t a , 5 2 ( 1 ) , 4 1 - 6 (Eng) 
1970 

Nippon G e n s h i r y o k u G a k k a i s h i , 1 2 ( 5 ) , 
259-63 ( Japan) 1970 . 

Cron Chim , No. 26 3-7 ( I t a l ) 1969 

SPECTROMETRY 

RADIOCHEMICAL 

CODEN SPLEBX 

CODENt XCCRAO. 

CODENt XCCRAO 

ELECTROCHEMICAL CODENt ACACAM. 

RADIOCHEMICAL CODENi NGEGAL 

CHROMATOGRAPHY CODENi CROCBG 

L e t t Nuovo Cimento , 3 ( 1 6 ) . 542-4 GENERAL 
(Eng) 1970 

CODEN NCLTAX 

Ann Phys B i o l . Med.. 3 ( 1 ) , 31-6 (Fr ) SPECTROMETRY CODEN, APBMBD 
1969 

Gas c h r o m a t o g r . Horm S t e r o i d s Appl 
B i o l F l u i d s , P r o c Round-Tab le Conf 
Mee t ing Date 1967 . 1 9 3 - 9 . E d i t e d b y i 
S c h o l l e r , It Dunod- P a r i s , F r . (Eng) 
1 9 6 8 . 

N a t . B u r . S t a n d . (U S . ) , S p e c . P u b l . , 
No 3 1 2 ( 1 ) . 62 -71 A v a i l . GPO, 8 
d o l l a r s 50 c e n t s (Eng) 1969 . 

RADIOCHEMICAL CODENi 21LQA6 

CODENi XNBSAV. 

9661.0* ''-im 
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SENSOR TYPE 

7 1 ( 2 0 ) i 9 7 5 1 0 t St rohm, W. W.i Combe, A. B, t J a r v i s , 
J . Y. 

7 1 ( 1 6 ) . 7 3 8 0 7 u B o u r s e a u , R . i F a b r e , P . i Z i n i , E. 

Gamma-ray a s s a y o f p l u t o n i u m - 2 3 6 i n 
w a s t e c a n s . X, S i n g l e - c h a n n e l a s s a y . 
XX. M u l t i c h a n n e l a s s a y . 

D e t e r m i n a t i o n o f u r a n i u m i n s o l u t i o n 
b y m e a s u r i n g i n t e r n a l c o n v e r s i o n 

gamma, r a y , p l u t o n i u m , w a s t e , 
m u l t i c h a n n e l , e n e r g y , r a d i o a c t i v e , 
w a s t e s , a n a l y s i s 

u r a n i u m , s o l u t i o n , r a y s , e n e r g y , 
r a d i o a c t i v e , w a s t e s , a n a l y s i s , w a t e r 

7 0 ( 2 4 ) i l ! 1 3 3 6 d M i e u r e , James P . ) J o n e s . J e r r y Lynn 

7 0 ( 2 0 ) . 9 2 8 7 7 n J o n e s , J e r r y Lynnt M i e u r e . James P . 

E l e c t r o g r a v i m e t r i c t r a c e a n a l y s i s on a 
p i e z o e l e c t r i c d e t e c t o r . 

P i e z o e l e c t r i c t r a n s d u c e r f o r 
d e t e r m i n a t i o n o f m e t a l s a t t h e 
n i c r o m o l a r l e v e l . 

X-Ray a s s a y o f p l u t o n l u m - 2 3 8 i n w a s t * 

6 9 ( 1 0 ) . 4 0 5 9 3 b B i s t l i n e , R o b e r t W.) T y r e e , Wil l i am H. Compar i son of l o w - e n e r g y p h o t o n 
d e t e c t o r s f o r p l u t o n i u m a n d amer ic ium 
wound c o u n t i n g . 

7 0 ( 2 ) . 9 1 5 5 k St rohm, W. W. 

e l e c t r o g r a v i m e t r i c , a n a l y s i s , 
p i e z o e l e c t r i c , d e t e c t o r 

p i e z o e l e c t r i c , t r a n s d u c e r , m e t a l s , 
m i c r o m o l a r , a n a l y s i s 

r a y , p l u t o n i u m , w a s t e , a n a l y s i s , 
r a d i o a c t i v e , w a s t e s , s t e e l 

e n e r g y , p h o t o n , d e t e c t o r s , p l u t o n i u m , 
a m e r i c i u m , wound, r o c k y , f l a t s , 
wounds, a n a l y s i s 

U. 8 . A t . Energy Comm., MLM-1585, 39 RADIOCHEMICAL CODENi XAERAK. 
p p . A v a i l . Dep. i CFSTI Fromt N u c l . 
S c i . A b s t r . 1969, 2 3 ( 1 5 ) . 28720 (Eng) 
1969 . 

N u c l . Tech . Miner . R e s o u r . , P r o c . RADIOCHEMICAL CODENi 21ELAO. 
Symp. , Meet ing Date 1968, 2 4 9 - 5 4 . I n t . 
A t . Energy Agencyt V i e n n a , A u s t r i a . 
( F r ) 1969 . 

T a l a n t a , 1 6 ( 1 ) , 149-50 (Eng) 1969 . PIEZOELECTRIC CODENi TLNTA2. 

A n a l . Chem., 4 1 ( 3 ) , 484-90 (Eng) 1969 . PIEZOELECTRIC CODENi ANCHAM. 

N u c l . A p p l . , S ( 3 ) , 183-9 (Eng) 1 9 6 8 . RADIOCHEMICAL CODEN. NUAPAO. 

U. S . A t . Energy Comm-, RFP-1068 5 p p . RADIOCHEMICAL 
A v a i l . Dep . i CFSTI. Fromt N u c l . S c i . 
A b s t r . 1968, 2 2 ( 5 ) , 8340 (En 1967 . 

CODENi XAERAK. 

6 8 ( 2 0 ) t 9 2 8 2 6 d A n d r e a t c h , Anthony J . i I n n a s , W i l l i a m A n a l y s i s u s i n g a h y d r o g e n f lame 
B. i o n i z a t i o n d e t e c t o r . 

3 ( 1 6 ) i 7 4 6 8 1 p Mor in , M. B . 

6 7 ( 2 2 ) t l 0 4 9 2 8 h Devaux, P h i l i p p e * Guiochon , Georges 

C a i r n s , R. B . i Samson, James A. R. 

a n a l y s i s , h y d r o g e n , f lame, i o n i z a t i o n , U . S . US 3366456 30 J a n 1968 , 17 p p . 
d e t e c t o r , a i r , a c e t o n e , r e s p i r a t o r y , (Eng)■ 
e x h a u s t , g a s e s , h y d r o c a r b o n s , 
d e t e c t i o n , h a l o g e n a t e d , 
c h r o m a t o g r a p h y , g a s , d e t e c t o r s , b l o o d , 
u r i n e , b r e a t h , human 

C o u p l i n g of a mass s p e c t r o m e t e r w i t h a s p e c t r o m e t e r , g a s , c h r o m a t o g r a p h , 
g a s c h r o m a t o g r a p h . s p e c t r o m e t e r s , c h r o m a t o g r a p h i c , 

d e t e c t o r s , c h r o m a t o g r a p h y , a n a l y s i s , 
b e n z e n e , c y c l o h e x a n e 

E l e c t r o n c a p t u r e d e t e c t o r i n g a s e l e c t r o n , d e t e c t o r , g a s , 
c h r o m a t o g r a p h y . XX. C o m p a r a t i v e s t u d y c h r o m a t o g r a p h y , o r g a n i c , a n a l y s i s 
o t r e s p o n s e s f o r s e v e r a l o r g a n i c 
compounds . 

M e t a l p h o t o c a t h o d e s a s s e c o n d a r y 
s t a n d a r d s f o r a b s o l u t e i n t e n s i t y 
m e a s u r e m e n t s i n t h e vacuum 
u l t r a v i o l e t . 

m e t a l , p h o t o c a t h o d e s , vacuum, l i g h t , 
p h o t o m e t r y , p h o t o e l e c t r i c , m e t a l s , 
c a t h o d e s , p h o t o 

Methodes P h y s . A n a l . ( J u l y - S e p t . ) . 
157-62 (Fr) 1967 . 

SPECTROMETRY CODENt USXXAM. NCLt 023230000. 
APPLICATION. US 23 Mar 1962 . 

CHROMATOGRAPHY CODENi MPYAAJ. 

B u l l . SOC. Chim. F r . ( 4 ) , 1236-47 ( F r ) CHROMATOGRAPHY CODEN. BSCFAS. 
1967 . 

J . O p t . S o c . Am., 5 6 ( 1 1 ) , 1568-73 
(Eng) 1966. 

SPECTROMETRY CODEN. JOSAAH. 
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10. LIST OF MANUFACTURERS, VENDORS, AND RESEARCH ORGANIZATIONS 

This section contains a list of (1) companies that manufacture or sell several different types of 
devices used for analyzing, detecting, monitoring, or sensing of chemicals; and (2) organizations 
known to be doing research aimed at development of various types of chemical sensors. The list 
includes devices other than chemical sensors because the use of the term "chemical sensor" is still 
not widespread, especially in manufacturing literature. The list was compiled from three sources: 
(1) the 1993 LabGuide Edition of Analytical Chemistry (August 15, 1992); (2) the Thomas Register 
of American Manufacturers, Thomas Publishing Company, New York, 1992; and (3) a report to 
the DOE/Office of Environmental Restoration and Waste Management obtained from S.J. Mech 
of Westinghouse Hanford Company (WHC-SP-0718, 25 November 1991). A few entries were 
obtained from lists of attendees at DOE meetings in which one of the authors participated. As 
pointed out in preceding sections, the authors do not claim this information to be comprehensive, 
but it is believed to be representative. 

The left column of the list gives the organization or company name and address along with the 
voice telephone and FAX numbers, where known (if FAX is not shown before a number, the 
entry is a voice number). The right column gives one or more index numbers that are keys to the 
types of devices made or being developed. The legend for these index numbers follows. 

Device Type Legend 

1. Aerosol Analyzer 
2. Air Monitor, oxygen 
3. Air Sampling & Analysis 
4. Aldehyde Analyzer 
5. NH3 Analyzer 
6. Cd Analyzer 
7. Ca Analyzer 
8. C,H,N Analysis 
9. C02 Analyzer 
10. CO Analyzer 
11. CI" Ion Analyzer 
12. Cu Analyzer 
13. C02 Detector 

14. CO Detector 
15. Colormetric Detector 
16. Electrochemical Detector 
17. Methane Detector 
18. Photoacoustic Detector 
19. Pyroelectric Detector 
20. not used 
21. Ion-Selective Electrode 
22. Microelectrode 
23. Specific Ion Electrode 
24. Fiber Optic Detector 
25. Gas Analysis Apparatus 

26. Hydrocarbon Analyzer 
27. Ion Analyzer 
28. Mercury Vapor Detector 
29. N02 Monitor 
30. NOx Analyzer 
31. Chemical Sensor 
32. Specific Ion Meter 
33. Surface Analysis 
Equipment 
34. Toxic Gas Detector 
35. Water Analyzer 
36. Vapor Detector 
37. Organic Solvents 

ORGANIZATION/COMPANY NAME DEVICE TYPE(S) 

Adsistor Technology Inc. 36 
P.O. Box 51160 
Seattle, WA 98115 
206-368-9110 
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Advanced Chemical Sensors Company ?? 
350 Oaks Lane 
Pompano Beach, FL 33069 
305-979-0958; FAX 305-338-5737 

Aesar/Johnson Matthey 22 
P.O. Box 8247 
Ward Hill, MA 01835 
508-521-6300; FAX 800-322-4757 

ORGANIZATION/COMPANY NAME DEVICE TYPE(S) 

AI.M. USA 14, 17 
12919 S.W. Freeway, #170 
Stafford, TX 77477 
713-240-5020; FAX 800-275-4246 

Air Products & Chemicals Inc. 3, 25 
7201 Hamilton Blvd. 
Allentown, PA 18195 
FAX 800-752-1597 

Aldrich Chemical Company, Inc. 2, 3, 5, 13, 14, 28, 34 
1001 W. St.Paul Ave. 
Milwaukee, WI 53233 
800-558-9160 

Alfa/Johnson Matthey 23 
30 Bond Street 
Ward Hill, MA 01835 
508-521-6300; FAX 800-322-4757 

Alko Diagnostic Corporation 23 
ALKO Industrial Park, 333 Fiske St. 
Holliston, MA 01746 
508-429-4600; FAX 800-828-2556 

Alltech Associates 5, 27, 29, 30 
2051 Waukegan Rd. 
Deerfield, IL 60015 
708-948-8600 

Alphagaz Div/Liquid Air Corporation 3 
2121 N. California Blvd., Suite350 
Walnut Creek, CA 94596 
510-977-6506; FAX 800-248-1427 

Alpha-M Corporation 21, 23 
11518 Reeder Rd., No. 115 
Dallas, TX 75229 
214-406-0424 
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Alpha Resources, Inc. 8 
3090 Johnson Rd. 
StevensviUe, MI 49127 
616-465-5559; FAX 800-833-3083 

Altamira Instruments Inc. 33 
2090 William Pitt Way 
Pittsburgh, PA 15238 
FAX 412-826-3081 
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ORGANIZATION/COMPANY NAME DEVICE TYPE(S) 

American Gas & Chemical Company., Ltd. 14, 17, 34 
220 Pegasus Ave. 
Northvale, NJ 07647 
201-767-7300; FAX 800-288-3647 

American Scientific Instrumentation 3 
107 Hawthorne Ave. 
Park Ridge, NJ 07656 
FAX 201-391-6804 

Ames Laboratory, Iowa State University 11, 24, 30, 31 
Office of Research & Technology Application 
119 O&L Bldg. 
Ames, IA 50011-3020 
515-294-2635 

Ametek 2 
P.O. Box 4239, Grand Central Sta. 
New York, NY 10163 
FAX 215-296-3412 

Ametek/Dycor 25 
150 Freeport Rd. 
Pittsburgh, PA 15238 
FAX 412-826-0399 

Ametek Inc/Mansfield & Green Division 3 
8600 Somerset Dr. 
Largo, FL 34643 
FAX 813-539-6882 

Ametek, Inc., Process & Analytical Instr Division 2, 9, 10, 13, 14, 17, 25, 29, 30 
150 Freeport Rd. 
Pittsburgh, PA 15238 
FAX 412-826-0399 

Anacon Corporation 2, 13, 14, 16, 17 
117 South St. 
Hopkinton, MA 01748 
FAX 508-435-6881 

Analabs 3 
140 Water St. 
Norwalk, CT 06854 
203-288-8463 
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Analytical Measurements, Inc. 21 
31 Willow St. 
Chatham, NJ 07928 
FAX 908-273-7502 
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ORGANIZATION/COMPANY NAME 

Analytical Products, Inc. 
3339 Arden Rd. 
Hayward, CA 94545 
510-732-5400; FAX 800-227-9738 

Andersen Instruments Inc. 
4801 Fulton Industrial Blvd. 
Atlanta, GA 30336 
404-691-1910; FAX 800-241-6898 

Applied Automation/Hartmann & Braun 
7780 Quincy St. 
Willowbrook, IL 60521 
708-986-1090; FAX 800-888-3847 

Applied Science Corporation 
HI Bullard Pkwy., Suite 208 
Tampa, FL 33687 
813-988-8181; FAX 813-988-2814 

Arizona Instrument Corporation 
P.O. Box 1930 
Tempe, AZ 85280 
602-731-3400; FAX 800-528-7411 

Arnel Inc. 
3145 Bordentown Ave. 
Parlin, NJ 08859 
FAX 908-721-4300 

Astro International Corporation 
100 Park Ave. 
League City, TX 77573 
FAX 713-554-6795 

Babcock & Wilcox Company 
Applied Measurement Technologies Group 
1562 Beeson St. 
Alliance, OH 44601 
216-829-7271 

Bacharach Inc. 
625 Alpha Dr. 
Pittsburgh, PA 15238 
412-963-2107; FAX 412-963-2091 

DEVICE TYPE(S) 

13 

1, 3, 8, 25 

9,10 

14,17 

3, 25, 28, 34 

3, 25, 26 

9, 17, 26 

24,31 

2, 3, 7, 13, 14, 26, 30, 34 
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Bailey Controls Company 14, 24, 31 
29801 Euclid Ave. 
Wickliffe, OH 44092 
216-585-8500 

165 



ORGANIZATION/COMPANY NAME DEVICE TYPE(S) 

Balzers 3, 8, 25, 33 
8 Sagamore Park Rd. 
Hudson, NH 03051 
FAX 603-889-8573 

Baxters Scientific Products Division 2, 11, 21, 23, 27 
1430 Waukegan Rd. 
McGaw Park, IL 60085 
708-689-8410 

Beckman Instruments Inc. 22, 27 
2500 Harbor Blvd. 
Fullerton, CA 92634 
714-871-4848; FAX 800-742-2345 

Belov Tech. Company, Inc. 19, 24 
345 Sandford St. 
New Brunswick, NJ 08901 
FAX 908-247-5396 

BGI Inc. 3 
58 Guinan St. 
Waltham, MA 02154 
FAX 617-891-8151 

Bioanalytical Systems Inc. 16, 22 
2701 Kent Ave., Purdue Research Park 
W. Lafayette, IN 47906 
FAX 317-497-1102 

Bio-Rad Labs, Digilab Division 3, 25 
237 Putnam Ave. 
Cambridge, MA 02139 
617-868-4330; FAX 800-225-1248 

Bio-Rad Laboratories, Life Science Group 16 
3300 Regatta Blvd. 
Richmond, CA 94804 
510-741-1000; FAX 800-950-4246 

Bioscience Inc. 35 
1530 Valley Center Pkwy., Suite 120 
Bethlehem, PA 18017 
215-974-9693; FAX 800-627-3069 

Bomem/Hartmann & Braun 13, 14, 24, 31 
450 Ave. St. Jean-Baptiste 
Quebec City, Quebec G2E 5S5 Canada 
418-877-2944 
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ORGANIZATION/COMPANY NAME 

Bomem Inc. 
1360 Wood Dale, Suite B 
Wood Dale, IL 60191 
708-350-0550; FAX 800-888-3847 

Bran & Luebbe, Inc. 
1025 Busch Pkwy. 
Buffalo Grove, IL 60089 
FAX 708-520-0855 

Brinkmann Instruments, Inc. 
One Cantiague Rd. 
Westbury, NY 11590-0207 
516-334-7500; FAX 800-645-3050 

Brooklyn Thermometer Company, Inc. 
90 Verdi St. 
Farmingdale, NY 11735 
FAX 516-694-6329 

Buchler Instruments 
8811 Prospect 
Kansas City, MO 64132 
816-333-8811; FAX 800-732-0031 

Buck Scientific Inc. 
58 Fort Point St. 
East Norwalk, CT 06855-1097 
203-853-9444; FAX 800-562-5566 

Burrell Corporation 
2223 Fifth Ave. 
Pittsburgh, PA 15219 
FAX 412-391-4231 

Cahn Instruments Inc. 
16207 Carmenita Rd. 
Cerritos, CA 90701 
310-926-3378; FAX 800-423-6641 

Calibrated Instruments Inc. 
200 Saw Mill River Rd. 
Hawthorne, NY 10532 
FAX 914-741-5711 

California Measurements Inc. 
150 E. Montecito Ave. 
Sierra Madre, CA 91024 
FAX 818-355-5320 

DEVICE TYPE(S) 

19 

3, 5, 7, 11, 27 

5, 6, 11, 12, 21, 22, 23, 27, 32, 35 

31 

11 

28,35 

3,25 

33 

3, 5, 9, 10, 13, 14, 16, 25, 26 

1,3 



ORGANIZATION/COMPANY NAME DEVICE TYPE(S) 

Capital Controls Company Inc. 
P.O. Box 211 
Colmar, PA 18915 
215-822-2901; FAX 800-523-2553 

3, 5, 34 

CCI Controls 
5052 Cecelia St. 
South Gate, CA 90280-3511 
213-560-6060; FAX 213-560-1136 

3,36 

CDS Analytical 
7000 Limestone Rd. 
Oxford, PA 19363-0277 
215-932-3636; FAX 800-541-6593 

CEA Instruments Inc. 
16 Chestnut St. 
Emerson, NJ 07630 
FAX 201-967-8450 

2, 3, 4, 5, 9, 10, 13, 14, 
17, 25, 26, 29, 30, 34 

Charles Evans & Associates 
301 Chesapeake Dr. 
Redwood City, CA 94063 
415-369-4567 

33 

CHEMetrics Inc. 
Route 28 
Calverton, VA 22016 
703-788-9026; FAX 800-356-3072 

5, 7, 9, 11, 12, 13 

Chestec Corporation 
21 Yennicock Ave. 
Port Washington, NY 11050 
516-883-1700; FAX 800-548-0904 

14,17 

Chrompack Inc. 
1130 Hwy. 202 South 
Raritan, NJ 08869 
908-722-8930; FAX 800-526-3687 

3, 26, 35 

Cincinnati Electronics Corporation 
7500 Innovation Way 
Mason, OH 45040 
FAX 513-573-6290 

19 

Clean Air Engineering 
500 West Wood St. 
Palatine, IL 60067 
708-991-3300; FAX 800-627-0033 

1, 2, 3, 5, 9, 10, 25, 26, 29, 30 
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ORGANIZATION/COMPANY NAME DEVICE TYPE(S) 

Climatronics Corporation 31 
140 Wilbur Place 
Bohemia, NY 11716 
516-567-7300 

Climet Instruments Company 3, 35 
1320 W. Colton Ave. 
Redlands, CA 92373 
FAX 714-793-1738 

Columbus Instruments 9 
950 N. Hague Ave. 
Columbus, OH 43204 
614-276-0861; FAX 800-669-5011 

Computer Chemistry Corporation 11, 32 
3 Haverstock Rd. 
Franklin, MA 02038 
FAX 508-520-3766 

Conax Buffalo Corporation 24 
2300 Walden Ave. 
Buffalo, NY 14225 
716-684-4500; FAX 800-223-2389 

Control Instruments Corporation 31 
25 Law Dr. 
Fairfield, NJ 07004 
201-575-9114; FAX 201-575-0013 

Corning Inc. 23 
Science Products Division, HP-AB-03-08 
Corning, NY 14831 
FAX 607-974-7919 

Cuda Products Corporation 24 
6000 Powers Ave. 
Jacksonville, FL 32217 
904-737-7611; FAX 904-733-4832 

Custom Sensors & Technology 5, 24, 31, 36 
7534 Watson Rd. 
St. Louis, MO 63119 
314-962-4555 

Cypress Systems Inc. 22 
P.O. Box 3931 
Lawrence, KS 66046 
FAX 913-842-0327 
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ORGANIZATION/COMPANY NAME DEVICE TYPE(S) 

Davis Instrument Manufacturing Company Inc. 2, 3, 13, 14, 16, 17, 25, 29 
4701 Mt. Hope Drive 
Baltimore, MD 21215 
410-358-3900; FAX 800-368-2516 

Del Mar Scientific 3, 15 
4145 Billy Mitchell 
Addison, TX 75244 
FAX 214-490-9243 

Delphian Corporation 14, 17, 34 
220 Pegasus Ave. 
Northvale, NJ 07647 
201-767-7300; FAX 800-288-3647 

Diamond General Corporation 22, 23 
3810 Varsity Dr. 
Ann Arbor, MI 48108 
313-973-7160; FAX 800-678-9856 

Dionex Corporation 11, 12, 16, 27 
1228 Titan Way 
Sunnyvale, CA 94086 
408-737-0700; FAX 800-346-6390 

DuPont Company 3 
1007 Market St. 
Wilmington, DE 19898 
302-774-2421; FAX 800-441-7515 

Du Pont 5, 25, 30 
Clinical & Instrument Systems Division 
Wilmington, DE 19898 
302-772-5488 

Dwyer Instruments Inc. 25 
102 Highway 212 
Michigan City, IN 46360 
FAX 219-872-9057 

Dynamation Inc. 3, 14, 25, 34 
3784 Plaza Dr. 
Ann Arbor, MI 48108 
313-769-0573; FAX 313-769-1888 

Eberbach Corporation 12, 28 
505 S. Maple Rd. 
Ann Arbor, MI 48106 
313-665-8877; FAX 800-422-2558 
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ORGANIZATION/COMPANY NAME 

Eberline Instrument Corporation 
P.O. Box 2108, Airport Rd. 
Santa Fe, NM 87501 
505-471-3232; FAX 800-678-7088 

Edjewise Sensor Products Inc. 
3450 Green Rd., Suite 201 
Cleveland, OH 44122 
216-397-4621 

DEVICE TYPE(S) 

3 

24,36 

Edmund Scientific Company 
101 E. Gloucester Pike 
Barrington, NJ 08007 
FAX 609-573-6295 

Edo Corporation/Barnes Engineering Division 
88 Long Hill Crossroads 
Shelton, CT 06484 
FAX 203-926-1030 

24 

19 

Edwards High Vacuum Inc. 
3279 Grand Island Blvd. 
Grand Island, NY 14072 
716-773-7552; FAX 800-828-3864 

EEV Inc. 
4 Westchester Plaza 
Elmsford, NY 10523 
914-592-6050; FAX 800-342-5338 

EG&G Gamma Scientific 
3777 Ruffin Rd. 
San Diego, CA 92123 
619-279-8034 

25 

19 

31,33 

EG&G Ortec/EG&G Berthold 
100 Midland Rd. 
Oak Ridge, TN 37831 
615-482-4411; FAX 800-251-9750 

EG&G Princeton Applied Research 
CN5206 
Princeton, NJ 08540 
FAX 609-883-7259 

4, 6, 11, 12, 16 

Electric Power Research Institute 
3412 Hillview Ave. 
Palo Alto, CA 94304 
415-855-2331 

5, 13, 14, 24, 31, 35 
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ORGANIZATION/COMPANY NAME 

Electrosynthesis Company, The 
P.O. Box 430 
E. Amherst, NY 14051 
FAX 716-684-0511 

Enmet Corporation 
34 
680 Fairfield Ct. 
Ann Arbor, MI 48106 
FAX 313-761-3220 

DEVICE TYPE(S) 

22 

2, 3, 5, 13, 14, 16, 17, 26, 29, 31, 

Entech 
950 Enchanted Way, Suite 101 
Simi Valley, CA 93065 
FAX 805-527-5687 

Envirochem Inc. 
Rt. 896, Box 180 
Kemblesville, PA 19347 
FAX 215-255-0673 

35 

Environmental Technologies Group Inc. 
1400 Taylor Ave. 
Baltimore, MD 21284-9840 
301-339-3146; FAX 800-635-4598 

Epitaxx Inc. 
Infrared Aerospace & Defense Group 
2121 Avenue of the Stars, 6th Floor 
Los Angeles, CA 90067 
213-551-6507 

4, 5, 25 

17, 24, 37 

Eppendorf North America Inc. 
545 Science Dr. 
Madison, WI 53711 
608-231-1188; FAX 800-421-9988 

Erdco Engineering Corporation 
P.O. Box 6318 
Evanston, IL 60202 
800-553-0550; FAX 708-328-3535 

ES Industries 
701 South Rte. 73 
Berlin, NJ 08009 
609-753-8400; FAX 800-356-6140 

5, 7, 9, 11, 12, 16, 23, 27 

25,26 

3,35 
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ESA Inc. 3, 15, 16 
45 Wiggins Ave. 
Bedford, MA 01730 
FAX 617-275-5529 
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ORGANIZATION/COMPANY NAME DEVICE TYPE(S) 

Extech Instruments 31 
335 Bear Hill Rd. 
Waltham, MA 02154 
FAX 617-890-7864 

FEI Microwave 33 
825 Stewart Dr. 
Sunnyvale, CA 94086 
408-732-0880; FAX 800-822-5864 

Femtometrics ?? 
1001 W. 17th St., #7 
Costa Mesa, CA 92627-4512 
714-722-6239 

Fenwal Electric Inc. 31 
450 Fortune Blvd. 
Milford, MA 01757 
FAX 508-473-6035 

Fiberchem Inc. 5, 13, 14, 24, 31, 37 
3135 Regal Oak Drive 
Henderson, NV 89014 
702-435-1524 

Figaro USA Inc. 5, 14, 26, 34 
1000 Skokie Blvd. 
Wilmette, IL 60091 
708-256-3546; FAX 708-256-3884 

Fisher Scientific Company 11, 21, 23, 25, 32 
711 Forbes Ave. 
Pittsburgh, PA 15219 
412-562-8300; FAX 800-76607000 

Fisons Instruments 8 
24911 Stanford Ave. 
Valencia, CA 91355 
800-551-8741; FAX 800-631-6841 

Florida State University 24, 31, 37 
Dept. of Chemistry 
Tallahasse, FL 32306-3006 
904-644-3001 

Foxboro 3, 4, 5, 8, 9, 10, 13, 14, 17, 
Bristol Park B521B 23, 25, 26, 29, 30, 33, 34, 35 
Foxboro, MA 02035 
508-543-8750; FAX 800-521-0451 

174 



ORGANIZATION/COMPANY NAME DEVICE TYPE(S) 

Galileo Electro-Optics Corporation 24, 31 
P.O. Box 550 
Sturbridge, MA 01566 
508-347-9191; FAX 800-648-1800 

Gastech Inc. 13, 14, 25 
8445 Central Ave. 
Newark, CA 94560 
510-794-6200; FAX 510-794-6210 

GE Company 9, 10, 31 
Business Information Center 
One Winners Circle - L 
Albany, NY 12205 
800-626-2004 

Gelman Sciences 3 
600 S. Wagner Rd. 
Ann Arbor, MI 48106-1448 
313-665-0651; FAX 800-521-1520 

General Fiber Optics 24 
98 Commerce Rd. 
Cedar Grove, NJ 07009 
FAX 201-239-4258 

Geo-Centers Inc., Sensor Systems Group 5, 13, 14, 24, 29, 31, 37 
7 Wells Ave. 
Newton Centre, MA 02159 
617-964-7070 

Gilson Medical Electronics Inc. 16 
3000 W. Beltline Hwy. 
Middleton, WI 53562 
608-836-1551; FAX 800-445-7661 

Gow-Mac Instrument Company 9, 25, 26 
P.O. Box 32 
Bound Brook, NJ 08805 
FAX 908-271-2782 

Great Lakes Instruments Inc. 23 
8855 N. 55th St., Dept. LGIE 
Milwaukee, WI 53223 
FAX 414-355-8346 
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Hach Company 5, 7, 12, 21, 23, 32 
P.O. Box 389 
Loveland, CO 80539 
303-669-3050; FAX 800-227-4224 
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ORGANIZATION/COMPANY NAME DEVICE TYPE(S) 

Hamamatsu Corporation 19 
360 Foothill Rd. 
Bridgewater, NJ 08807 
908-231-0960; FAX 800-524-0504 

Harvard Apparatus 15 
22 Pleasant St. 
S. Natick, MA 01760 
508-655-7000; FAX 800-272-2775 

Hewlett-Packard Company 3 
3495 Deer Creek Rd. 
Palo Alto, CA 94304 

Hiac/Royco 3 
2431 Linden Lane 
Silver Spring, MD 20910 
301-495-7000; FAX 800-638-2790 

Hill, E. Vernon Inc. 3 
940 Adams St., Suite G 
Benecia, CA 94510-2950 
FAX 707-747-1534 

HIQ Environmental Products Company 3 
7386 Trade St. 
San Diego, CA 92121 
FAX 619-549-9657 

HNU Systems Inc. 3, 5, 7, 21, 23, 26, 32, 34 
160 Charlemont St. 
Newton Highlands, MA 02161 
617-964-6690; FAX 800-962-6032 

Honeywell, Inc. 31, 34 
Honeywell Plaza 
Minneapolis, MN 55408 
612-870-5200; FAX 800-328-5111 

Horiba Instruments Inc. 3, 7, 9, 10, 13, 14, 21, 
1021 Durvea Ave. 23, 25, 26, 30 
Irvine, CA 92714 
714-250-4811 

Houston Atlas 3, 14 
9441 Baythorne Dr. 
Houston, TX 77041 
FAX 713-462-1831 
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Idaho National Engineering Laboratory 24, 37 
P.O. Box 1625, MS 1LS-W3 
Idaho Falls, ID 83415 

178 



ORGANIZATION/COMPANY NAME DEVICE TYPEfS) 

Illinois Instruments Inc. 9 
5302 W. Elm St. 
McHenry, IL 60050 
FAX 815-344-6332 

Infometrix Inc. 16 
2200 Sixth St., No. 833 
Seattle, WA 98121 
FAX 206-441-0841 

Infrared Analysis Inc. 3, 25 
1424 N. Central Park Ave. 
Anaheim, CA 92802 
FAX 714-535-5046 

Infrared Fiber Systems Inc. 13, 14, 24, 31 
2301-A Broad Birch Dr. 
Silver Spring, MD 20904 
301-622-9546 

Ingold Electrodes Inc. 9, 21, 22, 23, 24, 27, 30 
261 Ballardvale St. 
Wilmington, MA 01887 
508-658-7615; FAX 800-352-8763 

Innovative Sensors Inc. 21, 23 
4745 E. Bryson St. 
Anaheim, CA 92807 
FAX 714-779-9315 

Institute of Organic Chemistry 5, 24 
Analytical Division 
Karl Franzens University 
A-8010 Graz, Austria 

Instruments SA Inc. 33 
6 Olsen Ave. 
Edison, NJ 08820 
908-494-8660; FAX 800-438-7739 

International Crystal Laboratories 25, 35 
11 Erie St. 
Garfield, NJ 07026 
FAX 201-478-4201 

International Sensor Technology 25, 31 
17771 Fitch St. 
Irvine, CA 92714 
714-863-9999 
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ORGANIZATION/COMPANY NAME 

InterScan Corporation 
P.O. Box 2496 
Chatsworth, CA 
818-882-2331; FAX 800-458-6153 

Ionics Inc., Instrument Division 
65 Grove St. 
Watertown, MA 02172 
617-926-2500; FAX 800-446-6427 

I-STAT Corporation 
436 Hazeldean Rd. 
Kanata, ONTARIO K2L 1T9, Canada 
613-831-2725; FAX 613-836-4883 

JASCO 
8649 Commerce Dr. 
Easton, MD 21601 
410-822-1220; FAX 800-333-5272 

Johnson Matthey, Catalytic Systems Division 
456 Devon Park Dr. 
Wayne, PA 19087 
FAX 215-293-1284 

Kahl Scientific Instrument Company 
P.O. Box 1166 
El Cajon, CA 92022 
FAX 619-444-0207 

Kontes 
Spruce St. 
Vineland, NJ 08360 
609-692-8500; FAX 800-223-7150 

Koslow Scientific Company 
75 Gorge Rd. 
Edgewater, NJ 07020 
201-941-4484; FAX 800-556-7569 

KUB/Analect 
17819 Gillette Ave. 
Irvine, CA 92714 
714-660-8801; FAX 800-326-2328 

Kyoto Electronics Mfg. USA Inc. 
2 Edison Place 
Springfield, NJ 07081 
201-379-9651; FAX 800-458-3168 

DEVICE TYPE(S) 

3, 10, 14, 16, 25, 29, 30 

6, 12, 16 

•}"> 

7, 8, 16 

25 

31 

3,28 

16,22 

22 
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ORGANIZATION/COMPANY NAME DEVICE TYPE(S) 

Lachat Instruments 5, 6, 11, 12, 27 
6645 W. Mill Rd. 
Milwaukee, WI 53218 
414-358-4200; FAX 800-247-7613 

La Motte Company 3 
Route 213 North 
Chestertown, MD 21620 
410-778-3100; FAX 800-344-3100 

Lawrence Livermore National Laboratory 5, 13, 14, 24, 29, 30, 
P.O. Box 808 31, 34, 36, 37 
Livermore, CA 94550 
510-422-3521 

Lazar Research Labs Inc. 13, 21, 22, 23 
920 N. Formosa Ave. 
Los Angeles, CA 90046 
213-384-6195; FAX 800-824-2066 

Leeds & Northrup 8, 9, 10, 11, 12, 13, 21, 
351 Sumneytown Pike 23, 25, 26, 31, 32 
North Wales, PA 19454 
215-699-2000; FAX 800-533-3726 

Leeman Labs Inc. 6, 8, 12, 28 
55 Technology Dr. 
Lowell, MA 01851 
FAX 508-452-7429 

Kurt J. Lesker Company 27 
1515 Worthington Ave. 
Clairton, PA 15025 
412-233-4200; FAX 800-245-1656 

Leybold Inficon Inc. 25 
Two Technology Place 
East Syracuse, NY 13057 
FAX 315-437-3803 

Li-Cor Inc. 9 
4421 Superior St. 
Lincoln, NE 68504 
402-467-3576; FAX 800-447-3576 

Lightsense Corporation 5, 13, 24, 31 
1513 18th St. 
Santa Monica, CA 90404 
213-828-1045 
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ORGANIZATION/COMPANY NAME DEVICE TYPE(S) 

Lockwood and McLorie Inc. 3 
P.O. Box 113 
Horsham, PA 19044 
FAX 215-659-0902 

Los Alamos National Laboratory 24, 31 
Group P-14 
P.O. Box 1663 
Los Alamos, NM 87545 
505-667-2470 

L.T. Industries Inc. 4 
6110 Executive Blvd. 
Rockville, MD 20852 
FAX 301-468-2230 

Lumidor Safety Products 14, 17 
5364 N.W. 167th St. 
Miami, FL 33014 
305-625-6511; FAX 800-825-1811 

Malvern Instruments Inc. 1 
10 Southville Rd. 
Southborough, MA 01772 
FAX 508-460-9692 

Martin Marietta Energy System Inc. ?? 
831 Tri-County Blvd. 
Silver Springs, TN 
615-435-3426 

Matheson Gas Prod 2, 3, 13, 14, 17, 29, 31, 34 
30 Seaview Dr. 
Secaucus, NJ 07096 
FAX 201-867-4572 

McCrone Accessories & Components 3 
850 Pasquinelli Dr. 
Westmont, IL 60559 
708-887-7100 

McNeill International Inc. 14, 29, 31 
37914 Euclid Ave. 
Willoughby, OH 44094 
800-626-3455; FAX 216-953-1933 
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McPherson 35 
530 Main St. 
Acton, MA 01720 
508-263-7733; FAX 800-255-1055 
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ORGANIZATION/COMPANY NAME DEVICE TYPEfS) 

MDA Scientific Inc. 3, 5, 10, 14, 16, 25, 34 
405 Barclay Blvd. 
Lincolnshire, IL 60069 
708-634-2800; FAX 800-344-4632 

M G Industries 34 
2460 Blvd. of The Generals 
Valley Forge, PA 19482 
215-630-5400; FAX 800-638-6360 

Measurement & Analysis Systems Inc. 3, 8, 25 
1155 Zion Rd. 
Bellefonte, PA 16823 
FAX 814-353-0605 

Meeco Inc. 25 
250 Titus Ave. 
Warrington, PA 18976 
215-343-6600; FAX 800-641-6478 

Melles Griot Inc. 24 
1770^Kettering St. 
Irvine, CA 92714 
714-261-5600; FAX 800-835-2626 

Met One Inc. 3 
481 California Ave. 
Grants Pass, OR 97526 
FAX 503-479-3057 

Microelectrodes Inc. 21, 22, 23 
298 Rockingham Rd. 
Londonderry, NH 03053 
FAX 603-668-7926 

Microsensor Systems Inc. ?? 
120 S. Union Ave. 
Havre De Grace, MD 21078 
410-939-1089; FAX 410-939-1168 

Midac Corporation 3, 25 
1599 Superior Ave., Suite B3 
Costa Mesa, CA 92627 
FAX 714-548-8459 

MIE Inc. 1, 3, 25 
1 Federal St., Suite 2 
Billerica, MA 01821-3500 
FAX 508-663-4890 
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ORGANIZATION/COMPANY NAME 

Millipore Corporation 
80 Ashby Rd. 
Bedford, MA 01730 
617-275-9200; FAX 800-225-1380 

Minarad Scientific Inc. 
1525 Kings Hwy. East 
Fairfield, CT 06430 
FAX 203-368-0846 

DEVICE TYPE(S) 

3 

19 

Mine Safety Appliances Company 
P.O. Box 426 
Pittsburgh, PA 15230 
800-672-2222 

3, 4, 10, 14, 25, 30, 34 

Minitool Inc. 
1334-F Dell Ave. 
Campbell, CA 95008 
408-374-1587; FAX 408-374-2917 

Minntech Corporation 
14905 28th Ave. North 
Minneapolis, MN 55447 
612-553-3300; FAX 800-328-3340 

3M Company, Analytic Systems 
3M Center, Bldg. 53-3 
St. Paul, MN 55101 
612-778-4012 

22 

2,3 

33 

Moisture Systems Corporation 
117 South St. 
Hopkinton, MA 01748 
FAX 508-435-6677 

33 

Mosaic Industries Inc. 
5437 Central Ave., Suite 1 
Newark, CA 94560 
FAX 510-790-0925 

14, 17, 25 

MTEC Photoacoustics Inc. 
I l l Lynn Ave. 
Ames, IA 50010 
FAX 515-292-7125 

18 

MTI Analytical Instruments/Microsensor Technology 
41762 Christy St. 
Fremont, CA 94538 
FAX 510-651-2498 

2, 13, 14, 17 
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ORGANIZATION/COMPANY NAME DEVICE TYPE(S) 

Munhall Company, The 16 
5655 N. High St. 
Worthington, OH 43085 
614-888-7700; FAX 800-247-6629 

National Draeger Inc. 2, 3, 9, 13, 14, 29, 30, 31 
101 Technology Dr. 
Pittsburgh, PA 15230-0120 
412-787-8389; FAX 412-787-2207 

National Electrostatics Corporation 33 
Box 310, Graber Rd. 
Middleton, WI 53562 
FAX 608-256-4103 

New Brunswick Scientific Company Inc. 3 
44 Talmadge Rd. 
Edison, NJ 08818-4005 
908-287-1200; FAX 800-631-5417 

NGS Division, MKS Instruments 25, 33 
24 Walpole Park South 
Walpole, MA 02081 
508-660-1770; FAX 800-282-1770 

Nicolet Instrument Corporation 3, 25, 26, 34 
5225 Verona Rd. 
Madison, WI 53711 
608-271-3333; FAX 800-356-8088 

Nova Analytical/Biomedical 5, 11,16, 21, 23, 30, 31 
200 Prospect St. 
Waltham, MA 02164 
617-894-0800; FAX 617-899-0417 

Nuclear Associates 3, 35 
100 Voice Rd. 
Carle Place, NY 11514 
FAX 516-741-5414 

Nutech Corporation 3, 34 
4022 Stirrup Creek Dr., Suite 325 
Durham, NC 27703 
919-544-8535; FAX 800-637-6312 

Oak Ridge National Laboratory 11, 17, 24, 31, 37 
Bldg. 4005S, MS 6101 
Oak Ridge, TN 37831-6101 
615-574-6249 
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ORGANIZATION/COMPANY NAME 

O.I. Analytical 
Graham Rd. at Wellborn Rd. 
College Station, TX 77841 
FAX 409-690-0440 

DEVICE TYPE(S) 

3 

Omega Engineering 
P.O. Box 4047 
Stamford, CT 06907 
203-359-1660; FAX 800-826-6342 

Optics for Research Inc. 
P.O. Box 82 
Caldwell, NJ 07006 
FAX 201-228-0915 

3, 11, 12, 19, 21, 23, 31, 32, 33 

24 

Optronic Laboratories Inc. 
4470 35th St. 
Orlando, FL 32811 
FAX 407-648-5412 

19 

Orbeco Analytical Systems Inc. 
185 Marine St. 
Farmingdale, NY 11735 
516-293-4110; FAX 800-922-5242 

Pacific Northwest Laboratory 
P.O. Box 999 
Richland, WA 99352 
509-375-2081 

5, 6, 9, 11, 12, 32 

5, 13, 14, 17, 24, 25, 29, 30, 
31, 34, 35, 36, 37 

Panametrics Inc. 
221 Crescent St. 
Waltham, MA 02254 
617-899-2719; FAX 800-833-9348 

Particle Measuring Systems Inc. 
1855 S. 57th Court 
Boulder, CO 80301 
FAX 303-449-6870 

1, 3, 33 

PCP Inc. 
2155 Indian Rd. 
W. Palm Beach, FL 33409-3287 
407-683-0507; FAX 800-637-5307 

Pen Kem Inc. 
341 Adams St. 
Bedford Hills, NY 10507 
FAX 914-241-4842 

3, 4, 5, 11, 25, 29, 30, 31, 34 

33 
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ORGANIZATION/COMPANY NAME 

Perkin Elmer Physical Electronics Division 
6509 Flying Cloud Dr. 
Eden Prairie, MN 55344 
612-828-6100; FAX 800-237-3603 

Perkin-Elmer Corporation, The 
761 Main Ave. 
Norwalk, CT 06859 
203-762-1000; FAX 800-762-4000 

PGC Scientifics Corporation 
9161 Industrial Court 
Gaithersburg, MD 20877 
301-840-1111; FAX 800-424-3300 

Phoenix Electrode Company 
6103 Glenmont 
Houston, TX 77081 
713-772-6666; FAX 800-522-7920 

Photovac International Inc. 
25-B Jefryn Blvd West 
Deer Park, NY 11729 
FAX 516-254-4284 

Photovolt Corporation 
1200 Madison Ave. 
Indianapolis, IN 46225 
317-266-2024; FAX 800-222-5711 

Phrasor Scientific Inc. 
1536 Highland Ave. 
Duarte, CA 91010 
FAX 818-357-3203 

DEVICE TYPE(S) 

33 

3, 8, 9, 10, 13, 14, 16, 17, 18, 
25, 26, 28, 33, 34 

21,25 

21,23 

3,34 

15,25 

27 

Physical Optics Corporation 
20600 Gramercy Place 
Torrance, CA 90501 
213-320-3088 

Poretics Corporation 
111 Lindbergh Ave. 
Livermore, CA 94550 
510-373-0500; FAX 800-922-6090 

Princo Instruments Inc. 
1020 Industrial Hwy. 
Southampton, PA 18966-4095 
FAX 215-355-7'?66 

13, 14, 17, 24, 25, 29, 30, 31, 37 

31 
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ORGANIZATION/COMPANY NAME DEVICE TYPE(S) 

Quantachrome Corporation 33 
5 Aerial Way 
Syosset, NY 11791 
FAX 516-222-0569 

Racal Health & Safety Inc. 10 
7305 Executive Way 
Frederick, MD 21701 
301-695-8200; FAX 800-682-9500 

Radian Corporation ?? 
P.O. Box 201088 
Austin, TX 78720-1088 
512-454-4797; FAX 512-454-8807 

Rainin Instrument Company Inc. 16, 23 
Mack Rd. 
Woburn, MA 01801 
617-935-3050; FAX 800-472-4646 

Rame-Hart Inc. 33 
43 Bloomfield Ave. 
Mountain Lakes, NJ 07046 
201-335-0582 

RDF Corporation 31 
23 Elm Ave. 
Hudson, NH 03051-0490 
603-882-5195; FAX 800-445-8367 

Research International 5, 13, 14, 24, 29, 31, 37 
18706 142nd Ave. N.E. 
Woodinville, WA 98072 
206-486-7831 

Richard Scientific Inc. 27 
250 Bel Marin Keys Blvd., D3 
Novato, CA 94948 
FAX 415-382-1922 

RMC-Cryosystems 31 
4400 S. Santa Rita Ave. 
Tucson, AZ 85714 
FAX 602-741-2200 

Rosemount Analytical/Dohrmann 8, 9, 11, 15, 26, 35 
3240 Scott Blvd. 
Santa Clara, CA 95054 
408-727-6000; FAX 800-538-7708 
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ORGANIZATION/COMPANY NAME DEVICE TYPE(S) 

Rosemount Analytical/Uniloc Division 23 
2400 Barranca Pkwy. 
Irvine, CA 92714 
FAX 714-474-7250 

Rupprecht & Pataschnick Company Inc. 1, 3 
8 Corporate Circle 
Albany, NY 12203 
FAX 518-452-0067 

Rutgers University 5, 13, 14, 17, 24, 31, 37 
Fiber Optics Materials Research Program 
Piscataway, NJ 08855 
908-932-4729 

Saes Pure Gas Inc. 8, 9, 14, 25, 26 
4175 Santa Fe Rd. 
San Luis Obispo, CA 93401 
FAX 805-541-9399 

Sanda Corporation 4, 5, 6, 8, 11, 12, 27, 32, 33 
4005 Gypsy Lane 
Philadelphia, PA 19144 
215-849-8100; FAX 800-999-2993 

Sandia National Laboratory 24, 37 
P.O. Box 5800 
Albuqueique, NM 87185 
505-844-0876 

Sartorius Corporation 3 
140 Wilbur Place 
Bohemia, NY11716 
516-563-5120; FAX 800-368-7178 

Scientific Instruments 5, 11, 27, 35 
200 Saw Mill River Rd. 
Hawthorne, NY 10532 
914-769-5700; FAX 800-431-1956 

Scott Aviation 14, 16, 17 
225 Erie St. 
Lancaster, NY 14085 
FAX 716-681-1089 

Scott Specialty Gases Inc. 25 
6141 Easton Rd. 
Plumsteadville, PA 18949-0310 
FAX 215-766-0320 
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ORGANIZATION/COMPANY NAME DEVICE TYPE(S) 

Sensa Dyne Instrumentation Division 
7929 N. Port Washington Rd. 
Milwaukee, WI 53217 
FAX 414-352-8872 

33 

Sensidyne Inc. 
16333 Bay Vista Dr. 
Clearwater, FL 34620 
813-530-3602; FAX 800-451-9444 

2, 3, 5, 8, 9, 10, 13, 14, 16, 
17, 25, 26, 29, 31, 34 

Sensor Solid State Services 
Penn Center Plaza 
Quakertown, PA 18951 
215-536-1990 

5, 24, 31, 35 

Sentex Systems Inc. 
553 Broad Ave. 
Ridgefield, NJ 07657 
FAX 201-94196064 

3, 13, 14, 17, 35 

Servomex Company 
90 Kerry Place 
Norwood, MA 02062 
617-769-7710; FAX 800-862-0200 

2, 9, 10, 13, 14, 17, 25, 26, 29, 30 

Shimadzu Scientific Instruments Inc. 
7102 Riverwood Dr. 
Columbia, MD 21046 
410-381-1227; FAX 800-477-1227 

9, 16, 26, 35 

Siemens Industrial Automation 
Department 13, 100 Technology Dr. 
Alpharetta, GA 30202 
404-740-3944 

Sierra Monitor Corporation 
1991 Tarob Court 
Milpitas, CA 95035 
408-262-6611; FAX 408-262-9042 

31 

Sievers Instruments Inc. 
1930 Central Ave., Suite C 
Boulder, CO 80302 
FAX 303-444-9543 

29,30 

Sigma Chemical Company 
3050 Spruce St. 
St. Louis, MO 63103 
314-771-5765; FAX 800-325-5052 

21,23 
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ORGANIZATION/COMPANY NAME DEVICE TYPE(S) 

Skalar USA Inc. 5, 6, 11, 27, 29, 30 
500 Oakbrook Pkwy, Suite 130 
Norcross, GA 30093 
404-416-6717; FAX 800-782-4994 

Solder Absorbing Technology Inc. 31 
144 Oakland St. 
Springfield, MA 01108 
413-788-6191; FAX 800-628-8862 

Solomat Neotronics 9, 11, 13, 21, 23, 32 
652 Glenbrook Rd. 
Stamford, CT 06906 
203-348-9700; FAX 800-932-4500 

Soltec Corporation 24 
12977 Arroyo St. 
San Fernando, CA 91340 
818-365-0800; FAX 800-423-2344 

Sonoxco Inc. 9, 10, 13, 14, 31, 34, 36 
430 Ferguson Dr., Bldg. 3 
Mountain View, CA 94043 
415-960-3007; FAX 415-960-0127 

Spectra Gases Inc. 12, 14 
277 Coit St. 
Irvington, NJ 07111 
201-372-2060; FAX 800-932-0624 

SPI Supplies Division/Structure Probe Inc. 33 
569 E. Gay St. 
West Chester, PA 19381-0656 
215-436-5400; FAX 800-242-4774 

Standard Instrumentation 8 
147 11th Ave. 
South Charleston, WV 25303 
FAX 304-744-4319 

Staplex Company, The 3 
777 Fifth Ave. 
Brooklyn, NY 11232-1695 
718-768-3333; FAX 800-221-0822 

Supelco Inc. 3, 25 
Supelco Park 
Bellefonte, PA 16823 
800-359-3041; FAX 800-247-6628 
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ORGANIZATION/COMPANY NAME 

Surface/Interface Inc. 
110 Pioneer Way, Suite H 
Mountain View, CA 94041 
FAX 415-965-8207 

Sutter Instrument Company 
40 Leveroni Court 
Novato, CA 94949 
FAX 415-883-0572 

Technicon Industrial Systems 
511 Benedict Ave. 
Tarrytown, NY 10591 
914-631-8000 

Tekmar Company 
7143 E. Kemper Rd. 
Cincinnati, OH 45249 
513-247-7000; FAX 800-543-4461 

Teknekron Sensor Development Corporation 
1080 Marsh Rd. 
Menlo Park, CA 94025 
415-322-6200; FAX 415-322-6337 

Tektronix Inc. 
P.O. Box 500; 76/260 
Beaverton, OR 97077 
503-627-7111; FAX 800-835-9433 

Teledyne Analytical Instruments 
16830 Chestnut St. 
City of Industry, CA 91749 
FAX 818-961-2538 

Temp-Pro Inc. 
200 Industrial Dr. 
Northampton, MA 01060 
FAX 413-586-3625 

DEVICE TYPE(S) 

33 

22 

4, 5, 11, 12, 16, 23 

?? 

24,31 

2, 3, 4, 5, 8, 9, 10, 13, 14, 16, 
17, 25, 26, 29, 30 

31 

Thermedetec Inc. 
470 Wildwood St. 
Woburn, MA 01888 
FAX 617-938-0651 

Thermo Environmental Instruments Inc. 
8 West Forge Pkwy. 
Franklin, MA 02038 
508-520-0430; FAX 508-520-1460 

3,34 
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ORGANIZATION/COMPANY NAME DEVICE TYPE(S) 

Thermometries Inc. 31 
808 U.S. Hwy. 1 
Edison, NJ 08817 
FAX 908-287-8847 

Thorton Associates 31 
1432 Main St. 
Waltham, MA 02154 
617-890-3399; FAX 800-642-4418 

Tintometer Company, The 27 
309-A McLaw's Circle 
Williamsburg, VA 23185 
FAX 804-229-0472 

T M Analytic Inc. 16, 21 
574 Supreme Dr. 
Bensenville, IL 60106 
708-860-9122; FAX 800-323-5405 

TN Technologies Inc. 12 
P.O. Box 800 
Round Rock, TX 78680 
512-388-9100; FAX 800-736-0801 

Trace Analytical Inc. 10, 14, 17, 25, 26 
3517 A Edison Way 
Menlo Park, CA 94025 
FAX 415-364 6897 

Transducer Research Inc. ?? 
Naperville, IL 
708-357-1055 

TSI Inc. 1, 3 
500 Cardigan Rd. 
St. Paul, MN 55164 
612-483-0900 

UIC Inc. 8, 9, 15 
1225 Channahon Rd. 
Joliet, IL 60436 
815-727-5431; FAX 800-342-5842 

Ultra Scientific Inc. 3 
250 Smith St. North 
Kingstown, RI 02852 
401-294-9400; FAX 800-338-1754 
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ORGANIZATION/COMPANY NAME 

UniFET 
11021 via Frontera, Suite 200 
San Diego, CA 92127 
619-673-1851; FAX 800-441-3515 

United Electric Controls Company 
180 Dexter Ave. 
Watertown, MA 02172 
FAX 617-926-2658 

Universal Sensors Inc. 
5258 Veterans Blvd., Suite D 
Metairie, LA 70006 
FAX 504-885-8443 

University of Washington, Chemistry Department 
Seattle, WA 98105 
206-543-0579 

UTI Instruments Company 
497 S. Hillview Dr. 
Milpitas, CA 95035 
408-945-1955; FAX 800-346-0100 

Varian Associates 
3075 Hansen Way, K-306 
Palo Alto, CA 94304-1025 
415-424-5235 

Veeco/Sloan Technology Division 
602 E. Montecito St. 
Santa Barbara, CA 93103 
FAX 805-965-0522 

VG/Fisons Instruments 
32 Commerce Center, Cherry Hill Dr. 
Danvers, MA 01923 
FAX 508-777-0678 

VICI Metronics 
2991 Corvin Dr. 
Santa Clara, CA 95051 
FAX 408-737-0346 

Wallace Fisher Instrument Company 
334 Pleasant St. 
Pawtucket, RI 02860 
FAX 401-727-4901 

DEVICE TYPE(S) 

16, 21, 22, 23 

31 

3, 16, 25, 34 

5, 13, 24, 31, 37 

3,25 

•?•? 

33 

9, 10, 25, 26, 33 
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ORGANIZATION/COMPANY NAME DEVICE TYPE(S) 

Waters Chromatography 16, 26, 27 
34 Maple St. 
Milford, MA 01757 
508-478-2000; FAX 800-252-4752 

Wheaton 3, 8, 25 
1501 N. 10th St. 
Millville, NJ 08332 
609-825-1100; FAX 609-825-1368 

XonTech Inc. 3 
6862 Hayvenhurst Ave. 
Van Nuys, CA 91406 
FAX 818-786-4275 

YSI Incorporated 31 
1725 Brannum Lane 
Yellow Springs, OH 45387 
513-767-7241; FAX 800-765-4974 
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