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ABSTRACT

A system for multielement flame emission analysis based
on a scanning Fabry-Perot interferometer is described and
evaluated. Detection limits and linearity of response for
ten elements commonly determined by flame photometry compare
favorably to conventional single-element methods. Analyses
for several elements in tap water, serum, urine, NBS SRM 1571
orchard leaves and low alloy steel demonstrate the excellent
accuracy and precision of the technique. Resolution of the
system allows up to five elements to be determined simul-

taneously.




I. INTRODUCTION

The important role that small amounts of various
elements play in physical, chemical and biological systems
has emerged as methods of analysis have increased in sensi-
tivity and utility. Although a great deal of progress in
elemental analysis may be attributed to the demands that
arise out of other areas of research, many of the recent
advances are also a result of the rapid development of
new and improved instrumentation involving widely differing
principles and capabilities. 1In terms of the amount of in-
formation obtained in a given analysis, the various methods
available are most conveniently classified as either single
or multielement techniques. A single-element method is
optimized to determine the particular element with as high
an accuracy and precision as possible whereas most multi-
element methods must involve a compromise in operating
conditions to encompass the different behaviors of the
various elements in a given sample.

The main impetus behind the development of multielement
methods of analysis stems from the demand for the capability
to'determine several elements in a single sample in a simple,
rapid, éeliable and inexpensive way. There are many
analytical problems e.g., clinical, metallurgical and

geochemical, in which the application of such multielement



ﬁethods is particularly important. Unlike atomic absorption
and fluorescence methods which generally require one light
source for each element or small group of elements determined,
atomic emission (AE) spectroscopy lends itself most readily
to multielement analysis because the processes of atomization
and excitation are accomplished using the same source re-
gardless of which elements are being determined.

In multielement AE spectroscopy, the objective is to
record one or more components of the ultraviolet-visible
spectrum for each of several species beiné analyzed during
a single sampling and atomization process. To achieve this
goal, rapid single chaﬁnel or -multichannel devices are
necessary. Historically, AE multichannel systems have en-
joyed the greatest popularity with the photographic and
multiple-slit-multiple-detector (direct reader) types of
instruments. However, both of these systems leave much to be
desired. The interpretation and quantitation of photographic
spectra is tedious and suffers from poor accuracy and pre-
cision, while the direct reading spectrometers requireAas
many detectors as elements to be determined and are often
difficult to align for closely spaccd emission lines. The
high resolution available with modern scanning Fabry-Perot
(FP) interferometers makes them a potential alternative to

the conventional dispersion optics in multielement



spectrometers. Moreover, FP interferometers are now avail-
able which possess not only good resolution but also excellent
throughput and a large enough free spectral range such that
overlapping orders of different emission lines may often be
avoided. In a preliminary investigation, Pruiksma, Ziemer
and Yeung (1) proposed the use of a scanning FP inter-
ferometer for multielement atomic emission analysis.
This initial work demonstrated that such a system might be
feasible if the proper design parameters could be developed.
The purpose of this thesis is: to examine the full po-
tential of multielement flame emission analysis using a
scanning FP interferometer as a wavelength selection device.
Research to this end inéluded the design and construction of
a low-cost electronic detection system as well as a mini-
computer interface which was used for signal-averaging
purposes. Detection limits for ten elements which are com-
monly determined by flame spectroscopic methods and which
have sensitive emission lines in the visible spectral region
are presented. Several analyses on steel, serum, urine, tap
water and NBS SRM 1571 orchard leaves were performed to
demonstrate the excellent accuracy and precision of the
technigue. Finally, a discussion of the system’s inherent
advantages and disadvantages as well as future applications

are presented.



II. LITERATURE REVIEW

A, Flame Emission Spectroscopy

With the increasing development of instrumental methods
of analysis, analysts are confronted with the task of
selecting a suitable technique to solve their problems.
There are several methods of multielement analysis avail-
able, which vary widely in their application and scope.
These methods ‘include: :spark source mass spectrometry (2),
neutron activation (3-5), X-ray fluorescence (6-8), electro-
chemical techniques (9, 10), and optical atomic spectro-
scopy. The last one is by far the most popular for the
solution of a wide variety of problems due to its high
precision and accuracy, simplicity, reasonable sensitivity
and relatively low cost. As mentioned previously AE
spectroscopy is the best choice for multielement optical
spectroscopic analysis. In atomic emission spectra, atoms
which have been excited from a ground state to a higher
energy level return to a lower level by liberating energy
corresponding to a frequency v given by the well-known
equation AE = hv. This process occurs according'to
transitions governed by selection rules (11, 12). The
fraction'of atoms excited depends exponentially on the exci-
tation source temperature. If the éource is considered to be

in a state of thermal equilibrium, then the relationship of



the temperature to the distribution of atoms of the analyte
with respect to energy levels can be determined by the
Boltzmann distribution law (13). The intensity of the
emitted radiation depends on the probability of the
transition from the excited state to a state of lower
energy, the number of neutral atoms and the fraétion of
the population of atoms which is excited. -Condon and
Shortley (14) and Herzberg (15) have writteﬁ excellent texts
on the theory and historical development of atomic spectra.
Atomic energy level diagrams for elements determinable by
atomic emission spectroscopy have been published by
Mavrodineanu and Boiteux (16). The total intensity of
thermal radiation of metal spectra has been discussed
comprehensively by Winefordner et al. (17), including
expressions for the total intensity of emission from atoms
at low and high concentrations.

Various methods of excitation for AE spectroscopy exist.
The dc arc and spark are both commonly known methods and their
advantageous features and limitations are discussed ex-
tensively and clearly in a number of books {(18-20). The dc
plasma jet (21) has been found to give fair detection
limits (22) for a large number of elements but it is plagued
with disadvantages such as high background, ionization

interferences and considerable consumption of gases and



erosion of the electrodes. The inductively coupled, radio-
frequency plasma (23, 24) offers an optically thin, high
temperature source which is nicely suited for AE spectro-
scopy. Its performance is very good and has been well
documented (25, 26), with emission from virtually all
elements having been recorded (24). However, ionization
interferences are greater and must be carefully investi-
gated in order to be minimized. IAlthough the rf plasma
might be the best source for multielement AE spectroscopy,
it is also the most complicated and expensive, requiring
elaborate power supplies, rf generators and impedance
matching networks between the generator and load coils.
Thus, the flame represents, in most cases, a satis-—
factory excitation source due to its simplicity, safety,
ease of operation and stability.

Although photographic spectra of the sun were taken
around 1840 following the production of silver chloride
photographic papers, no significant progress in flame
spectroscopy came until 1860 when Kirchhoff and Bunsen (27)
definitely correlated visible emission lines with specific
elements, This discovery immediately pointed the way to chem-
ical analyéis by spectral observation of the flame and within
ten years, attempts at quantitative flame emission analysis
- were being made by Janssen (28). However, it is necessary

to recognize  that the first widespread presentation of



emission flame photometry, as it is conceived of today, was
the paper by Barnes, Richardson, Berry and Hood (29) in 1945.
By 1960, the first commercial flame photometers had appeared
and analytical chemists began to use and accept flame
photometry as a reliable instrumental analytical method for
quantitaﬁive analysis. In 1955 the first book in the world
specifically devoted to flame photometry was authored by
Burriel-Marti and Ramirez-Mufioz (30), in precisely the

same year that the other main'branch of flame analysis,
atomic absorption, was announced as a new possibility in
analytical work. Since that time several excellent texts
have been written on flame emission spectrochemical

analysis (16, 31, 32, 33, 34). Numerous melthods employing
the direct transfer of the analyte into the flame have been
attempted with the aim of circumventing the problems posed by
the dissolution of the sample prior to analysis. These in-
clude generation of metal particles (35) and the direct
atomization of suspensions (36). However, in the great
majérity of cases the sample to be atomized is brought into
solution and then aspirated into the flame by means of a
pneumatic nebulizer. Cecnerally, flames of the type
hydrogen-oxygen, acetylene-oxygen or acetylene-nitrous oxide
are employed. The thermal equilibria existing in hydrogen-
oxygen, and acetylene-oxygen flames as well as in air-hydrogen

and argon-hydrogen-entrained air flames have been discussed



by de Galan aﬁd Winefordner (37).‘ With conventionalbsinglel
element fleme emission, 44 elements have been determined at
.concentratlons of less than 1 pg/mL (38).

.. To list all the analytlcal problems to whlch flame
‘emission spectroscopy has been applled would be next to
impossible.' It has been applied to the determination‘of
virtualiy eyery element in the periodic table in almost every
imaginable matrix,vprimarily at trace or low conCentration
levels. Mavrodineamﬁ (39) has thoroughly reviewed the
analytlcal appllcatlons of flame spectroscopy prior to 1966.
As more and more is understood about mlneral metabollsm,
the routine monltorlng of trace elements in water, s01ls,

‘ plants urlne,bloodandother b1olog1caltlssueshas also become
1mportant (40 41, 42). Since samples of this type are
many tlmes available in only small amounts, multlelement
.AE spectroscopy becomesa valuable analytlcal tool for the
ana1y51s of such" materlals. As a matter of fact, flame,
emission analy51s is the recommendea analytical procedure
for Na, K and Li in serum and urine (4?,‘45) wﬁile ' |
Berman (43)Adescribes conditions for the analeiS'ofAﬁipe
metals in a Variety of biological samples by flame emission
spectroscopy.. Other interesting applications of AE
spectrometry, where multielement analysis would be useful
include: analysis of.geoiogical‘materials (34,'46, 47),

coal (48),-petroleum products (49) and alloys (50).

[



B. Detection Systems for Multielement Spectroscopy

To perform multielement spectrometry, a device capable
of measuring intensities at different wavelengths is necessary,
i.e., a multichannel decvice is needed. An extensive review
of multielement spectroscopic techniques has recently been
published by Winefofdner, Fitzgerald and Omenetto (51).
Rasically, multichannel detection systems can be divided
into two major categories: temporal and spatial.

Temporal devices rely upon one single detectof.‘ The
spectral information is encoded in the time domain and thus
the multielement information collected is sequential. A
variety of spectral scanning systems have been developed
for temporal multichannel detection (52, 53). These
systems are based on moving the detector if the dispersion
optics are held stationary (54) or scanning the spectrum
past a fixed slit either by oscillating the dispersing
element (55) or oscillating an auxiliary mirror (56). San-
tini, Milano and Pardue (57) and Pimentel (58) have written
excellent reviews on various rapid scanning technqiues.
LDawson, Ellis and Milner (59) describe a system capable of
monochromator scan rates of up to 1800 nm/scc however,
geometrical distortions arise when optical components are
rotated at these high speeds and hence poor signal-to-

noise ratios havé resulted for the low light fluxes present
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in AE spectrometry. The most important consideration then
becomes the design of a rapid-scanning device capable of
determining the wavelength being passed by the exit slit
of the spectrometer at any instant while at the same time
accurately reproducing that wavelength from scan to

scan. Cordos and Malmstadt (60), and Johnson, Plankey and
Winefordner (61) have used a computer to control the mono-
chromator such that it will slew between wavelengths of
analyticai interest and remain at a given wavelength‘until
the rest of the syétem has been optimized for that particular
element. Typically 2 to 5 seconds is required to optimize
conditions for each measurement step.

Another approach to temporal multielement analysis
simply employs a rotating filter wheel in place of a mono-
chrometer. Several papers have been published describing
the advantages of such filter-detection systems (62, 63,
64). Generally, the disadvantages and problems encountered
witﬁ this type of system are high background and insufficient
spectral discrimination, and thus it does not readily lend
itself to trace multielement analysis.

" Spatial devices have traditicﬁally been the most
popular multielement detection systems for AE spectrometry.
They rely upon multiple detectors and hence information

from more than one spectral element is acquired simultaneously
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and independently. The first and perhaps most widely used
multichannel detector has been the photographic plate (65,
66, 67). Among the limitations of photographic detection are
low efficiency, limited dynamic range, nonlinearity and most
importantly, the length of time involved in acquiring and
processing the data.

Direct-reading spectrometers have been developed in
which selected spectral lines of interest are isolated from
the dispersed radiation by exit sl;ts positioned along the
focal plane of the spectrometer and detected by photo-
multipliers positioned behind each slit. This approach was
first used for simultaneous flame emission analysis of Na,
K, Ca and Sr by Vallee and Margoshes (68) in 1956 and since
then by many others (69, 70, 71, 72, 73). 1In addition,
several manufacturers produce direct-reading spectrometers
for use with argon inductively coupled plasmas (Jarrell-Ash
JY 38 P Spectroanalyzer), dc arc plasma jets (Spectrametrics
Spectradet II), and for clinical flame photometry (Radio-
meter Model I'LM 3)., Since the biggest problem with using
a direct-reading spectrometer is the positioning and align-
ment of the exit slits at the proper point on the focal
plane, it cannot be conveniently changed to monitor other
elements. Scanning methods employing vibrating slits or

guartz plates have been used with some success for background
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correction (74, 75) while Haisch, Laqﬁa and Hagenah used
glass fiber optics to simultaneously measure adjacent wave-
lengths (76).

In 1970, Margoshes (77) reported that the television
tube would seem to be an ideal detector for multielement
determinations since, in principle, it combines the advantages
of photographic detection with those of photomultiplier tubes.
Actually, the first application of television tubes to atomic
spectrometry was by Benn, Foote and Chase (78) who in 1949
used an image orthicon to examine low-intensity emission lines
during ‘a gaseous combustion reaction. Several papers have
recently appeared on the use of vidicons (79, 80, 81) and
photodiode arrays (82, 83) as well as new types of semicon-
ductor devices such as charge coupling (84) and charge in-
jection (85) detectors for multielement atomic spectroscopy.
Although these image devices are indeed attractive, con-
siderable refinement and development is still warranted if
their performance is to approach that of photomultiplier

tubes.
C. Fabry-Perot Interferometry

The. interferometer devised by C. Fabry and A. Perot in
1897 (86) employs the principles of multiple beam inter-

ference. The superior luminosity obtainable with modern FP
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interferometers has been shown by Jacquinot (87) and they have
been used for measuring the wavelength stability of lasers
(88), examining hyperfine structure (89), isotopic analysis
(90), rapid wavelength scanning (91) line profile measure-
ments (92) and in conjunction with normal monochromators

for high resolution atomic absorption spectrometry (93).

The first to recognize the importance of multiple beam
interference was Bouluuch who, in a brief note in 1893,
gave the theory of formation of a fringe system which short-
ly afterwords was incorporgted into the FP interferometer
(94). Several authors (94, 95, 96, 97) have provided ex-
cellent discussions on multiple beam interference and its
application to FP interferometers.

A FP cavity is constructed using two flat optical plates
that are parallel to one another with partially transmitting
coatings on their inner surfaces and antireflection coatings
on their outside surfaces. ©Normally, the outside surfaces
are wedged slightly with respect to the inside surface to
avoid forming additional cavities. FP interferometers
typically use 15 to 50 mm diameter mirrors with flatnesses
of A/50 to A/200 (normally specified for A = 500 nm). Multi-
layer dielectric coatings are available which are applicable
over the entire visible region of the spectrum (98).

If monochromatic radiation of wavelength A is incident
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upon a FP cavity, it will be transmitted and undergo maximum

constructive interference when
mhA = 2ndcosh (1)

where m is the order of interference (an integer), n is the
refractive index of the medium between the two reflecting
surfaces, d is the mirror spacing and 6 is the inclination
of the normal of the mirrors to the incident wavefront
direction (99). It should be noted that each change of X/2
in the product nd is equivalent to a change in m of unity
énd therefore successive changes result in repetitive scans
of the same free spectral range (FSR). The FSR is defined
as the separation between simultaneousgly transmitted

wavelengths and is given by
_ 42
FSR = 2" /2nd (2)

and thus, the larger the FSR, the less chance there is for
two adjacent wavelengths to be transmitted by the FP at any
given mirror spacing.

The measure of the FP interferometer's ability to re-
solve closely spaced-lines is called the finesse. 'The two
factors which limit the finesse most are reflecﬁion of less
than unity by the mirrors and the lack of parallelism or
flatness of the mirrors (99). For a fixed mirror

flatness, the reflective finesse (F_.) is calculated using

R
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Fp, = T/R/1-R (3)
where R is the reflectivity of the mirrors. If A and T are

the fraction of the incident energy absorbed and transmitted
by the mirrors respectivelv, then the maximum transmission

of the interferometer (tmax) is given as

1-A-R, 2

fmax = TR (4)

max

Thus if A is zero, the peak intensity of the transmitted
fringes is equal to the infensity of the incident light even
for values of R close to unity andso, if A is small
enough it is possible to have both excellent throughput and
resolution with the same interferometer (100).

The scanning FP interferometer has been known since
1948 when Jacquinot and Dufour (101) demonstrated the
method of pressure scanning. The two most common methods
of varying the product nd in Equation (1) are changing the
pressure of the air between the two mirrors (changing n)
(102), or.displacing one of the mirrors by applying a linear
voltage ramp to a piezoelectric crystal (changing d) (103).
Piezoelectric scanning is the most versatile and convenient
mefhod of wavelength scanning (104).

Thé application of a scanning FP interferometer to
multielement flame emission analysis now becomes obvious:

if the atomic emissigon from several elements in a flame is



16

directed throughaa FP ocavity with a photoelectric detector
placed behind it, it would be possible to record the
emission intensities of all elements present as the
mirrors are scgnned at least far enough so that one

order of each line will be observed.
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ITT. INSTRUMENTATION

A. Nebulizer-Burner System

Hydrocarbon flames are the most widely used.for atomic
emission spectrometry (33) however, an oxyhydrogen flame was
chosen for this work because of its extremely low background
radiation. Although the temperature of this flame is some- "
what lower than the corresponding acetylene one (16), none of
the elements considered here had high enough excitation energies
to warrant the use of the more luminous hydrocarbon flames. A
total-consumption nebulizer-burner system was.used throughout
the entire studv nrimarily because of the ease and safety
with which the HZ/OZ flame can be handled. With this type
of system, the functions of nebulizer and burner are
combined in the same unit. A capillary for the solution
intake 1is positioﬁed concentrically inside the nozzle for the
oxidant gas (oxygen). The latter nozzle is, in turn, placed
concentrically in a somewhat wider, separate nozzle for the
fuel gas (hydrogen). The outlets of these nozzles thus form
the tip of the burner; no mixing of fuel gas and oxidgnt gas
takes place before they leave the burner. The compressed
0, flow aspirates and nebulizes the liquid.' Turbulent mixing
of the O, flow and Spray'with the fuel gas is achieved above
the burner tip and, hence, combustion takes place at some

distance from this tip, where the mixing has proceeded
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sufficiently far.

The burner system used for this work consisted of a
Beckman Model 4030 total-consumption burner with a Model
9220 Regulator. Gas flow rates are monitored using Brooks
Model 1355-O0AIFAA rotameters capable of indicating flow
rates of zero to 15 L/min. Following initial pressure re-
duction to 15 psi by two-stage regulators on the supply
cylinders, the hydrogen and oxygen pressures are reduced
to 1.5 and 8.5 psi respectively using the Beckman Regulator.
At these pressures, the hydrogen and oxygen flow rates
correspond to 8.2 and 2.5 L/min and resulted in an analyte
solution consumption rate of .72 mL/min for this slightly
reducing flame. The burner assembly was easily cleaned by

soaking it in .005 N HNO, overnight.

3

B. Optical System

A schematic of the optical arrangement used for aﬁalysis
is shown in Figure 1. Emission from the flame is collected
using a quartz aspheric condenser (Ll) which has a focal
length of 68 mm. The aspheric lens is designed to have a
much shorter focal length than is possible with a.spherical
glass lens of equal diameter and hence a greater fraction
of the emission intensity from the flame is directed
through the 4.0 mm pinhole which serves as the entrance pupil

to the interferometer. The radiation passing through the
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Figure 1. Optical arrangement for use with the scanning FP interferometer
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pinhole is collected and focused at an angle of 8 = 18.,5°
(see Equation 1) onto the aperture of the interferometer
using a plano-convex optical crown gléss lens (L2) having a
200~ mm focal’length.

The heart of the system is a Tropel CL-100 scanning
Fabry-Perot interferometer. The cavity spacing of the etalon
is adjustable from .005 to 1.0 cm and can be aligned
mechanically via micrometers and electronically using
piezoelectric crystals. Scanning is accomplished with a
piezoelectric drive having a movement of .75y/300V and will
respond linearly at scan rates of up to 1 KHz. The mirrors
are coated for operation between 380 and 800 nm with a
finesse of 50 or better throughout this entire region. The
very small cone of light incident upon the Fabry-Perot from
the plano-convex lens illuminates only the very center of the
mirrors where the flatness and coatings are the most uni-
form, thus serving to enhance the resolution of the system
as much as possible. The light focused upon the FP is not
collimated (i.e. not all of the rays contained in the cone
of light are at the same 6 in Equation 1) and so the width
of a transmitted emission line seen by the detector as the
FP is scanned will be considerably greater than the atomic
line width. The best resolution will be realized when the

incident light is perfectly collimated. Collimation can be
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achieved using a smaller pinhole and two additional lenses
(1) but this in turn results in a decrease in spectral
throughput. The optical arrangement presented here repre-
sents a compromise that provides excellent sensitivity
with resolution adequate to determine at least four elements
simultaneously. Since the transmitted radiation emerging
from the back mirror of the FP is diverging, another plano-
convex lens (L3) with a focal length of 150 mm is used to
focus the light to a photomultiplier tube for detection.
Initial alignment of the system was accomplished by
defining an optical axis using a helium—neon laser and then
properly positioning the components along this axis. Fine-
tuning and alignment of the Fabry-Perot is done using a high
pressure sodium lamp in place of the flame. By simultaneous-
ly scanning the mirrors and monitoring the photomultiplier
output on an oscilloscope the doublet structure of the sodium
emission can be used to optimize the alignment by proper
adjustment of the micrometers. Minor.adjustment is usually

required about once every one to two weeks.
C. Detection System

A block diagram of the associated electronics used for
multielement detection is shown in Figure 2. A Topel PZIM

three-channel high voltage power supply is used for fine
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alignment of the interferometer cavity. Each channel is in
series with one of the three piezoelectric tuning crystals
on the Fabry-Perot and moves 4u/100V.

The transmitted radiation from the Fabry-Perot is
detected with a 1-1/8" diameter side-on type RCA IP-21
photomultiplier tube which shows excellent response from 320
to 620 nm (105)., The photomultiplier cathode is held nega-
tive with respect to the anode using a Hamner NV-13 high
voltage power supply. Typically, the poﬁential between the
cathode and anode is 800 to 1000V. The output from the photo-
multiplier is then sent through a buffer/inverter before
being sent to the detection system.

A linear ramp generator was constructed, which provides
a 0 to 10V-ramp with a continuously adjustable duration of
1 mseé to 10 sec and is capable of operating in a continuous
or externally retriggerable mode. The output from this ramp
generator is both amplified by a factor of 30 to provide a
0 to 297-Vramp to the scanning crystal on the interferometer
and sent directly to the detection system.

The six-channel detection sysﬁem designed for. this work
allows one to independently set each channel to any position
along the ramp (i.e. to select any mirror spacing desired)
and at that point to sample and ﬁold the photomultiplier

voltage. Thus, peak heights for dp to six analytical lines
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may be recorded in a single scan using only one detector.

The detection system makes use of a monolithic sample-hold
integrated circuit which utilizes an external capacitor to
hold the voltage value sampled. This feature is advantageous
when the particular peak being recorded is noisy (i.e. it has
some higher frequency fluctuations of a lesser magnitude
superimposed upon it), because then repetitive rapid scanning
will allow the capacitor to serve as a passive filter and
thus decrease these highér frequency fluctuations to stabilize
the signal. Sampled.values may be sequentially read on an
analog voltmeter as long as 5 minutes after being taken.
Detailed circuit schematics for the ramp generator, high
voltage amplifier, buffer/inverter and detection system

may be found in Appendix A.
D. Computer Interface

An order to determine the ultimate detection limits for
the system, the data acgquisition process was interfaced to a
minicomputer. Several texts discussing the principles and
techniques of using a minicomputer in the laboratory. have
recently appeared including one by Cooper (106) which
specifically uses a PDP-11 in its examples. A block diagram
of the various components involved in the interface is shown

in Figure 3. Enclosed within the dashed line are the
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- part of the PDP 11/10 minicomputer system)
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devices which were inherent to the particular PDP-11/10
minicomputer available in this laboratory. They include

an analog-to-digital converter (ADC), digital-to-analog
converter (DAC), digital input/output register fDI/O), dual
drive floppy disk storage, Decwriter teletype terminal and
16K of memory. In this work, the interface allowed for the
numerical averaging of many scans (usually 1,000 to 2,000)

in a small amount of time (typically 2-4 seconds) thus allow-
ing a considerable enhancement in the signal-to-noise ratio
without the consumption of a large amount of analyte.

A simplified flowchart for the software portion of the
interface is shown in Figure 4. All of the software is
written in FORTRAN IV except for the data collection routine
which is in the PDP-11 MACRO assembly language. After the
duration and number of scans to be taken aré cntered, each
scan is triggered by a TTL pulse from the DI/0 register to
the ramp generator. Eight hundred data points are taken on
each scan with the photomultiplier output being summed to an
array that is indexed according to the ramp voltage (mirror
separation) at that point. Resolution by the ADC in sampling
poth the ramp and photomultiplier voltages is 1 part in
4096. Fach time a point is summed to the array, a_correspond—
ing flag array position is incremented such that when the
data acquisition is complete, each point may be properly

weighted. The program then offers options for a X-Y plot of
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Figure 4. Flowchart for interface program (all software is
written in FORTRAN IV except for the assembly
language data-acquisition routine)
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the averagéd spectrum, storage of the data on the floppy
disk, the opportunity to graph data taken previously and to
take a new spectrum. A complete listing of the software

composed for this interface may be found in Appendix B.’
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IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Single Element Analysis

Before multielement data could be properly interpreted,
results on individual elements had to be tabulated. Using
an oscilloscope in place of the sample-hold detection
system, -signal traces for ten elements having visible emis-
sion lines were photographed and are shown in Figures 5-8.
Each photograph of PMT response vs. mirror separation repre-
sents ten superimposed scans and demonstrates the excellent
trace-to-trace repeatability of the scanning technique.‘ All
were recorded using a 10 msec scan duration with initial and
final mirror spacings of 14.8 and 15.5u respeétively. Using
Equation 2, this cavity spacing gives a free spectral range
of 11.6 nm calculated at X = 589 nm. The gain on the high
voltage amplifier was set such that an entire .74u scan is
completed in the first 7 of each 10 cm trace shown in the
photographs. Thus in Figures 6b and 8 the apparent shoulder
extending for the last 3 divisions on the right-hand side of
the trace is due to the fact that the maximum mirror spacing
for the scah corresponded to a point where an atomic line was
beiﬁg transmitted. The photographs were takenvovef a period
of severél weeks and although the mirror spacings were not
grossly altered, periodic fine-tuning (which does slightly

change the mirror spacing) was performed and therefore the



Figure 5.

(a)

Signal traces for 90 ppm Ba (a),

Peaks and order of
(a) Ba 553.6 nm (m
(c) Ca 422.7 nm (m

(b) (c)

interference (m) from left to right are:

51, 52), (b) Na doublet 589 nm (m = 48,
67, 68)

.06 ppm Na (b) and 5 ppm Ca (c).

49),
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Figure 6.

(a) (B) ()

Signal traces for 10 ppm K (a), 30 ppm Rb (b), and 10 ppm In (c).

Peaks and order of interference (m) from left to right are: (a)
K 404.4 nm (m = 70, 71), (b) Rb doublet 420.2 nm (m = 68, 69),
(c) In 410.4 nm (m = 69), 451.1 nm (m = 64), 680 nm molecular

emission band. The small peaks shown in (c¢) are from Na in the
deionized water
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Figure 7.

(a) (B)

Signal traces for 3 ppm Mn (a),

(¢)

3 ppm Li (b), and 50 ppm Sr (c).

Peaks and order of interference (m) from left to right are: (a)
Mn 403.1 nm (m = 70, 71, 72), (b) Li 670.8 nm (m = 43), (c) Sr
460.7 nm (m = 62, 63). The small peaks in (b) and (c) are from

Na in the deionized water

¢E
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Figure 8. Signal trace of 50 ppm Cr. Shown are two orders
(m = 67, 68) of the 425 nm triplet
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photographs may not be superimposed for the purpose of
visualizing possible multielement combinations. 1In most
cases, the distance traveled by the mirrors in a scan was
enough to pass through two spacings that are consecutive
integer multiples (m, m+l in Equation 1) of A/2 and,
hence, most emission peaks appear twice (three times for
Mn) in a single scan.

Table 1 presents the experimentally observed detection
limits (defined for the point where S/N = 3) for the ten
elements. All stock solutions were prepared with reagent
grade chloride salts in deionized water. Blanks run as.
checks showed the only element present at a detectable level
in the deionized water was sodium at a concentration of .06
ppm (determined by standard addition). Thus the sodium
detcction limit reported in Table 1 represents a linear
-extrapolation from the observed S/N for deionized water to
the concentration at which S/N = 3 would be expected. Observa-
tion of the emission in all cases was made at a height of 2.6 cm
above the burner tip and no ionization buffers, releasing or
protecting agenté were added. Absolute detection limits were
calculated by taking the product of the relative detection 1
limit, total time for analysis and the solution consumption rate.

The parenthetical values‘listed in Table 1 were determined

from signal averaged spectra obtained with the computer



Detecfion limits

Takle 1.
Analytical Relativ= Absolute
Element Wavelength Detection Detection
(nm) Limit Limit
(ug/mL) (ng)
Mn 403.1 .25 (.065) .076 (2.7)
K . 404 .4 .75 (.024) .22 (1.0)
Rb 420.2 .0 (.060) .30 (2.5)
Ca 422.7 .10 (.019) .031 (.82)
Cr 425.4 .2 (.22) .36 (9.4)
In 451.1 .075 (.012) .022 (.50)
Sr 460.7 .79 (.16) .24 (6.9)
Ba 553.6 .0 (.55) .90 (24.)
Na’ 589.0 .009 (.207) .0027 (.03)
Li 670.8 .15 (.921) (.88)

. 045

S€
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interface using a scan rate of 286 Hz and a data accumulation
time of 3.5 sec (1,000 scans). Generally, the single scan
detection limits given here are an order of magnitude poorer
than those for single-element flame emission listed by
Winefordner (32). However, concentrations 1/10 of those
listed in Table 1 still produce a distinguishable signal

when the averaging capability of the sample-hold circuit is
utilized, thuns confirming thc possibilily uf detection at
trace levels for all ten elements.

Elements which exhibited molecular emission show the
poorest detection limits. If the background were totally of
a random nature, an enhancement in the S/N of 31.6 (/1000)
would be expected'from the computer acquired data. How-
ever, only Na, Rb and K show greater than a factor of 12
improvement in the detection limit after-sighal averaging
indicating that detection is limited by background of a more
continuous nature such as emission from molecular species
(e.g. BaO in the case of Ba) or the flame itself.

Calibration plots of signal vs. concentration are shown
in Figures 9 and 10. All of the elements display linearity
over a minimum of three orders of magnitude in coﬂcentra-
.tion with sodium providing a linear response from .06 fo
1000 ppm. Either peak height or peak area may be used with-

out significant difference however, the use of peak height is
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" Figure 10.
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Calibration plots for aqueous solutions of Ca, Mn, Rb, Cr and Ba
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preferred due to the lower probability of spectral inter-
ference. For K, Li and Rb, as the calibration plots .are
extended below the detection limit the curves acquire a
steeper slope. This is most likely because these easily
ionized atoms are known to exhibit high ionization effects
at low concentrations (13). The relatively small flame

(10 x 3 cm) served as a sufficiently thin excitation source
such that no self-absorption cffects were observed for any
element at concentrations below 1000 ppm.

The interference effects of various anionic species
present in matrices such as serum or urine were examined and
are summarized in Table 2. Those elements not listed (Rb,
In, Li) showed no appreciable effects with any of the five
anions. In this study, a 100 ppm‘solution of the cation
prepared using the chloride salt is used as a reference and
the values in Table 2 represent the percent reduction (-)
or enhancement (+) of the emission signal in the presence
of a tenfold excess of the interfering anion. All inter-
ferents were preparcd from the sodium salt except when the
effects on sodium were tabulated, in which case the potassium
salt was substituted. Pinta (107) provides an excellent dis-
cussion on the effects and mechanisms of chemical inter-
ferences encountered in flame spectrometry and the results
noted.in Table 2 generally compére favorably when conditions

for analysis were similar.



Table 2. Chemical interference effects
_ Percent Change in Signal

Interferent K Sr Ba Ca Mn

PO4, - -5 -8 -5 .5
50, +. = -4 .2 +2
Oy 0 - - 0 0

CH3CO2 +. 0 0 0 +1
NO3 +1 0 0 +1 0

037
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Of the three elements determined routinely in urine and
serum (Na, K, Ca), only calcium exhibits any appreciable
interference effects, however, when the PO4 to Ca ratio is
lowe;ed to levels similar to that present in these biological
samples, only a 2% suppression in Ca emission intensity was
noted. Thus if the method of standard additions is used for

analysis, problems due to matrix effects in these types of

samples will be minimal.
B. Multielement Analysis

This multielement analytical scheme makes use of the
fact that most common elements have a limited number of
atomic emission lines in the visible spectral range. Thus,
when looking at this entire wavelength region, only the

emission lines mlkl = 2dcos®, m2A2 = 2dcosf, ..., will be

transmitted simultaneously (see Equation 1) where A, and A2

1

can be from the same or different elements. It is when this

1 or AZ is prohibited but,

since Xl and A2 are usually not whole numbers, the probability

of any two lines being simultaneously transmitted at a given

occurs that analysis using either A

d is vefy small. Although the finesse is what determines
the ultfmate number of resolvable lines in the scan (atomic
linewidths are negligible here), the width of the single

element peaks shown ;n Figures 5-8 is determined not by the
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finesse but rather by the lack of collimation of the light
incident upon the FP. So; with these widths, overlép of
emission lines of differing wavelengths is possible. This is
shown in Figure lla with a combination of Ba and Na. The
553.6 nm Ba and 589.0 nm Na lines are transmitted essentially
simultaneously at a mirror spacing of 14.9u. When this
happens the peaks can generally be separated by using the
interferometer in a different order (accomplished by changing
the mirror spacing). This is illustrated in Figure llb where
the mirror separation is now 20.5u and the sodium and barium
lines have been completely separated.

Using this approach, several synthetic multielement
solutionos were able to be analyzed without significant
spectral overlap. These results are summarized in Table 3
which shows the range in mirror spacing that will result in
the spectral separation of at least one order of one emission
line for each element in a given mixture.

In order to assess the capabilities of the system for
multielement analysis, five types of samples were chosen for
study: tap water, urine, serum, orchard leaves and steel.
The element in these materials are present in a variety of
matrices ‘and therefore provide a means of examining the
scanning FP optical system for rapid multielement analysis of
real samples. 'In all cases detection was accomplished using

a 25 msec scan rate with peak intensities being repetitively
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(a) (b)

Figure 11.

Resolving a mixture of Na and Ba. 10 ppm Ba and
1 ppm Na (a) at a mirror spacing of 14.9 p. In
b, 10 ppm Ba, 1 ppm Na and 10 ppm Li are shown at
a spacing of 20.5 p. Peaks in b from left to
right are: Ba, Na/Li overlap, Ba, Na and Li.
Signal was attenuated using a Corning CS-1-60
filter
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Table 3. FP mirror spacings required for resolution of
certain multielement combinations

Elements present Mirror spacing (u)
Ba, K, Na, Li 20.4—2i.l
Na, Li, K, Ca ~14.0-17.0
K( Mn, Rb, Ca 14.0-18.0
Cr, Mn, Sr . ©14.0-18.0
Cr, Mn, In \ 14.0-20.0
Cr, Mn, Li 14.0-18.0

sampled for a 45 sec time period so as to utilize the signal
averaging capability of the sample-hold circuit. To com-
pensate for fluctuations in excitation conditions over a
longer period of time, peak heights were normalized to an
internal standard (usually Li) when possible. Figure 12
demonstrates the effect of using a Li internal standard for
the determination of Ca in tap water. The fluctuations in
signal intensity for the Ca 422.7 nm emission line. caused hy
aspirationArate variations, improper sample manipulations and
fuel-to-oxidant ratio shifts is minimized by normalizing the
intensity of the Ca line to that of the Li. The advantages
for the use of internal standards in flame spectrometry have

been discussed thoroughly by Barnett, Fassel and Kniseley
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determination of calcium in tap water



46

(108) . Analytical determinations for all samples were made
by the addition of agqueous standard solutions with the usual

graphical evaluation of the results (109).

1. Tap water

A signal trace of Ca and Na in laboratory tap water is
shown in Figure 13. .Due to the extreme sensitivity to sodium,
the emission radiation was attenuated with a Corning CS-1-64
blue filter. This filter reduces the Na intensity by about
90% while decreasing the Ca emission intensity by only 10%.
Table 4 shows the results obtained on a laboratory tap water
sample. For comparison, the Na analysis was also done using
a Beckmann Model DU quartz-prism spectrometer and the Ca by
EDTA titration (109). The mean (X), standard deviation (S)
and relative standard deviation (S/X) are given in each
instance.

All peak heights were normalized to a lithium internal
standard. Flame emission methods of analysis usually pro&ide
preciéion an order of magnitude poorer than that obtainable
with titrimetric procedures and the FP is no exception to |
this generalization. However, when compared to the single-
element DU technique, the FP provides as good or better
precisioﬁ in all cases and in addition, consumes a smaller
amount of analyte and requires less analysis time than

either of the other two methods.
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Figure 13. Direct aspiration of laboratory tap water con-
taining 100 ppm Ca and 33 ppm Na, Peaks, from
lett to right are: Ca, Na, Ca, Na and Ca.
Signal is attenuated using a Corning CS-1-64
filter



Table 4. Analysis of tap water:

Trial Fga L DU Fga
1 35 40 . 100
2 . 32 37 97
3 ' 35 35 99
4 34 | 38 104

.5 32 37 101
X (mg/L) 33.6 37.4 100.
S (mg/L) 1.5 1.8 2

" 8P
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2. Urine and serum

The problems of the analytical biochemist differ from
the usual concerns of other analysts in two special ways. On
the one hand the amount of initial sample is usually limited,
in the case of sérum to a few mL. On the other hand, multi-
element information is often required from these small
samples. Determining the sodium, potassium and calcium
levels in biological fluids is considered a very routine
and neéessary procedure in clinical laboratories. Normal
serum concentrations of sodium, potassium and calcium are
3.1-5.6, .14-.19 and .75-1.5 mg/ml, respectively. Concen-
trations in urine are greater still.

Twenty-four hour urine samples were collectéd from 5
subjects and refrigerated until analysis. Five vials of
dehydrated human blood serum were obtained from the Dade
Division of the American Hospital Supply Company and re-
constituted in 5 ml of deionized water. A five mL portion of
each specimen was prepared for analysis by adding 25 mg of
Li and 25 ml of 2% sterox (a surfactant solution that nre-
vents clogging of the nebulizer) and diluting to 250 mL with
deionized water. Signal traces for Na, K and Ca in urine and
serum are shown in Figures l1l4a and b. A Corning CS-1-60
didymiumxfilter was used to attenuate the sodium emission
intensity and quantitation was accomplished via standard

addition analysis. Results for several specimens are
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(a) (b)

Figure 14.

Signal traces for 160 ppm Na, 70 ppm K and 60

ppm Ca in urine (a) and 75 ppm Na, 15.8 ppm K and
12 ppm Ca in serum (b). Peaks in both cases are
(from left to right): Ca, Na, K, Ca, K, Na and
Ca. A Corning CS-1-60 filter was used to the
attenuate Na intensity
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presented in Table 5. The Qalues listed for the urine
represent mEq present in a 24-hour sample énd are compared
to results obtained using a Beckmann Model DU quartz
spectrometer. Analytical determinations for the serum
samples are presented in the units most often given in

the literature and are compared to the assay values sup-
plied by the manufacturer (110).

Generally, accuracy within 7% of the actual value was
observed for the ser;m samples while results obtained on the
urine specimens indicate close agreement with those acquired
using the Beckmann DU. Precision for both types of samples
was usually less than 3% which is as good or better than

the precision reported with commercial clinical multielement

- flame photometers (111).

3. Orchard leavgg

Historically, flame emission photometry has been the
me thod of.choice for the determination of K, Ca and Na in
agricultural materials. To evaluate the potential of such
an application to the FP system, NBS SRM 1571 orchard leaves
were analyzed for the three above mentioned elements. One
gram samples of dry orchard leaves were dissolved in 50 mL
of a 3:2:HNO3/HC104 solution and then diluted to 500 mL. A

blank containing the HNO3/HC104 and deionized water was also

prepared. Analysis for Na, K and Ca by standard addition
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Table 5. Analysis of urine and serum

Patient ﬁlj."i_ﬂEﬁD_)U F%L-(_mE_%% %ﬂ%ﬁ
A. Urine
1 190 187 210 202 120 110
2 110 115 120 115 90, 92
3 170 175 130 120 50 55
4 180 184 180 175 100 96
5 120 130 95 90 130 127
s. serun  FRMEAS G leepdy  leRa
1 140 149 10 9.9 2.5 2.7
2 143 149 8.2 8.5 5.2 4.9
3 130 127 11 11.5 3.1 3.6
4 105 112 8.5 8.1 3.7 4.0
5 138 140 9.2 9.6 4.2 4.5

was performed using a Corning CS-3-77 yellow filter to
reduce the intensity of the Ca and K emission which are
.prescnt at much higher levels than the sodium. Although it
is a trace component in the orchard leaves (14 ug/g), no
signal from Li was distinguishable in the solution prepared
and thus Li was added as an internal standard. Figure 15

shows a signal trace of the orchard leaves solution and



Figure 15.

23

Signal trace for 42 ppm Ca, 30 ppm K and .17 ppm
Na in NBS orchard leaves with a 50 ppm Li internal
standard. From left to right, peaks are: Li, Ca,
Na, K, Ca, Li, K, Na and Ca
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Table 6 the statistical results obtained for several trials.
Precision (1.6-3.9%), and accuracy (1.7-6.2%), are generally
better than conventional single-element methods for samples °

of similar origin (34).

4. Steel

The determination of chromium and manganese in steels
and cast iron has been of interest for many years. NBS
SRM 163 is a powdered low alloy chromium steel which contains

both Cr and Mn at slightly less than a 1% concentration.

Table 6. Analysis of NBS SRM 1571 orchard leaves

Trial Cca (mg/qg) K (mg/g) Na (ug/g)
1 19.5 14.5 80.6
2 20.5 13.7 82.4
3 19.0 15.1 79.8
4 19.9 14.2 81.3
5 19.2 13.8 78.9
X 19.6 14.3 80.6
s .60 .57 1.3
s/X (%) 3.0 3.9 1.6

Certified Value 20.9 14.7 82.0
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One gram portions of the alloy were dissolved in 50mL -

of concentrated nitric acid, 60 mg of Sr were added and the
"solution was diluted to 500 mL with deionized water. No
silica or graphite was present after dissolution and thus no
filtration was necessary prior to analysis. A Corning
C5-1-60 didymium filter was used to essentially eliminate
the emission intensity from the Na present in the blank. A
signal trace for the steel solution is shown in Figure 16.
Chromium and manganese peak heights were normalized to'the Sr
emission intensity and quantitatively determined by standard
addition. Results from five analyses are summarized in

Table 7.

Table 7. Analysis of NBS SRM 163 low alloy steel

—_— —

Trial Mn (mg/g) Cr (mg/g)
1 8.4 9.2
2 8.5 9.0
3 8.8 9.2
4 8.4 9.4
5 8.3 9.5
X (mg/q) 8.48 ' 9.36
S (mg/g) .19 .20
s/% (3) 2.2 2.0

Certified Value 8.97 9.82




Figure 16.
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Signal trace for 18 ppm Mn and 20 ppm Cr in NBS
low alloy steel. A 10 ppm Sr internal standard
is used. Peaks from left to right are: Cr,
Mn/Sr overlap, Cr, Mn, Sr and Cr
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On similar NBS alloys, Fassel et al. (112) reported a 1%
relative standard deviation with an accuracy of 8% using
single-element flame emission analysis. This work demonstrated
a precision of 2% with only a 5% deviation from the certi-

fied value.
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V. SUMMARY

In this study, a system for rapid multielement flame
emission analysis based upon a scanning FP interferometer
with a single detector was improved from the original design
by Pruiksma et al. (1) and shown to be applicable to the analysis
of avariety of samples. Coupled to a simple multichannel peak
height sampling system, Lthe analytical scheme shows excellent
detection limits and linearity of response for ten elements
having emission lines in the visible spectral region with
precision and accuracy comparable and in many instances
superior to conventional multielement techniques.

Other advantages of the system include the small volumes

of analyte required, the ease of changing to different groups
of elements, the small amount of analyte required, and the low
cost of the total analytical arrangement (less than $3,500).
The method is not witﬁout its disadvantages, however.
With the current design, only four or possibly five elements
may be determined simultaneously and thus samples which
contain more than five elements at detectable levels are not
easily analyzed. The number of elements may be increased by
careful ;ollimation of the light incident upon the FP but
this in turn decreases the spectral throughput of the system.
Unlike a monochromator, the interferometer requires fine-

tuning at weekly intervals and its alignment is critical to
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obtaining accurate, reproducible results. Molecular
emission bands can not be used for analysis, therefore re-
guiring that the flame be adjusted to ensure thé greatest
degree of dissociation of molecular species.

It is not expected that the FP interferometer will re-
place the usual dispersive emission spectrometer for most
applications. However, this work has shown that for analysis
of samples with a reiatively simple composition, the FP
offers distinct advantages not present in other multielement

optical systems.
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VI. SUGGESTIONS FOR FUTURE STUDY

The most important‘area-for rmprovement ofpthe:tech4
nique still iies ih'optimization ofAthe'optical system for
increased resolutioh‘while maintaining acceptable limits
of-detection,~ There are two approaches which can be taken
in an effort tO'solve this prohlem. The first wOﬁld.utilize
the same optlcal concept as was déscribed here but a longer
focal length lens would be substltuted for the 200 mm focal
length lens(LZ)ﬁshownzin.Flgure 1. This would allow‘theanglew‘
- in Equation 1 to'become smaller and thus serve‘to‘narrow.the
transmitted peak Width‘- |

| The second approach would be to utlllze a colllmatlon _
system SLmllar to that described by Prulksmaeﬁ:al (l) coupledh
w1th,better.collect10n eff1c1ency<xfthe radlatlon emanatings
from the'source‘-. .The use of an electrlc spark would certalnly be
a great 1mprovement. The spark locallzes the em1551on such
. that collectlon eff1c1ency as well as colllmatlon can be much
lmproved. The spark would also take advantage of the short
duration of the detectlon scan of the FP.

ObV1ously, as the resolution of  the system is improved,

' samples of more‘complicated'composition may be analysed' |
.including coal, petroleum, geological and'biological materials.
Also, since a greater number of elements have their most

sensitive emission llnes in the ultrav1olet (UV) region of the
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spectrum, replacement of the present FP mirrors with a set
of UV-transmitting mirrors would allow application of the
system to a different group of elements including most of
the transition metals. The mirrors are easily changed and
this would allow the technique to be applied:to an even wider

variety of analytical problems.
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IX. APPENDIX A: ELECTRONIC CIRCUITRY

A. Ramp Generator

Figure 17 shows a schematic of the ramp generator. The
circuit utilizes a 555 integrated circuit timer. Pins 6 and
7 are held at the same voltage as pin 1 until the potential
at pin 2 falls below 1/3 of the supply voltage (VS) at which
point pins 6 and 7 are separated from pin 1 and the ramping
process is begun. The .47 uf capacitor is linearly charged
with the constant current provided by the 2N3638 pnp
transistor and 1M potentiometer network. When the voltage
at pin 6 is 2/3 Vé, pin 7 shorts to pin 1 and thus the
capacitor is rapidly discharged. If the switch connected ta
pin 2 is in the single scan (open) position, the capacitor
will discharge completely and will only be repeated when
the pushbutton trigger switch is momentarily depressed.

If the switch is in the repeat (closed) position, the
capacitor discharges to 1/3 VS and begins to recharge

again. When used as part of the computer interface, a posi-
tive going TTL pulse from the DAC momentarily turns on the
2N3643 npn transistor which in turn drops pin 2 below

1/3 VS apd causes a ramp to begin. When operated in the
single scan mode, the output is followed with a 741 opera-
tional amplifer in a unity gain configuration and when used

with the computer this output is divided and buffered with a
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Figure 17. Circuit schematic of the linear ramp generator

L



73

second 741 before input to the ADC (the maximum input voltage
for the ADC is + 1lV). Since the outpﬁt is from 1/3 to

2/3 VS when operating in the repeat mode, it must be biased
and amplified using a third 741 to again provide a ramp of

0 to 2/3 VS. The entire circuit is powered by a Datel

Model BPM 15/200 + 15V supply and is attached ﬁo a grey metal,

rack mountable chassis.
B. High Voltage Amplifier

A circuit schematic for the high voltage amplifier used
for driving the scanning crystal on the Fabry-Perot is shoﬁn
in Figure 18a. As the 0 to 10V ramp is input to the base of
the MJI423 npn tran51stor; the base to emitter voltage be-
comes more positive which turns on the transis£or and causes
a conventional current flow. This in turn causes the base
of the S0028 pnp transistor to become more negative with
respect to its emitter thus turning it on and allowing for
the potential al the output to rise accordingly. By ad-
justing the potentiometer the gain may be varied from 1-to
50. The circuit is powered by.several high voltage batteries
in series which produce a positive potential of 297V. Since
the piezoelectric crystal is of such high impedanqe, the
circuit consumes very little power and the batteries only

need replacement at intervals of one year.
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C. Buffer/Inverter

%

Because the photomultiplier is capable of producing
currents in the pA range and the computer ADC has a low in-
put impedance, a buffer is neceésary between the PMT and
the ADC. The schematic of this buffer circuit is shown
in Figure 18b. It consists of a Datel Model AMZOOA instrumen—=
tation amplifier in an inverter with gain configuration.
This amplifier features an inpﬁt impedance of lOQQ and is
capable of providing an output current of 5 mA. The gain
is adjustable from 1 to 1000 using a 10-turn 200K potenti-
ometer between pins 8.and 11. The same Datel +15V power sup-
ply utilized by the ramp generator is also used tb power
this circuit. Both the high voltége amplifier and the
buffer/inverter are attached to a grey metal, rack-mountable

chassis.
D. Sample-Hold Detection System

The schematic for one of the six parallel channels in
the sample-hold detection system is shown in Figure 19. The
ramp and a presef*yoltage are the inputs to a LM311 com-
parator. When these two inputs are of the same potential,
the coméarator output undergoes a TTL low to high transition.
The positive-going edge of this transition triggers a

SN74121 one shot which in turn provides a TTL pulse of well
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defined duration. 1In this case, the 10K resistor and 750
pf capacitor provide a 5.2 usec output pulse which enables a
Datel SHM-LM-2 sample-hold circuit for that amount of

time. . A .00l uf hold capacitor connected to the‘SHM—LM—Z
module allows the sampled voltage to be read up to 3
minutes after it is taken without appreciable bleed off.

By adjusting the 10-turn 100K potentiometer on the negative
input of the LM31l1l the position along the ramp (ahd hence
the mirror spacing) at which the photomultiplier signal is
read may be changed. 1"his allows for location of peak
maxima or changing to different emission peaks altogether.
The voltage values recorded by eacﬁ channel are read on
either one of two voltmeters by rotating a selection switch
to the desired channel. Datel BPM 15/200 %+ 15V and Zeltex
Z5-AX10005P +5V supplies are used to power all six channels
and the entire circuit is attached to a singlé grey metal,

rack-mountable chassis.
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X. APPENDIX B: COMPUTER SOFTWARE

The executive program for the Fabry-Perot interface is
titled FABRY and is a FORTRAN routine that controls the
entire operation of the interface. SAMP is an assembly
language subroutine called by FABRY that initiates a
scan and records the data from it in intermediate arrays.'
(ISAW, IMPT). Frollowing the completion of each scan, the
intermediate arrays are passed to FABRY which indexes the
photomultiplier values according to the X (SAW) values and
sums them to the proper position in a permanent Y (PMT).
array with the appropriate incrementation of the corresponding
flag array (FLAG) position. Thié process is repeated until
the required number of scans have been completed after which
each PMT value is divided by the appropriate FLAG value
to produce a weighted numerical average for each point. The
PMT positions where FLAG = 0 are sorted out and the resultant
PMT array 1is ready for plotting or storage on the floppy
disk. The graphics routines necessary for X-Y plotting
(ASCALE, LINE) were written and developed by Golden (113).
All’other call statements and functions used are pért of
the PDP—}l FORTRAN and MACRO software and are described in

detail by the manufacturer (114, 115).
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FABRY-FERQT INTERFACE EXECUTIVE
FROGRAM  (*FARRY . FOR®) ‘

INTEGER GRAFHyUATA ¢ FLTOAT »y FILE» DDATA
INTEGER SCANy ISAWC200) » TFMT 2000 »y CHOTCE
INTEGER DATYFE FLAGFKy AF LK

REAL LEX LEY y URX y URY
REAL SAWA00) v FMT (4000 v FLLAG(400)

COMMON /5CALE/XSLOFE y X8 YELLOFE» YR
COMMOMN ZSTATUSZIXL s IY Ly TFENy INCRy NSEC

DATA XLONGy YLLONGALO 07,0/
waTa IXLe IY L IFENy INCR/GyOy O v/

WRITE (S 1001)

FORMATC GRAFH DATA FROM DISKT )
READCEy1056) ODATH

FOIRMAT (L)

TFODDATA LEQ, 0 G0 TO 1900

GRAP =

WRITE (S 105D

FORMAT (/7 FTLE NUMBERS )

REATDCS 1071 TFILER

FORMAT(I4)

DEFINE FILE TFILERCLy LAOL s Uy NREC)
READCIFTLER L) INDXFL e (SAWCTTY v FMTC(IL) s TI=1y400y 1)
GO T 4500

WRITE (S, 20000

FORMAT (7 ENTER DELAY S )
READCSy2200) TTIME

FORMAT (06

CAatl. THORCZy "000600s "1y TTIMED

WRITTE (&9 2500)

FORMATCZ NO. OF SCANSE )
REAT{S» 27002 80AN

FORMAT CTE)

ne 2750 I=1s20001
ISAWCT ) =0
TFMT 1) =0

CONT INUE -
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C
2800 ne 2850 I=1400¢1
SAWCT)=0,0
FMT (L) =0,.0
FLAGCT)Y=040
20850 CONTINUE
C
2875 WRITE(S 28750
28746 FORMATC TNDIVIOUAL DATAT )
2885 FREATD Cy 2884 DATYRE
2886 FORMAT L)
C
C
2890 TFODATYRE EQe 0)Y GO TO 2900
2892 WIRITE Sy 2893)
2893 FORMATCS TS5 THIS RUN FOR TIMING PURFOSEST)
2995 READCI»2896) TTIM
2896 FORMATCIL)
i
C
W
2900 TOHX=0
29860 FOHY= 1
C
C
3000 00 3100 T=1y8CAN 1L
Mz 20 '
CAall., SAMPCLSAabWy TFMT s Ny TCHX y TCHY)
TFODATYFE Q. O) G TO 30350
SIFCTTIM GERQ. 1) GO OTH 3040
3010 WRITE(Gy3OZO) ((ISAWCTI) » TFMTCLI) v XT=T0e T7) s
&L J=1s20098)
3020 FORMAOT (/7908 CIXy T4s2Xy T454X3)
3630 GO TH 3050
30407 WRITEC(Se 3041 CCIGAWCTI) o TFMTCIT) » Tl=Tde TUH7 )y
&L.J=185,200:8)
3041 FORMAT (/581X T45 2Ky E404X) )
3045 GO TO 1900
r
3050 TFAISAW L) GT.2070) GO TO 3100
3060 DOFOTE J=1y 2009 1
ITNOEX= (CTHAW ) ) ~2047) /75041
FMT CINDEX) = (FLOAT CLFMT IO ) +FMT CINDEX)D
FLAGCINDEX D =LA CENDEX)+1 .0
3075 CONTINUE
3100 CONT MU
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[0 X300 1=0,399s 1
HAWCLHL )= CCFLDAT () Y KGO0 4+2047 .0
CORNTINUE

B0 3340 I=ly4009 1
TFOFLAGCLY EQ. Q.00 6O TO 3335
PMTCE) = (FMT I ) ZCFLAGCT ) )
GO TO 33490
FET D) =2047 .0

CONT TNUHE

WRITE (5 3351)

FORMAT (7 SUMMED ARRAYT )
READCEy 33AL) AP TOK

FORMAT CTL)

TFAPFTORGER.OY GO TO 3400

WIRLITE CSy 2450)

FORMATC SUMMET ARRAY S ")

WRTTE Cy BEHOY CCGAWCTIIY v FMT LI v T =Ty L4 v D=1y 400+ 5)
FORMAT (S 01Xy F7 o Ly 2X e F12.3p 3K

WRITEC(Sy 36010

FORMATC, FLAG ARRAYT )

REAX (e 3ALL IFLLAGFR

FORMATCLL D

TFOFLAGFIKEQ. Oy G TO 4005

WIRTTE (S 38531

FORMAT O FLAG aRRAY L)

WRITE (S 3E3E6 Y COFLAGCLT) » TL=0ds TUH9 3 s L=1 94005 10)
FORMAT (S CLX o 7o L v 2K F7 o Lo 2300

WRITE (S 4006)

FORMAT (7 DO YOU WANT AN XY FLOTT )
RESDCEGy 4016 GRAFH '

FORMOAT (TL)

; N ].l K==

00 4200 I=1,400y1
ITFOFLAGCTD) EQ. 0.0) GO TO 4200
TNDXFL = TNDXPL A1
SAWCTNDXL. AWCL)
FMT NP L Y = MY 1)
CONTINUE
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0
45050 WRETE (5 y 4%01)

4501 FORMATC. FLOTTING DATA ARRAY? )

4510 READCS 4501 FLTRAT

A5 FORMATCLL)

4550 TECRLTOAT JEQLG) GO TO S000

4500 WIRTTE (59 4601 TN

4401 FUHRMAT ¢ TNDKEF L7 9 1 X T4)

4610 WRITE (S 4610 CCSAMCTE) » FMT I v D=0 TJ44) s T)=1 94009 %)
4601, FORMAT CS CLX o F 75 123X p 1280 3X))

o

5000 TFCERAFH EQ. 0) GO TO 5700

0
(;
55 (54 WRITE (55051 )

5051 FORMAT (. ENTER NSEC? 7))
HO60 READ(Sy5061) NSEC

5061 FORMAT (L3

»

o .

5001 LEX=SAW 1)

URY=RMT CENIXELD)

"
G106 00 S1LS0 =2y INIKFL» L
TFOPMT D) 0T URBY Y URY=FMT(L)
LECEMTOD) JLTLLBYY LEY=FMT D
G150 CONTINUE
L
S200 Catl. ASCALE CLEX y UEX XLONG » XELOFE » X1
SRE0 CALL AaBCALE CLEBY » UBRY s YLONG ¢ YSLOFE ¢ YE)
e
9300 CAld, LINECSAWCLY s FMT LY v O
H400 00 5530 T=2 INOXFL-1 v 1
Call, LINECSAW DY yFMT L) v 1)
3500 CONT TiNUE
H600 CAll LINECSAWCTNIKFLL Y » FMT CINGEXFL ) 9 O)
i
e
D700 WRITECH 5701
5701 FORMATCS WRITE FLOT FILE ON DLSKT)
3710 o REATGCS»S710) FILE
G971 FORMATCLL)
BTG TFOFTLE EQ, OY GO TO 4000
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C

SHO0 WRITE (S E38000

G801 FORMAT C7 ENTER FILE NUMBERS )
G810 READCH« 5811 TFTLE :

GH811 FORMST C1T4)

LE20 DEFINE FILE TFILECLy LSOL » Uy MREC)
GH30 WRITE CIFTLE 7L TN Ly (B3AWCTE) v FMT (LT v TE=1 54009 1)
G

G

[

C

&O000 WRITECSy 60010

6001 FORMAT L RUN AGATNT )

6010 READ (S 6011 CHOICE

HO11 FORMATCLL)

HO20) TFOCHOTCE EQ. 0) GO TO 9900

[

G

7000 WRETE (S 7001

7001 FORMAT O USE SaME DATAT )

20L0 READCS 7010 DATA

2011 FORMATCTL

7020 TFCDATA JEQe 12 GO TGO 000

7100 GO TO 1600
-
G

F900 S5TOF 7 NORMAL END OF ROUTINE
PILY END
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