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(ABSTRACT) 

A unique spectrometer system, the Multi-Mode Spectrometer (MMS), has been developed. 

The MMS integrates a scanning Michelson interferometer, a flat-field grating, and a linear 

photodiode array detector into a single spectrometer system. With these components, the MMS 

is capable of applying dispersive, interferometric, or combined dispersive/interferometric techniques 

for enhanced spectrometric flexibility. The effects of source fluctuation and redistributed photon 

noise can be reduced. In addition, the MMS has unique capabilities in data compression, 

application of internal standards, and noise spectrum analysis.
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Preface 

This dissertation was written in three major sections. The first section provides an 

overview of the purpose and capabilities of the multi-mode spectrometer (MMS). This first section 

discusses the goals of the MMS development and the trade-offs necessary for this process. The 

second section shows further application of the MMS to characterizing an atomic emission source. 

The unique capabilities of the MMS were used to probe spatial, spectral, and temporal 

characteristics of the microwave induced plasma. The third section discusses the theories of 

photodiodes array detectors and Fourier transform spectrometry. A number of critical theoretical 

developments derived in the course of this research are discussed, in addition to standard theoretical 

treatments of FTS and array detectors. 

This dissertation therefore may be read in a number of orders. To obtain an integrated 

overview of the MMS, read section one. To obtain a more complete picture of the MMS’ 

capabilities and the emission characteristics of the MIP, read section two. To gain a better grasp 

of the theory behind the MMS and the additional theoretical developments behind the MMS, read 

section three. 
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Introduction 

The purpose of this research was to develop a unique spectrometer system, the Multi-Mode 

Spectrometer (MMS), and to apply the spectrometer to atomic emission spectrometry (AES). The 

objective was to combine a photodiode array detector (PDA) and Fourier transform spectrometry 

(FTS) in a single spectrometer. The goals were to retain the individual advantages of PDAs and 

FTS, to reduce the individual disadvantages, and to investigate synergistic strengths. 

Physically the MMS incorporates a scanning Michelson interferometer, a flat-field grating, 

and a linear PDA in a single spectrometer system. More significantly, the MMS is capable of 

multichannel (dispersive), multiplex (interferometric), and multichannel/multiplex modes of 

operation. 

Photodiode arrays (PDAs) and Fourier transform spectrometry (FTS) have been two of 

the most interesting and promising technologies that have recently been applied to AES. Each of 

these has distinctive advantages over conventional detection systems when applied to atomic 

emission spectrometry (AES). Unfortunately, PDAs and FTS also have distinct disadvantages. 

The individual advantages and disadvantages of FTS and PDAs are discussed below. 

The MMS was developed with several major goals in mind. One goal is spectrometric 

flexibility. With the MMS, either dispersive or interferometric techniques may be selected for a 

given problem. Spectrometric parameters such as resolution, spectrum readout rate, integration 
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time, spectral bandwidth, data acquisition density (aliasing), and apodization are also user 

selectable. In the multichannel/multiplex mode, different parameters may be specified for each 

channel. In sum, the performance characteristics of the MMS can be precisely tuned to the 

demands of a given problem, or even a specific spectral bandwidth. 

A second major goal of the MMS is the reduction of redistributed noise effects in multiplex 

spectrometry. Specifically, the goal is to reduce the redistributed effects of photon and source noise 

in the interferometric and multichannel/multiplex modes. Reduction of these noises can reduce or 

eliminate the multiplex disadvantage.' 

A third major goal is to develop a system with unique capabilities in the following areas: 

data compression, the application of internal standards, and noise spectrum analysis. 

As a means of testing the MMS and demonstrating its capabilities, the MMS has been 

applied to atomic emission spectrometry. The emission signals from a microwave induced plasma 

(MIP) has been observed. It should be emphasized that the MMS is a prototype instrument and 

has not been fully optimized. 

PDAs 

Photodiode arrays,? as well as other types of solid-state imaging detectors, such as 

charge-coupled devices (CCDs) and charge-injection devices (CIDs),3* have been applied to 

spectrochemical analysis for a number of years. Horlick and co-workers,56 Talmi and Simpson,’ 

and Grabau and Talmi® have characterized PDAs and PDA systems as spectrochemical detectors. 

Denton and co-workers have similarly characterized CCDs and CIDs.*!° Recently, several novel 

optical designs have been developed which efficiently utilize the advantages of solid state imaging 

detectors.!!!2 

PDA-based spectrometers offer the significant advantages of simultaneous observation of 

signal and background over a wide spectral range, rapid data acquisition, and improvements in the 
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S/N. In spite of this, PDAs have not found great acceptance in AES. Primarily, this has been 

because the number of observed optical channels, usually 1,024 * to 4,096, '3 is much less than the 

resolving power of 20,000 ' to 50,000 ® used for routine analysis and is considerably less than the 

150,000 * to > 500,000 !° needed for resolving atomic line widths. With array detectors, some 

compromise between resolution and wavelength coverage is always required. PDAs often have 

other problems when applied to AES, such as low dynamic range ( < 1:25,000),'7!8 high read noise 

(> 1,200 e-),!%° inflexible resolution within a particular optical design,®? and line-to-pixel registration 

problems.” 

FTS 

There has been considerable interest in Fourier transform atomic emission spectrometry 

(FT-AES) for a number of years. Horlick and co-workers,?!-8 Faires and co-workers,2-* and 

Thorne and co-workers!:!635-37 have been the most active in investigating the application of FTS to 

AES. Much recent interest has been due to the development of high resolution FT spectrometers 

designed specifically for the ultraviolet and visible.38“!36 Several excellent papers discussing the 

fundamentals of FTS and FT-AES have been written by Thorne!’ and Faires.% 

FTS offers a number of significant advantages over traditional AES detection systems: a 

wide and continuous free spectral range, flexible and high resolution, high optical throughput, 

excellent wavenumber precision and accuracy, simultaneous observation of signal and background, 

and a simple and predictable instrument line function. 
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The Multiplex Advantage and Disadvantage in FT-AES 

Of the conventional FTS advantages, ambiguity exists concerning the multiplex advantage 

in FT-AES.!.32262816 The full multiplex advantage exists only for detector-noise limited conditions. 

AES, however, is usually photon- or source-noise limited. In these cases, the multiplex advantage 

is reduced, possibly turning into a multiplex disadvantage. It is also sample and spectral position 

dependent. 

The multiplex disadvantage in FT-AES is well known® and documented.!63228 Jt occurs 

in any type of multiplex spectrometry, either Fourier or Hadamard,® under photon-** or 

source-noise“ limited conditions. In these cases, noise is carried through the encoding process by 

spectral features and redistributed across the spectrum by the transform process. The specific effect 

of the redistributed noise depends upon the noise type (photon or source) and the noise distribution 

(1/f, white, or single-frequency). Relative to dispersive spectra, weak spectral features in FTS are 

often obscured by the additional redistributed noise background. 

Photon Noise 

Photon noise, a white noise, is redistributed uniformly throughout an FTS spectrum, 

producing a uniform noise background across the spectrum. The magnitude of the redistributed 

photon noise is proportional to the square root of the integrated intensity of the entire spectrum. 

Significantly, for photon noise in FTS, the S/N is improved in spectral regions with greater than 

average intensity, and is degraded in regions with less than average intensity.47* Modern AES 

plasma sources, particularly the ICP, are highly luminous. An analytical plasma emits thousands 

of lines, many of them very intense, with lines arising from the analyte, co-analytes, solvent, and 

plasma gas. A strong background continuum is often present as well. The combined effects of 

redistributed photon noise and highly luminous sources has two effects in FT-AES. First, the 

redistributed photon noise from irrelevant features can contribute significantly to the noise at the 
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analyte line.!3226 This is particularly true if the analyte is near the detection limit. Second, the 

photon noise level is highly sample dependent. 

Bandlimiting the spectrum with filters’ or a monochromator?’ has been shown to reduce 

redistributed photon noise and improve the S/N at lines of interest. Spectral bandlimiting can be 

thought of as umproving the S/N from two perspectives. First, intense and/or irrelevant lines are 

rejected, thus eliminating the noise that would be redistributed onto an analytical line. This 

improves the S/N relative to an unfiltered FT spectrometer. Second, photon noise from inside the 

filter bandpass is redistributed from inside the region of interest and into the spectral filter cut-off 

regions. The redistribution of the noise may improve the S/N relative to a dispersive spectrometer. 

Spectral bandlimiting does, however, reduce the flexibility in FTS to randomly access any line over 

a wide spectral range. 

Source Noise 

Source noise is a multiplicative noise. In FTS, a multiplicative noise is side-banded 

around each line.* In AES, source noise generally has a 1/f distribution.*® The combination of 

side-banding and the 1/f noise distribution cause each line to be broadened.*® The broadening is 

different for each line, and reflects the physical processes leading to the production of a line.*° The 

effects tend to be greatest at the line and in the line wings.”8 

Source noise is a particularly severe problem for both interferometric and dispersive 

spectrometer systems. Because source noise is directly proportional to the intensity of the line, its 

effects cannot be reduced by increasing sample integration time;5! by increasing spectrometer 

throughput;'* or by the use of modulation techniques, such as chopping, use of lock-in 

amplifiers,5? or use of an interferometer.2 Source noise is, however, often positively correlated 

between analyte lines.*> Because of this correlation, source noise can be reduced or eliminated 

through the proper use of internal standards.**-** Criteria for the proper use of internal standards 
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include the following: simultaneous observation of analyte lines; detection systems with matched 

optics, detectors, and electronics;54 and detection systems with equivalent views of the source.*5 
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The MMS Modes of Operation 

The MMS attempts to retain many of the separate advantages of PDAs and FTS, and 

reduce the disadvantages. The key to this are the three operating modes. The operating modes are 

summarized in Figures 1 to 4. These Figures show a hypothetical spectrum with analyte lines (a), 

(b), and (c), plasma lines (p), and a broadband spectral background. 

The Dispersive Mode 

The purpose of the dispersive mode is to allow the rapid acquisition of low-resolution, 

wide-band spectra. Gross spectral information on line position, intensity, and background are 

readily obtained; see Figure 1. The MMS detects a 300 nm spectral range over 512 detector 

elements (pixels). The spectral range for this work was from 500 to 800 nm. Spectra can be 

obtained at up to 30 spectra/sec, at a resolution of 1.2 nm (an average resolving power of 500), and 

over the 300 nm spectral range. Dispersive mode spectra are useful for low-resolution survey 

spectra or temporal studies of emission sources. 

The MMS Modes of Operation 8
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In the dispersive mode the MMS functions exactly as a PDA-based multichannel 

spectrometer. The grating disperses the light across the array, and the array elements are read out 

sequentially. Distance across the array, dpp,, corresponds to wavelength, 1. A single data record 

is intensity versus wavelength. In this mode, the interferometer is disabled as an active optical 

component (see below). Spectrometric parameters such as integration time and array readout rate 

are user selectable. Standard multichannel techniques such as variable integration time and 

on-target integration’ are available. Because a holographic grating is used, effects of stray light are 

reduced. 

The Interferometric Mode 

The purposes of the interferometric mode are to provide high resolution spectrometry over 

a narrow spectral range and to reduce the effects of redistributed photon noise. Operationally, the 

PDA and polychromator select and isolate the spectral bandwidth of interest. The interferometer 

is then set in motion, obtaining high resolution FTS data on the selected bandwidth. An 

interferogram in the MMS is the intensity detected by a single pixel versus interferometer mirror 

displacement, x,,,.. The data is Fourier transformed to obtain the spectrum: intensity versus 

wavenumber. This process is illustrated in Figure 2. 

In this mode the MMS functions as a Fourier transform spectrometer with a 

narrow-bandpass optical filter on the output. The PDA and polychromator function as a flexible 

optical filtering system. Because the optical bandwidth of the filter is 6 nm or less, many spurious 

spectral features are rejected. 

The interferometric mode provides a number of direct advantages. Many advantages of 

FTS such as higher resolution, wavenumber accuracy, and intensity accuracy are available. Flexible 

spectral filtering by the PDA and polychromator reduces photon noise and the multiplex 

disadvantage by rejecting unwanted emission lines and spectral background. Comprehensive line 
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selection is not compromised, however, because the PDA permits easy and rapid access to any 

given spectral window. Pixels are selected electronically and can be changed at a rate of 3.2 kHz. 

Resolution is easily changed by selecting the appropriate interferometer mirror displacement. 

Spectrometric parameters such as resolution, sample interval (alias), and spectral bandwidth 

selection are user selectable. With the MMS, spectra have been acquired in the interferometric 

mode at a resolution of 0.5 cm~' and a resolving power of 38,000. Additionally, the effects of 

scattered light should be extremely low because of the holographic grating and the immunity of 

FTS to stray light. 

The interferometric mode has several dispersive advantages that are provided by the 

PDA/polychromator subsystem. First, the dynamic range requirement of the detection system is 

reduced. In a typical interferometer, a single detector must respond linearly to the intense 

centerburst as well as to the weak modulations at the extremes of the interferogram. In the MMS, 

the source radiation is dispersed across the array, thereby distributing the intensity of the center 

burst is over a number of pixels. This substantially reduces the dynamic range requirement for a 

single detector. 

A second dispersive advantage is the MMS’s ability to perform controlled aliasing. In a 

typical interferometer, aliasing is avoided. To prevent unintentional aliasing and the resultant 

folding and mixing of spectral features from different regions, the sampling interval must be kept 

sufficiently short. The limit for the interval is given by the equation 

  bx < — (1) 
20 max 

where 6x is the sampling interval in the interferogram in (cm), and o,,,, is the maximum detectable 

wavenumber. If the spectral bandwidth can be controlled however, the relationship becomes 

1 

2(Omax ~ Fmin) 
6x < (2) 

where (O;x — %min) is the spectral bandwidth of the optical filtering system. In the MMS, the 

polychromator and PDA provide precise optical filtering; they limit the optical bandwidth to 6 nm 

or less and they establish the position of any line to within several nanometers. Because of the 
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bandwidth control, the data can be highly aliased without fear of spectral overlaps. Because of the 

line position data from the array, total line position information is maintained. Data from low 

resolution dispersive spectra and high resolution interferometric spectra are combined to establish 

the position of any line unambiguously. Controlled aliasing reduces total system overhead by 

reducing the number of data points that must be acquired, transformed, and stored. Through use 

of controlled aliasing, the MMS has obtained interferometric data up to an alias of 256. 

A third dispersive advantage is the MMS’s capability to perform noise spectrum analyses 

in the interferometric mode. Noise spectrum analysis is a well recognized tool for noise reduction 

and instrumentation optimization.5’“58 As shown in Figure 2, interferograms are acquired over 

time, ¢ (sec), as well as mirror displacement, x,,, (cm). Fourier transforming the data produces a 

spectrum that can be interpreted as intensity versus frequency (Hz) as well as intensity versus 

wavenumbers (cm~'). In the MMS, the optical filtering by the PDA and polychromator precisely 

define the spectral frequencies passed by the optical system. Consequently, frequencies produced 

by noise and interferences are often separated and easily differentiated from the signal frequencies 

produced by the interferometer. Specific noises or interferences are often easily identified in this 

format. In addition, the noise at the spectral line is reduced. 

The Multichannel] Multiplex Mode 

The multichannel/multiplex mode is an important extension of the interferometric mode. 

The purposes of this mode are to provide additional data acquisition flexibility, and to reduce 

source noise. In the multichannel/multiplex mode, interferograms are acquired simultaneously 

from several pixels. This process is illustrated in Figure 3 for analyte lines (a), (b), and (c). In this 

mode, the advantages of the interferometric mode are available for a number of independent 

channels. Additionally, parameters such as resolution, apodization, and aliasing can be uniquely 

specified for the individual channels. 
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As mentioned above, source noise can be a particularly difficult problem. The effects of 

source noise are modeled in Figure 4 for analyte lines (a), (b), and (c). The dashed rectangles show 

the maximum unperturbed intensities for analyte lines. The multiplicative and positively correlated 

effects of source fluctuation are shown by the solid curved lines. Because the array pixels perform 

as detectors for equivalent but essentially independent interferometers, the MMS meets a number 

of the criteria for internal standards:54-5* First, data is acquired over the same time interval. Second, 

the optics, detectors, and electronics of the detection systems are matched. And third, the detection 

systems view the same region of the source. These factors can reduce the effects of source 

fluctuations on the signal. For identification of source noises and other interferences, comparison 

of noise spectra between channels is often useful. 

To illustrate the importance of simultaneous detection when applying internal standards, 

Figure 4 also shows the effects of source fluctuations on a linearly scanned monochromator. The 

monochromator scans through time as well as wavelength, as indicated by the diagonal line in the 

base plane. Consequently, emission lines experience different attenuations and rates of change that 

cannot be correlated between “channels”, as shown by the vertical lines and the diagonal arrows. 

Correction for these effects is impossible with a scanned detection system. 
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The MMS Spectrometer System 

The Optical Plan and Static Design Considerations 

Figure 5 shows the scaled optical schematic for the MMS. This Figure summarizes the 

design aspects that are not dependent upon dynamic factors, the dynamic factors being 

interferometer mirror movement and detector array scanning. L1 and L2 are the collimating and 

focusing optics respectively for the interferometer. These lenses are spherical achromats, chosen to 

minimize chromatic and spherical aberrations. The spectral source of interest is placed at S, 120 

mm in front of Ll. The interferometer is immediately behind L1. The components of the 

interferometer are: BS, the beamsplitter assembly; M1, the moving mirror; M2, the stationary 

mirror; WhLt, the white light reference source; and HeNe, the helium-neon tracking laser. A clear 

aperture of 40 mm is utilized through L1, L2, and the interferometer. The transfer aperture, Al, 

is placed 120 mm past L2. A] is located at the focal points of both L2 and G, the polychromator 

grating. The components of the polychromator are: M3, the beam deflection mirror; and G, the 

low-resolution concave holographic grating. PDA is the photodiode array detector. Table 1 lists 

further optical components specifications and Table 2 lists the PDA specifications. 

The MMS Spectrometer System 17
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Table 1. Optical System Components 

Collimation and focusing lenses: 
Manufacturer: 
Model: 
Type: 
Transmission range: 
Focal length: 
Diameter: 
f/#: 
Coating: 

Flat field polychromator: 
Manufacturer: 
Model: 
Grating: 

Diameter: 
Focal length: 
f/#: 
Ruling: 
Reciprocal linear dispersion: 
Slit widths: 
Slit heights: 

Interferometer system 
Manufacturer: 
Interferometer: 

Model: 

Sample beam, 
maximum diameter: 

Mirror bearings: 

Optical path difference, 
maximum, double-sided: 

Resolution maximum, doubled- 
sided interferogram: 

Maurror velocity: 
HeNe base modulation 

frequency: 
Beam splitter: 

Model: 
Substrate and compensator 

plate: 
Beam splitting material: 
Spectral range, nominal: 

The MMS Spectrometer System 

Melles-Griot, Irvine, CA 
01 LAU 145 
Spherical achromatic doublet 
340-2500 nm 
120 mm 

43.5 mm 
£/2.76 
MegPF, 

Instruments SA, Edison, NJ 

UFS-200 
Type III, aberration corrected, 

flat-field, concave, holographic 
70mm 
210 mm 
f/3 
200 groves/mm 

. 24nm/mm 

0.050, 0.100, or 0.250 mm 
1, 3, or 5 mm 

Nicolet Instrument Corp., Madison, WI 

7001P, from a 7199A FT-IR 
with 7199 controller 

45 mm 
Parallel dual cylindrical 

air bearings 

1.037 cm 

0.4823 cm7} 
0.253 mm/sec 

800 Hz 

NIC B7004A 

Quartz 
proprietary 
25,000 - 3,300 cm™? 

400 - 3,000 nm 
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Table 2. Detector System 

Array Detector: 
Manufacturer: 
Type: 

Model: 
Pixel size: 
Total photoactive area: 

Operating temperature: 

Array Drive Board: 
Manufacturer: 
Description: 

Detector system timing: 

Dispersive mode: 
Array clock rate: 
Pixel output rate: 
A/D rate: 
Array readout rate, (max): 
Integration time, (min): 

Interferometric and 

Multichannel/Multiplex Modes: 
Array clock rate: 
Pixel readout rate: 
Array readout rate: 
A/D rate, (max): 
Array aperture time, 

(integration time): 

The MMS Spectrometer System 

Reticon Corp., Sunnyvale, CA 
Photodiode array, 512 element 

self-scanning, linear 
RL-0512S 
2.5 mm (h) x 25.0 ym (w) 
2.5 mm (h) x 12.8 mm (w) 

25°C 

Reticon Corp., Sunnyvale, CA 
RC-1024S evaluation board, lab-modified 

for switch-selectable internal or 
external control and clocking. 

62.500 kHz 
15.625 kHz 
15.625 kHz 
30 scans/sec 
33 msec 

8 MHz 
2 MHz 
3,200 scans/sec 
3.2 kHz 

312.5 usec 
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L1 and L2 were chosen to maintain the f/3 throughput of the polychromator, and extend 

it to the entire optical system. The symmetry of L1 and L2 causes a 1:1 imaging of the source onto 

Al; the polychromator then projects a 1:1 umage of Al onto the PDA. 

A] is a particularly important component of the spectrometer. As both the exit aperture 

for the interferometer and the entrance aperture for the flat field polychromator, its size, shape, and 

position affect the resolution and throughput of both the interferometric and dispersive sections of 

the MMS. 

Dynamic Design Considerations 

This section discusses MMS design aspects that depend upon dynamic factors such as 

interferometer mirror movement, detector array scanning, and mirror/PDA coordination. In the 

dispersive mode, it is essential that the AC modulations produced by the interferometer are nullified 

and that only the DC light level is detected. In the interferometric and multichannel/multiplex 

modes, the opposite is true; the AC modulations produced by the interferometer must be preserved, 

and the DC light level must be rejected. 

Dispersive Mode 

In this mode, the spatial and temporal integration capabilities of the PDA are used to 

achieve the DC detection/AC rejection required. To achieve spatial integration the moving mirror, 

M1, is positioned close to the beamsplitter. At this extreme mirror position, the rings of the circular 

interference pattern contract to very small diameters.*® By averaging all light intensity across the 

pixel surface, each pixel removes all spatial variations except for the small central fringe. 
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To achieve temporal integration, the moving mirror, M1, is scanned rapidly relative to the 

PDA readout rate. In the dispersive mode the PDA has an array readout rate and a temporal 

sampling rate of 30 Hz. The resulting pixel readout rate is 15 kHz (see Table 2). In contrast to the 

30 Hz sampling rate, typical light-modulation rates are 1,000 Hz or greater. Therefore, at least 35 

modulations are accumulated during a single pixel integration period. Consequently, the effect of 

a single modulation as a fraction of the total integrated signal is reduced. Calculations have shown 

that the residual modulation of the central fringe is less than 2% of the integrated intensity in the 

central fringe. The modulations are further reduced by the spatial integration discussed above. It 

should be pointed out that this scheme is only one of several that could cancel the interferometer 

modulations in the dispersive mode. Given the dynamic feedback system for the interferometer 

moving mirror, this scheme provides the best optical throughput for the dispersive mode. 

Interferometric and Multichannel /Multiplex Modes 

In these modes, rapid PDA readout is required to achieve AC detection. In both modes, 

the helium-neon laser reference signal initiates entire scans of the PDA instead of initiating 

individual sample pulses as in a conventional interferometer. In addition, the basic HeNe beat 

frequency is not used, but it is instead multiplied by a factor of 4, from 800 Hz to 3.2 kHz. 

Consequently, the PDA has an array readout rate and a temporal sampling rate of 3.2 kHz in these 

two modes. By comparison, the interferometer modulates source light at frequencies from 630 to 

1,260 Hz for wavelengths from 800 nm to 500 nm respectively. The required readout rate for 

individual pixels in these modes is 2,000,000 pixels per second. 

The rapid array readout rate (3.2 kHz) fulfills two criteria for AC detection. First, the 

Nyquist criteria is satisfied if unaliased spectral acquisition is required. Increasing the sampling rate 

from 800 Hz to 3.2 kHz expands the sample-limited free spectral range from 0 - 7,901 cm~! (co - 

1,266 nm) to 0 - 31,606 cm7! (co - 316.4 nm). Second, and more importantly, the rectangular 

time-integration window of the PDA is kept sufficiently short relative to the periods of the 
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interferometer-induced modulations.“5! The PDA integration window is 0.3125 msec, versus light 

modulation periods of 1.012 msec for 500 nm (20,000 cm~*) and 1.580 msec for 800 nm (12,500 

cm~'). The interferometer-induced modulations are thus successfully acquired without undue 

attenuation. This second point is important when data is acquired at any alias. 

The rapid pixel readout rate in the interferometric and multichannel/multiplex modes 

places some severe requirements on the analog components of the data acquisition system. Because 

the PDA is read out serially, the analog components must be capable of handling the 2 MHz pixel 

output rate, and also the rapid intensity transitions between pixels. For a given optical channel 

(pixel) however, A/D conversion rates occur at a maximum of 3.2 kHz. The DC portion of the 

optical channel interferogram is then removed by analog and digital filters. Spectrometric options 

and specifications for the interferometric and multichannel/multiplex modes are listed in Table 3. 

Changing the MMS between modes is totally under computer control and is very rapid, 

except for changing the transfer aperture. Changing Al is done manually in the present instrument, 

taking only a few seconds. The rest of the reconfiguration process takes less than a second. 

The MMS Instrument Control and Data Acquisition 

System 

A schematic of the MMS instrument control and data acquisition system is shown in 

Figure 6. This system provides the control and synchronization of the umterierometer, the PDA, 

and the A/D subsystems for all modes of operation. The Interferometer Controller Board is a 7199 

Nicolet controller board, lab-modified for use in the MMS. This board provides the interferometer 

with direct closed-loop control of the mirror movement. It also provides white-light and laser 

references signals to the Spectrometer Controller Board. The Parallel Board transfers gross mirror 
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Table 3. Interferometric and Multichannel/Multiplex Modes: Options and Specifications 

Interferograms: 
Spectral bandpass, per pixel: 

Aliasing: 
FFT: 

Apodization: 
Phase correction: 

The MMS Spectrometer System 

Symmetric, 128 to 8,192 points 
1.2 to 6 nm, corresponding to the 

transfer aperture widths. 
1 to 256, in powers of 2. 
8 to 8,192 complex points, 

16-bit integer 
None, Gaussian, or Hamming (cosine). 
None 
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control information, such as scan limits and scan velocity, from the DEC LSI-1!1 computer to the 

Interferometer Controller Board. 

The Array Drive Board is an RC-1024S evaluation board from Reticon Corp. It has been 

lab-modified to permit external control and clocking of the PDA. 

The Array Interface Board provides interfacing between the digital and analog electronics 

of the Array Drive Board and the rest of the MMS. For digital signals, the Array Interface Board 

provides optical isolation for the control signals from the Spectrometer Controller Board to the 

Array Drive Board. For the PDA analog output signal, the Array Interface Board provides the 

signal amplification and the fast sample-and-hold function required between the Array Drive Board 

and the A/D Board. To accommodate the 2 MHz pixel output rate of the PDA in the 

interferometric and multichannel/multiplex modes, the laboratory-built gain amplifiers and 

sample-and-hold amplifier have 50 nsec rise times, and the sample-and-hold amplifier has an 

acquisition time of < 100 nsec. 

The Spectrometer Controller Board is the electronic heart of the MMS. It initiates, 

controls, and synchronizes the interferometer mirror scans, the PDA readouts, and the A/D 

conversions. Prior to data collection, the Spectrometer Controller Board receives spectrometric 

parameters from the CPU and stores them on board. The parameters include operating mode, 

array integration time, system clock frequency, mirror scan delay, mirror scan length, and data 

acquisition interval. After the CPU initiates data collection, the Spectrometer Controller Board is 

in total control of the MMS. The Spectrometer Controller Board is laboratory designed and 

fabricated, and is built on a DEC DRV11-P prototyping module. 

The A/D converter, model 1030, from ADAC Corp. has 12-bit resolution, and a 

conversion time of 20 psec. It has a maximum conversion rate of 50 kHz, but is limited to less than 

25 kHz by the bandwidth of the LSI-11 bus. The oscilloscope is used to provide a real-time 

monitor of the PDA signal going into the A/D converter, and for spectrometer tuning purposes. 

The CPU, a DEC LSI-11, controls the MMS by means of the Parallel Board and the 

Spectrometer Controller Board. Software for instrument control and data acquisition is down-line 

loaded from a host LSI-11 computer. Experimental data, the spectrometric parameters and 

The MMS Spectrometer System 25



 
 

—
 

[
o
e
 

i
i
l
,
 

  

:yezr6rq 

:
G
o
T
p
u
y
 

> 
pTeatyAdg 

  
:
s
a
d
h
y
 

pyouBbts 

 
 

P
o
u
t
w
s
a
y
 

 
 

oOo 
c
o
 

  
 
 
 
 

- 
  

 
 

 
 

 
 

 
 

  
  

 
 

ZEz-SY 
Nd9 

11-1S1 
Y
I
O
M
I
O
N
 

qe7 
t 

 
 

 
 

a
d
o
o
s
o
]
 
[
1
3
8
0
 

 
 

O
O
O
O
 

°9 

  
  

 
 

| 
 
 

p
u
n
e
g
 

41334aAUu07) 

g/V 
  

 
 

an | 

‘JayawWoNIeds 
ay} 

Jo 
UONeZIUOIYOUAS 

p
u
 

JoNUOD 
popirosd 

waysks 
siyy 

suaysAs 
so1u04732]9 

94) 
puB 

Jayndulod 
S
A
A
]
 

24) 
JO 

Wesseip 
yoojg 

*9 
21nBiy 

VOd 

        

SSS 
N 

/\ 
 
 

L 
p
-
P
°
g
 

a
a
t
a
g
 

A
p
s
u
a
y
 

 
 

4 
f 

 
 

p
r
o
g
 

a
o
p
 
j
u
a
z
U
y
]
 

R
o
s
s
y
 

  
 
 

 
 

p
l
e
[
%
g
 

4
+
a
T
 
T
9
9
4
S
O
D
 

d
a
q
a
u
o
u
z
o
a
d
s
 

  
 
 

sng 
T
T
-
I
S
1
 

f 

a
5
4
u
n
a
o
s
G
 

d
a
z
o
w
o
u
s
 
y
y
u
a
y
z
u
y
 

 
 

|
 
e
u
t
e
w
s
t
e
o
 

p
i
P
p
o
g
 

d
e
a
f
,
 
[
9
4
4
4
9
7
 

  
 
 

 
 

p
i
P
°
o
g
 

T
R
P
T
T
e
4
8
d
 

  
 
 

S
Q
 

1 
E
E
U
U
 

79010990 

f 

26 The MMS Spectrometer System



acquired data, are up-line transferred to the host computer for storage, transforming, and plotting. 

Table 4 lists the specifications for the computer systems. 

The MMS Spectrometer System 27



Table 4. Computer Systems 

Spectrometer Control and Data Acquisition Computer: 
CPU: 

Manufacturer: 
Model: 

Memory: 
A/D converter: 

Manufacturer: 
Model: 
Resolution 
Conversion time: 
Conversion rate (max): 

Parallel board: 

Digital Equipment Corp., Maynard, MA 
DEC LSI-11/03, 16-bit, 2.5 MHz 
58 kbytes, static RAM 

ADAC Corp., Woburm, MA 
1030 

12-bit 
20 psec 
50 kHz 
DEC DRVI11 parallel line unit. 

Data Analysis and Data Storage Computer System: 
Processor: 
Memory: 
Disks: 

Graphics terminal: 

Plotter: 

Software and specifications: 
System software: 

Instrument control, data 
acquisition, data analysis, 
and graphics software: 

The MMS Spectrometer System 

DEC LSI-11/2, 16-bit 
58 kBytes, DRAM 
AED 6200 Floppy disk system 

quad drive 
2.4 Mbytes total disk storage 

. DEC VT-100 with 
Retrographics Tek 4010 emulator 

Hewlett-Packard 7475A 

PolyForth, Forth Inc. 
Real-time, multiuser, 
multitasking operating system 
and language. 

Laboratory developed in 
PolyForth. 
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Theory: Interpretation of MMS Spectra 

Aliasing Factor 

Controlled aliasing is often used when acquiring data in the interferometric and 

multichannel/multiplex modes. When this is done, it is necessary to express the degree of aliasing 

and the spectral bandwidth for which the data is acquired.?253 To do this, an aliasing factor, [3:4] 

for example, accompanies each interferometric spectrum. The ”4” specifies the degree of aliasing, 

indicating that only every fourth data point was acquired in the interferogram. It also indicates the 

spectral range is reduced by a factor of 4, from the MMS maximum of 31,605.6 cm™! to 7,901.4 

cm~’. With an alias of 4 and no optical filter, the following sample-limited spectral ranges would 

be superimposed upon one another: 

1) 

2) 

3) 

4) 

Spectral Range 

0.0 to 7,901.4 cm~' 

15,802.8 to 7,901.4 cm? 

15,802.8 to  23,704.2cm7? 

31,605.6 to  23,704.2 cm7? 

Theory: Interpretation of MMS Spectra 

Direction 

(forward), 

(reverse), 

(forward), 

(reverse), 

Alias Factor 

[1:4] 
[2:44 
[3:4] 
[4:4] 
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The spectral ranges are listed with their respective alias factors. “Forward” indicates that 

the wavenumbers numbers in the transformed spectrum increase from left to right. “Reverse” 

indicates an increase from right to left. 

The “3” in the alias factor indicates the specific sample-limited spectral range of the data. 

As an example, most of the interferometric mode data in this chapter were acquired using pixel 159 

as the detector. Pixel 159 monitors a spectral band at 590 nm, or 16,950 cm~?, which is within 

spectral range “3”, from 15,802.8 to 23,704.2 cm7!. 

Resolving Power, Resolution, and Spectral Bandwidth 

Resolution is difficult to compare between dispersive and interferometric instruments. It 

is fairly constant in wavelength for dispersive instruments, whereas it is fairly constant in 

wavenumber for interferometric instruments. Resolving power, however, can be computed for both 

types of spectrometers, and is the most useful parameter for comparing different types of 

spectrometers. Resolving power cannot be considered a constant for wide spectral ranges, and must 

usually be calculated at each line position. 

The resolving power, R, of a spectrometer is given as 

R= => = (3) 

where / and 62 are spectral position and resolution in wavelength (nm), and o and 6ée are spectral 

position and resolution in wavenumber (cm~'). Also 

1 
A= z (4) 

Two relationships useful for converting resolutions or spectral bandwidths are as follows: 

bl = 22 (5) 

Theory: Interpretation of MMS Spectra 30



66 = — (6) 
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Experimental 

MIP 

The MIP served as a convenient atomic emission source. Like the inductively coupled 

plasma (ICP) and the direct-current plasma (DCP), the MIP is composed of a plasma torch, 

plasma power supply, nebulizer, sample pump, and gas flow system. The MIP is therefore 

potentially subject to many of the same source noises found in the ICP and DCP. 

Figure 7 shows a sectional view of the MIP cavity, torch, and nebulizer used in these 

experiments. The MIP setup is a simplified version of the one described by Long and Perkins.®? 

The cavity is a high-efficiency capacitively-coupled TMg,) design, after Matus, Boss, and Riddle.® 

It is a Beenakker cavity,“ utilizing a translatable disk electrode and quartz-rod tuning. The 

microwave generator was connected directly to the cavity, with no microwave circulator or external 

load. The following components were chosen because of their low noise characteristics. The torch 

is a tangential flow design, after Lysakowski.® This torch produces a toroidal, self-centering plasma 

of high stability. The nebulizer is a fritted disk type, after Layman and Lichte. It minimizes 

nebulizer noise*®? by producing a small mean droplet size with a narrow droplet size distribution. 

Table 5 lists the MIP apparatus specifications. 
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33 Experimental



Table 5. Equipment for the Spectral Sources 

MIP Source and System: 
Cavity: 
Torch: 
Nebulizer: 
Microwave Generator: 

Manufacturer: 
Model: 
Power: 

Frequency: 
Load: 

High-efficiency TM, laboratory built 
Tangential flow, laboratory built 
Fnitted disk, laboratory built 

Kiva Instrument Corp., Rockville, MD 
MPG-4M 

Tungsten White-Light Spectral Irradiance Source: 
Spectral Irradiance Head 

Manufacturer: 
Model: 
Description: 

Lamp Monitor and Control 
Manufacturer: 
Model: 

Experimental 

EG&G Gamma Scientific, San Diego, CA 
RS-10A 
Tungsten broad band spectral irradiance 

source. Correlated color temp: 2856, +20 K. 
Spectral range: 300 to > 1100 nm. 

EG&G Gamma Scientific 
RS-1 
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The MIP setup permitted direct introduction of aqueous samples. The plasma was 

sustained by the Ar flow through the nebulizer. The plasma extended approximately 1 cm beyond 

the cavity. Observation was side-on, with the plasma horizontal. In this configuration, the base 

of the plasma and the face of the cavity were parallel to the long dimension of the transfer aperture, 

Al. The observation height was 0.5 to 1 mm beyond the cavity face. See Table 6 for the MIP 

operating conditions. 

Tungsten Source 

A white, broadband spectral source was needed to characterize the spectral filtering 

capability provided by the PDA and grating in the interferometric and multichannel/multiplex 

modes of operation. The tungsten spectral irradiance source listed in Table 5 was used. 

Solutions 

The NaCl and the KCl salts used were reagent grade. Stock 1000 ng/mL solutions were 

prepared using distilled/deionized water. Other solutions were prepared by dilution using 

distilled/deionized water. 
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Table 6. MIP Operating Conditions 

Plasma Parameters: 
Plasma support gas: 
Gas flow: 
Nebulizer pressure: 
Solution delivery rate: 
Forward power: 
Reflected power: 

Plasma observation geometry: 
Plasma orientation: 
Observation angle: 
Observation height: 

Experimental 

Ar 
2 L/min 
30 psi 
0.100 mL/min 
70 W 
~0 W 

Horizontal 
Side-on (radial) 
0.5 to 1.0 mm 

36



Results 

Several atomic emission spectra for the dispersive, interferometric, and 

multichannel/multiplex modes are shown, demonstrating the feasibility of the MMS to obtain AES 

data. In addition, several interferometric spectra of the white-light tungsten source are included to 

characterize the spectral filtering and the filter response function of the MMS. Dispersive AES 

spectra were taken of a sample with 500 ug/mL of Na and 500 ug/mL of K. Due to clogging 

problems with the nebulizer frit, a more dilute sample (100 ng/mL) was used for the interferometric 

and multichannel/multiplex mode AES spectra. 

Dispersive Mode AES Spectra 

Dispersive mode spectra of the MIP are shown in Figures 8, 9, and 10. Figure 8 is a blank 

spectrum, showing plasma background due to Ar and water-derived emissions. Possible line 

assignments for this spectrum are listed in Table 7. Figure 9 shows the spectrum for the Na and 

K sample. Figure 10 shows the difference spectrum. The MMS operating parameters for these 

spectra are listed in Table 8. 

Results 
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Table 7. Reference Data for MIP Line Assignments 

A. Candidate lines for the plasma background, Ar, H, and O: 4 

Line Species Wavelength Intensity 
(nm) 

a) H 656.27 1000 
656.28 2000 

b) Ar I 696.54 400 

c) Ar I 703.22 100 
706.72 400 

d) Ar I 714.90 30 

e) Ar I 727.29 100 

f) Ar I 735.33 100 
737.21 100 
738.40 400 

g) Ar I 750.39 700 
751.47 200 

h) Ar I 762.89 50 
763.51 500 

1) Ar I 772.37 200 
772.42 200 

i) O1 777.19 1000 
777.41 300 
777.54 100 

k) Ar I 789.11 100 
794.82 400 

B. Reference line values for Na and K:*¢ 

Line Species Wavelength Intensity 
(nm) 

1) and 2) Na I 589.00 9000 
589.59 5000 

1) K I 766.49 9000 
2) K I 769.90 5000 

¢ | iterature values from references 67 and 68. 
6 The H, O, and Ar lines are from a gas discharge source. 
¢ K and Na lines are from an arc source. 
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Table 8. Common MMS Operating Parameters for Figures 8, 9, and 10 

Experimental parameters: 

Results 

Source: 
Mode: 
Spectral Range: 
Spectral bandwidth: 
Points per Array Scan: 
Transfer aperture: 
Resolution: 
Average resolving power: 
Integration time: 
Summed scans per spectrum: 
Exposure time, total: 

MIP 
Dispersive 
500-800 nm. 
300 nm 
512 
1.000 x 0.050 mm. 

1.2 nm 
540 
33.3 msec 

10 
333 msec. 
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These spectra demonstrate the feasibility of the dispersive mode. Analyte and background 

data are obtained rapidly and simultaneously and over a wide spectral range. As shown by Figure 

10, difference spectra can be particularly illuminating. The positive and negative peaks may indicate 

respective increases or decreases in sample components. In this case, the positive peaks do indicate 

an increase in the Na and K, but the negative peaks indicate a loading of the plasma caused by the 

fairly concentrated sample. 

Interferometric Mode White-Light Data 

Because the spectral filtering by the polychromator/PDA section is central to the concept 

of the MMS, characterization of the MMS filter functions was very important. Two aspects were 

important: the shape of an individual filter function, and the relationship between adjacent filter 

functions. The characterization was done using the white-light tungsten source. 

Typical bandlimited interferometric data of the tungsten source are shown in Figures 11 to 

14. Resolution is 7.716 cm~! and the alias factor is [1:1]. The other MMS operating parameters 

for this data are shown in Table 9. Figure 11 shows the interferogram of the tungsten source at 

590 nm, acquired by monitoring diode 159. The form of the interferogram is generally as expected, 

a sinc function envelope with a carrier frequency of 16,950 cm~' (590 nm). The asymmetry of the 

interferogram is due an optical error in the beam splitter. The error could not be removed by 

adjusting the mirror alignment. 

Fourier transforming this interferogram produces the amplitude spectrum shown in Figure 

12. This is a plot of the full sample-limited free spectral range, from 0 to 31,606 cm~’, showing 

the optical filtering of the MMS from a wide-band perspective. Figure 13 is a close-up of the same 

data. The width of the function, 6 nm at FWHM, is determined primarily by the product of the 

reciprocal linear dispersion of the polychromator grating, G, (24 nm/mm) and the width of the 

transfer aperture, Al, (0.250 mm). The shape of function is determined by the convolution of the 
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Table 9. Operating Parameters for Figures 11, 12, 13, and 14 

Experimental parameters: 

Results 

Source: 
Mode: 
Transfer aperture: 
Spectral bandwidth: 
Pixel number: 
Bandwidth center: 
Alias factor: 
Sampling bandwidth: 
Points per 

interferometer scan: 
Resolution: 
Resolving power: 
Coadded mirror scans: 
Total exposure time: 
Total elapsed time: 
Apodization: 

Tungsten spectral irradiance 
Interferometric 
5.000 x 0.250 mm. 
6.0 nm 
159 
590 nm; 16,950 cm7! 
[1:1] 
31,606 cm7! 

8,192. 
7.716 cm7}. 
2,200 
100 
256 sec (4 min, 16 sec) 
50 min. 
Gaussian 
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rectangular transmission function of the aperture Al with the trapezoidal spatial response function 

of a single pixel.’ The slight slope of the top in Figure 13 is caused by the tungsten emission 

curve. Modification of the shape and width of the functions is possible by changing the shape and 

width of the transfer aperture, Al. Spectral baseline due to scattered light should be extremely low 

because of the holographic grating and the immunity of FTS to stray light. 

Data from 3 successive pixels was obtained to determine the relationship between adjacent 

filter functions. Normalized responses from pixel 159 (A), 158 (B), and 157 (C) are shown in Figure 

14. The reproducibility and the spacing of the filter functions from pixel to pixel is shown. The 

filter-to-filter spacing is 0.6 nm. The Figure also illustrates the flexibility in selecting the most 

appropriate spectral filter. Any one of 512 similar filter functions can be electronically selected by 

utilizing the appropriate pixel as the detector. Sub-pixel translation of the functions is possible by 

physically translating the PDA across the focal plane of the polychromator. 

Interferometric Mode AES Data 

Examples of interferometric mode AES data for the Na doublet are show in Figures 15 to 

18. This data demonstrates the ability of the MMS to obtain AES data in the higher resolution 

interferometric mode. The data was obtained at a resolution of 1.929 cm™?! using pixel 159 as the 

detector; the alias factor is [3:4]. The optical filter function shown in Figures 12 and 13 was applied 

to the spectrum, thus suppressing all lines except the Na doublet. Other MMS operating 

parameters for these data are listed in Table 10. 

Figure 15 shows the interferogram resulting from the introduction of a 100 wg/mL Na 

sample into the MIP. This is the type of interferogram expected from a closely spaced doublet with 

fairly equal intensities in the two lines. Performing Gaussian apodization and then Fourier 

transforming the data produces the spectra in Figures 16, 17, and 18. 
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Experimental parameters: 
Source: 

MIP Sample: 
Mode: 
Transfer aperture: 
Spectral bandwidth: 
Pixel number: 
Bandwidth center: 
Alias factor: 
Sampling bandwidth: 
Points per 

interferometer scan: 
Resolution: 
Resolving power: 
Coadded mirror scans: 
Total exposure time: 
Total elapsed time: 
Apodization: 

Results 

Table 10. Operating Parameters for Figures 15, 16, 17, and 18 

MIP 
Na, 100 ng/mL 
Interferometric 
5.000 x 0.250 mm. 

6.0 nm 
159 
590 nm; 16,950 cm7? 
[3:4] 
7,901 cm7? 

8,192. 
1.929 cm7}. 
8,800 
100 
256 sec (4 min, 16 sec) 
55 min. 
Gaussian 

34



Figure 16 is a close-up of the amplitude spectrum showing the same 400 cm? region as 

shown for the filter function in Figure 17. Figure 16 shows that the single Na peak at 590 nm in 

the dispersive spectrum, Figure 9, is indeed a doublet. Using Figure 16, the wavenumber and 

intensity of the individual lines can be determined. No detectable continuum background emission 

is observed; a continuum would appear as a pedestal similar to Figure 13. The noise distribution 

in Figure 16 appears to be white. The noise level was found by calculating the RMS noise level in 

the baseline away from the line.*®° The noise level was found to be 1.25 units. The S/N for line (b) 

is 1,350:1. 

Figure 17 is the full sample-limited bandwidth amplitude spectrum. This Figure 

demonstrates the ability of the MMS to perform noise spectrum analyses. It consequently reveals 

more information about the source and the spectrum. The baseline noise throughout the 

sampling-limited spectral range again appears to be white. There is, however, the unexpected 

presence of features at (c), (d), and (e). Because of the optical filtering by the PDA and 

polychromator, these features can be rejected as optical emissions from the sample or the plasma 

gas. Reinterpreting the horizontal axis of Figure 17 in Hertz, the data represents frequencies from 

0 to 400 Hz with a resolution of 0.102 Hz. With this perspective, features (c) and (e) are found to 

be 120 Hz and 240 Hz modulations. Other studies have shown that these modulations are 

multiplicative interferences due to ripple in the microwave power supply. Features at (d) are 

satellite side-bands of the Na lines resulting from (c) side-banding around the Na lines.* In 

comparison, the tungsten spectrum, Figure 12, is free of these features. The lack of 60 Hz line noise 

and its various harmonics in Figure 12 demonstrates two things. First, the tungsten source is free 

of power supply npple. Second, the MMS and its detection system are not subject to induced 

power line noise. 

Figure 18 shows the log of the intensity values from Figure 17. This data format is useful 

when examining spectral regions displaying widely different magnitudes. The distribution of the 

baseline noise is confirmed to be relatively white throughout the spectrum. Comparing the baseline 

and line (b), the S/N ratio of approximately 103 is readily seen. Features (c), (d), and (e) are much 

more apparent and easily identified as real features, significantly above baseline. 
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Several advantages of optical filtering in the MMS are graphically illustrated in Figures 17 

and 18. Many plasma emission spectra display thousands of atomic lines. If such a spectrum were 

obtained with an interferometer without optical filtering, every atomic line in the spectrum would 

exhibit satellites similar to (d). This would greatly complicate interpretation of the spectrum and 

possibly interfere with quantitation. With the MMS however, optical and non-optical signals are 

easily differentiated, and spectral interpretation and analyte quantitation are potentially improved. 

Compared to a dispersive instrument, the source fluctuations in this mode of the MMS are 

distributed off of the analyte line, potentially improving S/N. Additionally, a practical 

instrumentation problem, the plasma power supply ripple, has been identified and can be corrected. 

Higher Resolution Interferometric AES Spectra 

The data in Figure 19 was obtained to demonstrate resolution flexibility and controlled 

aliasing. This Figure shows the Na doublet obtained at a resolution of 0.4823 cm~!, the highest 

currently attainable in the MMS, and with an alias factor of [9:16]. Figure 19 shows the same 400 

cm~? region as shown the filter function plot in Figure 13 and the lower resolution interferometric 

Na emission plot in Figure 16. The resolving power in Figure 19 is 35,200, versus 490 for the 

dispersive mode spectrum in Figure 9, and 8,800 for Figure 16. The MMS operating parameters 

for this spectrum are listed in Table 11. 

The ability of the MMS to extract and compress data is demonstrated by Figure 19 in 

conjunction with the dispersive spectrum in Figure 9. The MMS required a 512-point dispersive 

1 resolution. A spectrum followed by an 8,192-point interferometric spectrum to obtain 0.5 cm~ 

total of 8,704 data points were acquired. In contrast, a normal interferometer without optical 

filtering may require 131,072 points (128 k) to obtain the resolution shown in Figure 19. The data 

compression resulting from the use of the MMS is approximately 15:1. 
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Table 11. Operating Parameters for Figure 19 

Experimental parameters: 
Source: MIP 
MIP Sample: Na, 100 ug/mL 
Mode: Interferometric 
Transfer aperture: 5.000 x 0.250 mm. 
Spectral bandwidth: 6.0 nm 
Pixel number: 159 
Bandwidth center: 590 nm; 16,950 cm7! 
Alias factor: [9:16] 
Sampling bandwidth: 1,975 cm7? 
Number of points: 8,192. 

(per interferometer scan) 
Resolution: 0.4823 cm~?. 
Resolving power: 35,200 
Coadded murror scans: 100 
Total exposure time: 256 sec (4 min, 16 sec) 
Total elapsed time: 1 hr. 10 min. 
Apodization: Gaussian 
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Multichannel/ Multiplex Mode AES Data 

The feasibility of the multichannel/multiplex mode is demonstrated by Figures 20, 21, 22, 

and 23. Simultaneous emission data for Na and K were acquired using pixels 159 and 459 

respectively. Figures 20 and 22 show the sample-limited bandwidth spectra for Na and K. Figures 

21 and 23 show the 400 cm™! immediately around the lines. The operating parameters for the 

spectra are listed in Tables 12 and 13. 

In Figures 20 and 22, features (a) and (b) refer to the analyte lines. Features (c) appears 

to be 1/f detector noise. Since the amplitudes of (c) are both approximately 120, an additive 1/f 

detector noise is indicated. Features (d) and (e) are indicated to be the base frequencies for 120 and 

240 Hz multiplicative interferences for several reasons. First, the positions of (d) and (e) are at 120 

and 240 Hz in both spectra. Second, their amplitudes are proportional to the total intensities of the 

analyte lines in the respective spectra. 

The advantages of the multichannel/multiplex mode are as follows: Analyte signals are 

available for ratioing and comparison between channels, thus facilitating standard additions. 

Analyte signals are often separated from noise, with much noise distributed off of the analytical 

lines. Noises and interference are often separated from each other based upon noise type and 

distribution. Specific information on noise distributions and frequencies is often available, 

facilitating analysis of both noise sources and plasma processes. 

Spectrometric Performance Summary 

Table 14 is a summary of MMS performance data for the interferometric and 

multichannel/multiplex spectra in Figures 16, 19, and 20 to 23. Experimental and reference data 

for the Na and K lines are included. Intensity reference data is included for intensity comparisons 
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Table 12. Operating Parameters for Figures 20 and 21 

Experimental parameters: 
Source: 
MIP Sample: 

Mode: 
Transfer aperture: 
Spectral bandwidth: 
Pixel number: 
Bandwidth center: 
Alias factor: 
Sampling bandwidth: 
Number of points: 

(per interferometer scan) 
Resolution: 
Resolving power: 
Coadded mirror scans: 
Total exposure time: 
Total elapsed time: 
Apodization: 

Results 

MIP 
Na, 100 ng/mL 
K, 100 pg/mL 
Interferometric 
5.000 x 0.250 mm. 
6.0 nm 

159 
590 nm; 16,950 cm7? 
[3:4] 
7,901 cm7? 
8,192. 

1.929 cm~?}. 
8,800 
100 
256 sec (4 min, 16 sec) 
55 min. 
Gaussian 
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Table 13. Operating Parameters for Figures 22 and 23 

Experimental parameters: 
Source: 
MIP Sample: 

Mode: 
Transfer aperture: 
Spectral bandwidth: 
Pixel number: 
Bandwidth center: 
Alias factor: 
Sampling bandwidth: 
Number of points: 

(per interferometer scan) 
Resolution: 
Resolving power: 
Coadded mirror scans: 
Total exposure time: 
Total elapsed time: 
Apodization: 

Results 

MIP 
Na, 100 pg/mL 
K, 100 ug/mL 
Interferometric 
5.000 x 0.250 mm. 
6.0 nm 
459 
768 nm; 13,020 cm7! 
[2:4] 
7,901 cm7? 
8,192. 

1.929 cm7?. 
6,750 

100 
256 sec (4 min, 16 sec) 
55 min. 
Gaussian 
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within a line pair only. Experimental line positions were taken as the points with the greatest 

intensities in the lines. This is not rigorously correct, but there is no line-finding program for the 

MMS at this time. The line position data shows excellent accuracy. Inherent wavenumber 

accuracy is a property of FTS, so a wavenumber calibration of the MMS was never required. 

Future Improvements to the MMS 

For several reasons, other solid-state detector technologies and architectures should be 

examined as the detector for the MMS. Other experiments have shown the limiting noise of the 

MMS to be PDA read noise. Read noise, an additive noise, is high in PDAs,’ and is notoriously 

high in PDAs operated with evaluation circuitry.“©? Improvements possible in this area include 

optimizing the detector electronics, investigating the use of low read noise detectors such as CCDs 

and CIDs, and detector cooling. Other detector technologies might also be useful in controlling the 

FT resolution aperture and the dispersive subsystem filter function. The vertical and horizontal 

binning capabilities in CCD’s for example would be very useful in these two areas. 

Examination of the operating parameter tables shows a large difference between the total 

exposure times and the total elapsed times in the interferometric and multichannel/multiplex modes. 

For example, the total exposure time in Table 9 is 256 sec, while the total elapsed time is 50 min. 

Total exposure time is given by 

lex = lap * Nint * Nye (7) 

where t,, is the total exposure time, ¢,, is the aperture time for one array read (0.3125 msec), Nin 

is the number of points in one interferogram, and N,, is the number of coadded scans. Total 

exposure time is analogous to the integration time for systems with integrating detectors. In 

contrast, the total elapsed time is the complete time for data acquisition. The difference between 

these times is due to the overhead in the mirror movement cycle. The mirror drive and tracking 
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Table 14. MMS Determination of MIP Line Parameters 

  

  

  

Wavenumber Wavelength Intensity Noise S/N 

(cm~*), air (nm), air 

Literature values: ¢ 
Na: 
Line a): 16,960.873 589.5923 5000 -- -- 
Line b): 16,978.064 588.9953 9000 -- -- 

K: 
Line a): 12,988.735 769.8979 5000 -- -- 
Line b): 13,046.473 766.4907 9000 -- -- 

Experimental values: 
Interferometric mode: 

Na: 
Fig. 12:4 
Line a): 16,960.212 589.6153 1017.0 1.253 812 
error: -0.661 + 0.0230 
Line b): 16,977.573 589.0123 1687.1 1.253 1,346 

error: -0.491 + (0.0170 

Fig. 14: 
Line a): 16,961.176 589.5818 448.4 1.367 328 
error: + 0.303 -0.0105 
Line b): 16,978.055 588.9956 711.3 1.367 520 
error: -0.009 + 0.0003 

Multichannel/multiplex mode: 
Na, Fig. 16: 
Line a): 16,960.212 589.6153 697.3 1.980 352 
error: -0.661 + 0.0230 
Line b): 16,977.573 589.0123 1107.3 1.980 559 
error: -0.491 +0.0170 

K, Fig. 17:4 
Line a): 12,988.2967 769.9239 160.2 1.624 99 
error: -0.4383 0.0260 
Line b): 13,046.168 766.5089 222.9 1.624 137 
error: -0.305 + 0.0182 
  

¢ Literature values from references 67 and 68. Intensities are for arc sources. 

bed Acquisition conditions: 

  

Alias Resolution Resolution 
Interval (cm~1) Interval (nm) 

b 4 1.929 0.0670 
¢ 16 0.4823 0.01675 
d 4 1.929 0.1138 

Results



system in this interferometer is relatively simple. Consequently, much time is spent moving the 

mirror between the end-of-scan reference position and the data collection region around the zero 

path difference. For example, Table 9 indicates that > 99% of the time was consumed with mirror 

movement overhead and < 1% was available for data collection. The use of a more sophisticated 

mirror tracking and drive system could drastically reduce the total elapsed time.*!5° 

Results 68



Discussion 

The total S/N gain of a spectrometer design, G;, is the product of the multiplex advantage 

(or disadvantage) and the throughput advantage.” This is expressed by the equation 

Gr = G Me Go (8) 

where G,, 1s the multiplex advantage (or disadvantage), and Gg is the throughput advantage.” Gy, 

and Gg are both dependent upon the type of limiting noise however. The relevant types of noise 

for both G,, and Gg are detector, photon, and source noise. 

A primary goal of the MMS is to optimize G,;, the total S/N gain, by trading some 

throughput for a reduction in noise. The purpose of the flexible filtering and the 

multichannel/multiplex mode are to reduce photon and source noises. The purpose of the optical 

design is to maximize throughput and signal. The throughput of the MMS cannot be as large as 

that of an interferometer, however, due to the need for slits for flexible filtering. The functions of 

slits in the MMS are provided by the transfer aperture and the pixel. The S/N can be maximized 

by finding the correct compromise between throughput and noise reduction. 

The effect of limiting noise on the multiplex advantage was discussed above. This section 

discusses the following: the effects of types of limiting noise on the throughput advantage, limiting 

noises in AES, the MMS’s throughput, and the total S/N gain of the MMS. 
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The Throughput Advantage and Limiting Noises in AES 

The throughput advantage is the ability of one spectrometer to increase S/N via an increase 

in throughput and signal relative to another spectrometer. The type of limiting noise is very 

important. Photon and source noise are dependent upon source intensity. Consequently, an 

increase in throughput does not always lead to a corresponding increase in S/N. 

If detector noise is limiting, the noise is independent of the signal and is constant. In this 

case, the S/N is directly proportional to the throughput, and the throughput advantage is directly 

proportional to any throughput increase. This situation is typical of the mid-IR and FT-IR. 

If photon noise is limiting, the noise is proportional to the square root of the total detected 

photons. Therefore, the S/N is proportional to the square root of the throughput, and the 

throughput advantage is proportional to the square root of any throughput increase. The ideal 

spectrometer, with perfect detector and source, is photon-noise limited. Photon-noise limited 

conditions are often met in the UV and visible because of good detector technology. 

If source noise is limiting, the noise is proportional to the signal, and the S/N is constant. 

Significantly, there is no throughput advantage because increasing throughput causes signal and 

noise to increase at the same rate. This again underscores the severity of source noise and the value 

of internal standards. 

In AES, the limiting noise should range between photon and source noise. AES is often 

photon-noise limited if sample concentrations are near the detection limit.”! “AES is often 

source-noise limited if sample concentrations are well above the detection limit (> 100 times).”! 

Nebulizer and plasma fluctuations are often the origin of the source noise. Under photon- or 

source-noise limited conditions, the potential for an FTS throughput advantage is reduced or 

eliminated.*5° The MMS, however, is specifically designed to minimize noise under these 

conditions and retain other FTS advantages. 
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Throughput and the Throughput Advantage of the MMS 

Table 15 compares the throughputs and throughput advantages for three spectrometers: a 

l-m Czerny-Turner monochromator, the MMS, and a conventional interferometer. The 

comparisons are made for equal resolving powers and at two wavelengths, 590 and 300 nm. 590 

and 300 nm were chosen because emissions at 590 nm have been shown in this chapter and 300 

nm is more typical of analytical atomic emissions. 

The throughput of an optical system is defined as’? 

E=A-Q (9) 

where E is the throughput in (um? steradians), A is the area of the limiting field stop in um?, and 

©2 is the solid angle subtended by the limiting optic in steradians. Using the small angle 

approximation,” the equation becomes 

A, « Ay 
E= 2 (10) 

where A, is the area of the limiting optic, or aperture stop; A, is the area of the limiting field stop; 

and /is the distance between A, and A, A, in a monochromator is usually the illuminated area of 

the grating; in an interferometer A, is usually the wluminated area of the beamsplitter. A, in a 

monochromator is usually the area of the entrance or exit slit, whichever is smaller; in an 

interferometer at high resolution A, is usually the area of the source or detector, again, whichever 

is smaller. Expressing throughput in terms of the number of the optics and the area of the field 

aperture, the equation becomes 

nm» A» pe 2 (11) 
4 (fl#)? 

Table 15A summarizes the relevant optical parameters of the spectrometers for the 

throughput calculations. The parameters for A, were obtained by first assuming a resolution of 

0.4823 cm~!, the highest attained by the MMS. The dimensions A, were then obtained by applying 

Discussion 71



Table 15. Throughput Comparison 

  

  

  

  

  

  

  

  

Czerny-Turner MMS esInterferometer’ 
A: Optical Parameters: monochromator’ 

° f/# 7.0 3.0 3.0 

« Field aperture limits: 
Resolution: 0.4823 cm7! 

590 nm, R: 35,200 
Monochromator and MMS: 

slit height (mm): 2.0 2.5 --- 
slit width (mm): 0.030 0.025 --- 

Interferometer: 
detector diameter (mm): -- --- 1.8 

300 nm, R: 69,110 
Monochromator and MMS: 

slit height (mm): 2.0 1.8 --- 
slit width (mm): 0.0078 025 --- 

Interferometer: 
detector diameter (mm): oe --- 1.3 

B: Absolute Throughputs: (42m?esteradian) 

Wavelength EMone eums Ent 

590 nm: 962 5,600 224,000 
300 nm: 250 3,900 114,000 

C: Throughput Ratios: | Eine Ent 

Ee Mono Ems Ee Mono 

590 nm: 5.8 40 233 
300 nm: 16 29 460 

D: Throughput Advantages: | Ent Ent 

Ee Mono Eums EMono 

590 nm: 
Detector Noise Limited 5.8 40 233 
Photon Noise Limited 2.4 6.3 15.3 
Source Noise Limited l 1 1 

300 nm: . 

Detector Noise Limited 16 29 460 
Photon Noise Limited 4 5.4 21 
Source Noise Limited ] 1 1 
  

¢ Monochromator chosen for throughput comparisons: 1.0 m Czerny-Turner, McPherson 
model 2061 A, f/#: 7.0, Grating: 1800 G/mm; holographic, Range: 185-860 nm, Reciprocal 
linear dispersion: 0.555 nm/mm. 

6 The interferometer chosen is the interferometer within the MMS except the detector 
aperture is circular and it is at the normal location. 
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the appropriate resolution criteria for the respective spectrometers,>*"4“9 and then back-calculating 

to obtain the correct output aperture geometries. For the MMS the slit height is the height of the 

transfer aperture, Al, that is required to intercept the entire first interference ring from the 

interferometer at maximum optical path difference. The MMS slit width is the width of a single 

PDA pixel. It should be noted that the throughput of the MMS could be doubled if just two 

adjacent pixels could be “binned”. 

Table 15B lists the throughputs for the spectrometers calculated from the parameters in 

Part A. Table 15C lists throughput ratios at the two wavelengths. As shown by these Tables, the 

MMS has an optical throughput that is intermediate between the monochromator and the 

interferometer. 

The throughput advantages versus different limiting noises are summarized in Table 15D. 

A “1” indicates no throughput advantage. Two trends are shown in this Table. First, the 

throughput advantage of the interferometer and the MMS over the monochromator increases as 

wavelength decreases. Consequently, any throughput advantage becomes increasingly more 

significant toward the short wavelength limit of AES. Second, as the limiting noise progresses from 

detector to photon to source noise, the throughput advantage gradually disappears. Increases in 

throughput become less important as the limiting noise approaches source noise. 

Total S/N Gain of the MMS 

As stated above, the limiting noise for AES should range between photon and source noise. 

It is therefore useful to examine the throughput advantage and the total S/N gain of the MMS 

under these two conditions. This does assume that detector noise in the MMS can be reduced to 

insignificant levels through the detector system improvements discussed above. 

If source noise is limiting, there is no throughput advantage for any spectrometer. The total 

S/N gain or loss for the MMS is then entirely dependent upon the multiplex term. For FTS and 
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the MMS, a multiplex advantage or disadvantage is difficult to predict however, since the precise 

effects of redistributed source noises depends upon the noise distributions. Several generalizations 

can be made concerning source noise. First, every effort should be made to minimize source noise 

in the emission source. Second, emission lines should be spectrally bandlimited to reduce the effects 

on other, particularly weaker, emission lines. Third, internal standards should be implemented to 

compensate for residual effects of the source noise. The MMS addresses the last two points through 

the multichannel/multiplex mode. 

If photon noise is limiting, the total S/N gain or loss is a balance between the throughput 

gain and the multiplex gain. Throughput gain is addressed first. Comparing the MMS to the 

monochromator at 590 nm, the MMS has a 5.8 times greater throughput, and should have a 

throughput advantage of J5.8 , or 2.4. Comparing the MMS to the interferometer at 590 nm, the 

interferometer has a 40 times greater throughput than the MMS, and should have a throughput 

advantage of 6.3. 

The multiplex gain is best done by example. The central column of Table 15D provides 

a useful example of the impact of the MMS’s flexible filtering on the multiplex disadvantage. If the 

MMS can exclude 40 lines with intensities equal to the analyte line, redistributed photon noise is 

reduced and the S/N at the analyte line is improved by a factor of 40 , or 6.3. At this point, the 

MMsS’s noise reduction exactly compensates for the interferometer’s increased throughput, and the 

MMS and the interferometer have equal S/N gains. The same result is obtained if the MMS 

excludes only one line with 40 times the intensity of the analyte line. The exclusion of more lines, 

more intense lines, or the background continuum continues to improve the total S/N gain in favor 

of the MMS versus the interferometer. This gain is due to the MMS spectral filtering, and is in spite 

of its reduced throughput. 

Compared to the Czerny-Turner monochromator, the MMS has a consistent throughput 

advantage. The MMS’s multiplex advantage depends upon the structure of the spectrum, the 

ability of the MMS filtering function to isolate the line of interest, and the ability to reject 

superfluous features. Also, much of the MMS’s S/N advantage here relies on the ability of the 
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Fourier transform process to redistribute noise from inside the optical filter bandpass and into the 

filter cutoff regions. 

MMS Dispersive Mode Throughput 

In the MMS dispersive mode, the interferometer reduces throughput by approximately 

50% versus a normal PDA-based multichannel spectrometer. In the present MMS 

implementation, 50% of the source intensity is returned to the source by the interferometer during 

dispersive mode operation. Using an interferometer with servo control* and the ability to hold the 

mirror at zero path difference would alleviate this problem. With this type of interferometer, the 

moving mirror could be parked at the zero path difference (ZPD), causing all of the source intensity 

to be transferred to the detector, and the spatial and temporal integration by the PDA would not 

be required. 

Discussion 5



Conclusion 

In this research, the feasibility of the MMS and its ability to operate in the dispersive, 

interferometric, and multichannel/multiplex modes have been demonstrated. In these modes, the 

MMS can simultaneously obtain signal and background data. In the interferometric mode, the 

feasibility of flexible optical filtering has been shown. Capabilities in noise rejection and noise 

analysis have been illustrated. The ability of the MMS to obtain data under controlled aliasing, and 

to use this capability for data compression has also been shown. For the multichannel/multiplex 

mode, the applicability of internal standards to source noise reduction has been discussed. Finally, 

the potential of flexible optical filtering to improve the S/N in the spectrum, in spite of a reduced 

throughput, has been discussed. 

The MMS is a prototype spectrometer, built to test the feasibility of the concepts behind 

the instrument. Due to the capabilities shown by the MMS, it appears that hybrid instruments like 

the MMS will be increasingly important in future developments in optical spectrometry. This is 

particularly true for very demanding areas such atomic emission spectrometry. 
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Introduction: 

In atomic spectrometry, improvements and innovations continue in source and 

spectrometer development. New sources such as FANES, Furnace Atomic Nonthermal Excitation 

Spectrometry,*-” and FAPES, Furnace Atomization Plasma Emission Spectrometry,’*-® are being 

developed. These particular sources combine the capabilities of graphite furnace atomic absorption 

for low detection limits and micro sample volumes, with the capabilities of inductively-coupled 

plasma (ICP) for wide dynamic range and simultaneous analysis. Improvements in existing sources, 

such as laminar flow ICP®'!-* and microwave-induced plasma (MIP)®-* torches, and low-flow MIP 

8 and ICP™8 torches have been reported. Investigations into helium ICPs* and MIPs®’ continue. 

Improvements in nebulizer technology also continue.*®.89. 

Changes and improvements in source technology require that the operating conditions of 

the source be optimized.! In addition, the implications of the source/spectrometer interactions 

must be explored. The ramifications of source viewing geometry and the optically-sampled source 

volume must be investigated. 

Innovations in spectrometer design continue,%!3336 permitting the acquisition of the 

needed source information. The new spectrometers are capable of extracting more spectral, spatial, 

and temporal data from new and existing emission sources than is possible with conventional 

systems. 

Introduction: 78



The purpose of this section is to utilize the Multi-Mode Spectrometer (MMS) to optimize 

the MIP, to provide a qualitative overview of the MIP source, to probe its emission characteristics, 

and to explore the MIP/MMS optical interaction. A cross-section of the MIP apparatus used is 

shown in Figure 24. Details of the observed emission zones within the MIP torch and cavity area 

are shown in Figure 25. Both end- on and side-on views of the plasma are shown. Placement of 

the MIP within the optical plan of the MMS is shown in Figure 26 for both side- on and end-on 

observation geometries. 

A major emphasis of these experiments is to show that the low-resolution dispersive mode 

of the MMS can be used to rapidly obtain a substantial amount of information about a source. 

The MMS could be used to rapidly probe other atomic emission sources, or other types of sources 

such as Raman samples. 

Prior to data acquisition, the MMS was used to optimize both the MIP operating 

parameters and the placement of the MIP in the focal plane of the MMS. The ability to 

simultaneously observe all emission lines, and to observe them in real time were distinct advantages 

in optimizing the MIP. 

In these experiments, information was sought on the best observation geometry of the 

MIP. The relative advantages of side-on versus end- on optical viewing of the plasma was 

investigated. Previous studies of ICPs by Faires and co-workers * and Demers® had indicated an 

effect of viewing height on sample and background intensities, and a possible advantage to end-on 

viewing. Previous studies of MIPs by Long and Perkins had indicated that intensity is a very 

strong function of viewing height. In addition, the observable structure of the MIP plasma and its 

small size suggested that an optimal viewing geometry must be investigated. Subsequent studies 

of MIPs by Perkins and Long®’ have shown strong longitudinal and radial intensity variations in 

the plasma. The previous studies of the ICPs raised questions concerning signal intensity, noise 

levels, and self-absorption.“*5 For these experiments, a horizontal plasma orientation seemed most 

appropriate. This orientation allowed the emission region at the base of the plasma to be vertical, 

which made the plasma base parallel to the transfer aperture of the MMS. However, the horizontal 

plasma position prompted concerns over plasma distortion, stability, and symmetry. 
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Figure 24. Cross-section of the MIP apparatus: 
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Experimental 

The equipment used in the MIP source are summarized in Table 16. The common MIP 

operating parameters are summarized in Table 17. Under these conditions, the plasma extended 

approximately 1 cm beyond the cavity. The NaCl and KCl salts used were reagent grade. Stock 

1000 ug/mL solutions were prepared using distilled/deionizeld water. Other solutions were 

prepared by dilution using distilled/deionized water. 
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Table 16. Equipment for the MIP 

MIP Source and System: 
Cavity: 
Torch: 
Nebulizer: 
Microwave Generator: 

Manufacturer: 
Model: 
Power: 
Frequency: 
Load: 

Sample Pump: 
Manufacturer: 

Type: 

Model: 

Experimental 

High-efficiency TMo,, Laboratory built 
Tangential flow, Laboratory built 
Fritted disk, Laboratory built 

Kiva Instrument Corp., Rockville, MD 
MPG-4M 
120 W 
2.450 GHz 
50 ohm 

Gilson Medical Electronics, 
Middleton, WI 

Peristaltic, 10 roller, 4 channel, 
variable speed. 

Minipuls 2 
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Table 17. MIP Operating Conditions 

Plasma Parameters: 
Plasma support gas: 
Gas flow: 
Nebulizer pressure: 
Solution delivery rate: 
Forward power: 
Reflected power: 

Experimental 

Ar 
2 L/min 
30 psi 
0.100 mL/min 
70 W 
~0 W 
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Results and Discussion: 

Plasma Ignition and Optimization. 

Prior to operation, the plasma was ignited using the following procedure. The microwave 

power supply was allowed to warm up for about 10 min. The nebulizer frit was rinsed several times 

with 10% HNO,, followed by several rinses of deionized (DI) water. A sample flow of 

approximately 0.8 mL/min of DI water was started onto the nebulizer frit. An argon flow of about 

3 L/min was established through the nebulizer. The microwave supply high-voltage section was 

turned on and the forward power set for 100 W. The plasma was ignited with a Tesla coil. If 

necessary, the torch was pushed forward into the cavity until a proper laminar gas flow was 

established in the torch, and the plasma became centered. The torch tip was then made flush with 

the cavity face. The forward power was reduced to about 70 W. 

In the first optimization step, the MIP operation was addressed. The objectives were to 

maximize power transfer to the microwave cavity, minimize reflected power to the microwave 

power supply, and to minimize visible fluctuations in the plasma. A sample flow of 0.8 mL/min 

of Na (500 g/mL) and K (500 ng/mL) was pumped into the nebulizer. Iterative radial adjustments 

in the quartz tuning rod and the disk electrode were made until the reflected power was minimized. 
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This also maximized power transfer to the cavity. Sample and argon flows were adjusted to assure 

continuous aerosol flow and to reduce visual plasma flicker. The MMS was not used in this initial 

Step. 

The second major optimization step involved placing the MIP in the focal plane of the 

MMS. The objective was to maximize detected emissions by the MMS. The MMS was used for 

fine position adjustment. Again, a sample solution contain Na and K was pumped onto the 

nebulizer fit. The MIP was placed in the side-on configuration near the focal point of the MMS 

entrance optics. See Figure 26. Adjustments in the gross position of the cavity and torch were 

made until a sharp image of the emission zones was visible on the slit of the transfer aperture, Al. 

Fine adjustments in the lateral position of the MIP were made along the focal plane (FP) of the 

MMS until the detected signal was maximized. This was done by setting the MMS up for 

free-running dispersive mode operation and monitoring the detected emission intensity of the 

plasma on the oscilloscope. The output of the photodiode array (PDA) was viewed in real time 

at 30 scans/sec. Small adjustments of the MIP position were made until the emission intensities 

were maximized. 

Finally, the detected signal was optimized by iteratively adjusting the MIP operation and 

the MIP placement, and monitoring the process with the MMS. Again, the objectives were to 

maximize detected emissions and to minimize source fluctuations. This was done by adjusting 

either the argon flow rate or the sample flow rate, noting the effect on detected intensity, and then 

cycling through optimizing the cavity and MIP placement. The Ar flow rate adjustment is a good 

example. Reducing the Ar flow from the initial setting produced two effects: an increase in the 

detected Na and K intensities due to increased sample residence time in the plasma; and a reduction 

in source fluctuation due to reduced sputter at the nebulizer frit. A change in argon flow, however, 

necessitated checking the tuning of the cavity. A reduced Ar flow also caused the emission zone 

to shift closer to the cavity face. This required repositioning the MIP in the focal plane. Reducing 

the Ar flow too much caused the plasma to become unstable, however, and also caused the 

maximum emission zone to move inside of the cavity face. 
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Several iterations of the optimization steps resulted in an argon flow rate of 2 L/min, a 

sample flow rate of 0.100 mL/min, and a side-on observation geometry along observation plane 1 

in Figure 25. When the plasma was fully optimized, the plasma appeared to be very stable and 

symmetrical, with no flicker or distortion. 

Side-on versus End-on Optical Throughput. 

It should be noted that in the side-on configuration, the MIP cavity blocks one half of the 

solid viewing angle of the MMS. This probably reduced detected intensities, but for several reasons 

it did not cause problems with the experiments. First, the optics of the MMS are symmetrical along 

the vertical plane parallel to the MIP cavity face. Therefore, the bisected optical system should be 

expected to perform essentially as the symmetrical optical system performed, but with one-half of 

the throughput. Second, the face of the cavity was polished, causing emissions radiated into the 

blocked half-angle to be reflected into the open half-angle. 

Side-on Emission Zone Dimensions. 

Measurements of the emission zone heights above the cavity and the longitudinal thickness 

of the K and Na emission zones were made in the side-on configuration along observation plane 

1. These measurements were done by directly observing the dispersive mode output on the 

oscilloscope. Often, use could be made of the PDA’s excellent geometric accuracy by using the 

0.025 mm pixel-to-pixel spacing as a ruling increment. 
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The optimal viewing height was measured by first optimizing the MIP/MMS interaction, 

described above. The viewing height then was determined by measuring the distance between the 

center of the transfer aperture and the image of the torch tip (1:1 magnification) projected onto the 

transfer aperture. The imaging ability of the MMS optical system was very good, and this 

measurement was not difficult. The optimal viewing height was found to be approximately 0.5 

mm. This dimension is in agreement with measurements done by Long and Perkins® using similar 

apparatus and conditions. 

The longitudinal thickness of the zone of maximum Na emission was found to be 

approximately 0.35 mm. This dimension was gauged in the following manner. The 0.250 mm wide 

transfer aperture caused a 0.250 mm slice (1:1 image) of the Na emission zone to be projected onto 

the PDA. If the emission intensity within this slice was uniform, the image detected by the PDA 

was a uniform trapezoid 0.250 mm (10 pixels) wide. If the Na emission intensity within this plasma 

slice was not uniform, the top of the trapezoid would droop correspondingly. When the MIP was 

in the optimum position, the trapezoid was uniform. When the MIP was translated to either side 

by approximately 0.05 mm (2 pixels), an edge of the trapezoid to began to droop. Therefore, the 

thickness of the optimum zone was approximately 0.35 mm. Furthermore, translating the MIP 

approximately 0.25 mm, or | slit width, to either side caused the top of the trapezoid to slope in a 

linear fashion from 100% to approximately 30% across the 0.250 mm observed height range. This 

indicated a Na emission zone approximately 0.65 mm thick at full- width half-maximum (FWHM). 

The thickness of the K emission zone appeared to be considerably less than that for Na. 

When the 0.250 mm wide transfer aperture was used, the profile detected by the PDA was not the 

expected uniform trapezoid, but was an image displaying hyper-resolution. The image was a pair 

of lines with the spacing of the K doublet, but with a detected widths of about 4 pixels, or 0.1 mm. 

The resolution was similar to that seen with the 0.100 mm wide transfer aperture. This 

hyper-resolution can be explained only by assuming that a false aperture had been inserted into the 

optical system at one of the focal planes. A false aperture could have been created by a K emission 

zone which was only about 0.1 mm thick. Therefore, the K emission was assumed to be only 0.1 

mm thick. 
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Basic Plasma Emissions, Side-on Observation 

One purpose of these experiments was to identify the emission lines due to the support gas 

(Ar), the solvent (H,O), and the samples (Na and K), and also to identify the spectral regions not 

obstructed by these lines. The MMS in the dispersive mode was used to rapidly identify the major 

emission lines of the MIP. Dispersive mode survey spectra of the MIP are shown in Figures 27 

through 32. Dispersive mode difference spectra are shown in Figures 33 through 37. The 

experimental parameters are listed in Table 18. To obtain these spectra, the MIP was set up in the 

side-on configuration. 

The survey spectra in Figures 27 to 32 show the plasma emissions due to a number of 

species over the wavelength range 500 to 800 nm. The spectra have equal vertical scales to facilitate 

comparison between spectra. Species introduced into the plasma for each run are summarized in 

Table 19. Ten spectra were coadded for each recorded spectrum. For Figure 27 the term “dry” frit 

means that the glass frit was made as dry as practical. Drying was done following the frit washing 

procedure by blowing dry Ar through the nebulizer for several minutes. Because totally dry Ar 

caused the plasma to become unstable, and because of the frit’s large capacity for holding water, 

complete drying of the frit was not practical. 

The difference spectra shown in Figures 33 to 37 are more revealing. These spectra were 

obtained from the survey spectra in Figures 27 to 32 through pertinent background corrections. 

Equal vertical scales are provided for comparison. It was these spectra which allowed the rapid 

identification of the plasma lines. Table 20 lists the emitting species for these Figures. Negative 

peaks in the spectra indicate plasma loading due to redistribution of the energy in the MIP. Figure 

33, the Ar-corrected spectrum for DI water, readily shows the location of the H and O emissions. 

Using this spectrum, the remaining lines in Figure 28 can be assigned to Ar. Figures 34 through 

37 show the background-corrected spectra, the emission spectra minus the Ar and H,O lines, for 

the sample spectra. 
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Table 18. Experimental Parameters for the Emission Survey Spectra 

Experimental parameters: 

MIP parameters: 
Viewing geometry: 

MMS operating parameters: 
Mode: 
Spectral Range: 
Spectral bandwidth: 
Points per Array Scan: 
Transfer aperture: 
Resolution: 
Average resolving power: 
Integration time: 
Coadded scans per spectrum: 
Total exposure time 
per spectrum: 

Results and Discussion: 

Side-on 
Observation plane 1, 

0.5 mm from cavity face. 

Dispersive 
500-800 nm. 
300 nm 
512 
1.000 x 0.050 mm. 
1.2 nm 
540 
33.3 msec 
10 

333 msec. 
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Table 19. Species Introduced into the MIP for the Survey Spectra 

Figure Species 
  

27s Ar, “dry” frit. 
28 Ar, H,O. 
29 ~— Ar, _H,O, Na (500 pg/mL) 
30 Ar, HO, K (500 pg/mL) 
31 Ar, HO, Na (500 pg/mL), K (500 pg/mL) 
32. ~—~ Ar, H,O, Na (100 pg/mL) 

Results and Discussion: 98



Table 20. Emission Species in the Survey Difference Spectrum 

  

Figure Differences, from Emitting Analytes and 
Figures 27 to 32 Species Concentrations 

33 [28-27] H and O 
34 [29-28] Na 500 ng/mL 
35 [30-28] K 500 pg/mL 
36 [31-28] Na 500 pg/mL 

K 500 pg/mL 
37 [32-28] Na 100 pg/mL 
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The detected line intensities in these spectra displayed several deviations from the ideal 

linear relationship between concentration and intensity. The Na peak heights in Figure 34 due to 

500 ug/mL Na, and in Figure 36 due to 500 ug/mL Na plus 500 pg/mL K, differ by approximate 

10%. This could be due to source fluctuation, specifically sample transport from the nebulizer. 

It could also be due to suppressed Na emission caused by plasma loading by the 500 ug/mL K. 

A fair amount of plasma loading by K is indicated by the H line in the K difference spectrum, 

Figure 35. Another discrepancy is seen in the Na peak heights in Figure 34 and 37. The peak 

heights, due to 500 wg/mL and 100 ug/mL Na respectively, do not correspond to the 5:1 

concentration ratio. These intensity ratios were repeatable under direct observation. The intensity 

discrepancy could be due to self absorption or plasma loading. Since the major thrust of this 

research was toward spectrometer design, and not source design, and the specific goal of these 

experiments was to obtain a qualitative overview of the plasma, these discrepancies were not 

pursued. 

The negative peaks in all of the spectra in Figures 33 to 37 tend to indicate that plasma 

loading was not a severe problem, except for Figure 36. For this Figure, the total analyte 

concentration was 1000 ug/mL. Plasma loading was, however, a noticeable effect in all of the 

spectra. Therefore, with an MIP, quantitation errors due to plasma loading should investigated, 

particularly when total analyte concentration is high. 

Nebulizer Equilibration Time. 

The frit nebulizer was chosen for the MMS because of its reduced nebulizer fluctuations 

relative to other nebulizers. One disadvantage of the frit nebulizer is its long sample equilibration 

time and long rinse time. The source of the problem is the physical depth and large surface area 

of the frit. Because of these factors, it takes a long time for a sample to spread over the frit, to 

displace the rinse solution from the frit volume, and to attain a steady-state nebulization rate. 

Results and Discussion: 100
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A time-series of spectra was acquired to get a qualitative picture of the nebulizer 

equilibration time and process, and to examine the intensities of the plasma background lines over 

the same time frame. Figure 38 shows the spectra as a three-dimensional plot. For these spectra, 

the MIP was set up in the side-on configuration. To emphasize intensity variations over time, 

spectra were not coadded. The experimental parameters for the spectra are shown in Table 21. In 

preparation for data acquisition, a stream of deionized water was pumped onto the frit. Just before 

data acquisition, a solution of 100 uwg/mL of Na was started on to the frit. Time between spectra 

was 6 sec, and the total elapsed time was 90 sec. 

The spectra in Figure 38 show a linear increase in the Na emission over the first nine 

spectra (48 sec). Extrapolating backward in time, zero intensity for Na occurred 30 sec before the 

first spectrum. The last eight spectra (42 sec) indicate that the nebulizer was at or near 

equilibration. The nebulizer equilibration time was therefore estimated to be approximately 90 sec. 

Na intensity fluctuations in the last eight spectra were probably due to nebulization rate 

fluctuations. The Ar background line at 500 nm indicates the plasma was not perturbed over the 

sample introduction period. However, the H line at 656 nm displayed a linear decrease over this 

time frame. 

End-on Emission Studies. 

End-on emission studies were motivated by concerns of plasma structure, and the 

possibility of enhanced signal due to a larger sampled plasma volume. Enhanced signal in the 

end-on geometry is possible because the path length through the plasma is approximately 19 mm 

versus 6 mm for the side-on geometry. 

There are a number of visible emission zones within the MIP. The zones observed while 

nebulizing a Na sample into the MIP are shown in Figure 25. In the center of the plasma there is 

a very thin, intense filament. This filament appears as a very luminous white-purple region. It 

Results and Discussion: 106
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Table 21. Experimental Parameters for the Nebulizer Equilibration Time Spectra 

Experimental parameters: 

MIP parameters: 
Sample: 
Viewing geometry: 

Scans Sequence: 
Number of scans: 
Time between scans: 
Total elapsed time: 

MMS operating parameters: 
Mode: 

Spectral Range: 
Spectral bandwidth: 
Points per Array Scan: 
Transfer aperture: 
Resolution: 
Average resolving power: 
Integration time: 
Coadded scans per spectrum: 
Total exposure time 
per spectrum: 

Results and Discussion: 

Na, 100 pg/mL 
Side-on 
Observation plane 1, 

0.5 mm from cavity face. 

16 
6 sec 
90 sec 

Dispersive 
500-800 nm. 
300 nm 
512 
1.000 x 0.050 mm. 
1.2nm 
540 
33.3 msec 
1 

33.3 msec. 
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appears to have considerable spectral background, with possibly intense UV emission. To the eye, 

it does not display any yellow Na emission. Immediately around the central filament is a region 

with essentially the same emission characteristics as the central filament, but with less intensity. 

These first two regions comprise the Ar emission core. The third region is a large annulus, or 

cylindrical volume, which displays considerable yellow Na emission. When nebulizing water, this 

region is transparent, with the emission characteristics of the first two regions, but with considerably 

less intensity. The last region within the cavity is a boundary layer region next to the quartz tube. 

This region shows little intensity, due to cooling by the tube. One region of interest outside of the 

cavity is the conical plume extending from the end of the plasma. This region should be populated 

by cold, absorbing sample atoms. This region is much thicker for the end-on observation than for 

side-on observation, and thus a source of potential problems with self-absorption and self-reversal. 

In preparation for end-on spectra, the optics of the MMS were modified by placing a quartz 

optical widow, OW in Figure 26, in front of the collimating lens. The window protected the lens 

from heating and sample deposition by the plasma. The MIP was then placed in the focal plane 

of the MMS, and a 100 ug/mL Na sample was pumped into the nebulizer. The MIP was 

manipulated in the focal plane until a clear image of the end-on emission zones was projected onto 

the center of the transfer aperture, Al. The MIP was actually positioned so that the focal plane 

was several millimeters inside of the cavity. This allowed a greater plasma volume to be sampled 

by the optical sampling cones of the MMS. Final MIP positioning was done by monitoring the 

detected emission intensity of the plasma with the MMS, which was in free-running dispersive 

mode operation. 

Figure 39 shows the spectrum from the Ar emission core, obtained from observation plane 

2 in Figure 25. Figure 40 shows the spectrum from the Na emission annulus, obtained from 

observation plane 3 in Figure 25. The experimental parameters for these spectra are listed in Table 

22, and are the same as those for Figures 27 to 32, the side-on survey spectra. The sample 

concentration, 100 yg/mL, is the same as that for Figure 32. Figure 32 and Figure 28, the side-on 

DI water background spectrum, are shown rescaled in Figures 41 and 42 for comparison. 

Results and Discussion: 109
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Table 22. Experimental Parameters for the End-on Emission Zone Spectra 

Experimental parameters: 

MIP parameters: 
Sample: Na, 100 pg/mL 
Viewing geometry: Side-on 

Figure 39, Ar zone Observation plane 1, 
0.5 mm from the plasma center 

Figure 40, Na annulus Observation plane 2, 
2.0 mm from the plasma center 

MMS operating parameters: 
Mode: Dispersive 
Spectral Range: 500-800 nm. 
Spectral bandwidth: 300 nm 
Points per Array Scan: 512 
Transfer aperture: 1.000 x 0.050 mm. 
Resolution: 1.2 nm 
Average resolving power: 540 
Integration time: 33.3 msec 
Coadded scans per spectrum: 10 
Total exposure time 
per spectrum: 333 msec. 

Results and Discussion: 114



As the MIP was translated across the focal plane of the MMS, considerable differences in 

spectra as a function of radial position was observed. The spectra in Figures 39 and 40 reflect these 

differences. Near the center of the plasma the Ar lines became very strong, saturating the detector 

at the plasma center, while the Na emissions were greatly reduced. Figure 39 shows the spectrum 

obtained 0.5 mm from the center of the plasma, on observation plane 2 in Figure 25, just off of the 

spatial Ar emission maximum. This position was chosen to prevent detector saturation. 

The emission trends reversed when observing in the Na emission annulus. The Ar lines 

were greatly reduced, and the Na line became much stronger. Figure 40 shows the spectrum 

obtained from the Na annulus, 2.0 mm from the center of the plasma, observation plane 3 in Figure 

25. The maximum Na intensity versus radial displacement was displayed at this position. 

The line intensities and the intensities ratios between the spectra in Figures 39 to 42 are 

summarized in Tables 23A and 23B respectively. Consider first the emission intensities from the 

Ar core versus the other two observation geometries. Table 23B shows that the Na intensity in the 

Ar core is only about 20% to 30% of the Na intensity in the other two geometries. The 

background line intensities, however, are 11 to 22 time greater in the Ar core. Consider next the 

intensity ratios for the Na emission annulus, the end-on geometry. Table 23B shows that the Na 

intensity in the annulus is between 1.5 and 5 times greater than in the other two geometries. The 

intensity of the background lines is lower in the Na annulus, between 5% and 75% of the 

background intensities in the other 2 geometries. 

The intensity differences are probably due to two factors. First, the Na atoms were 

probably converted into Na ions in the Ar core. The Ar core is a very energetic environment, which 

is indicated by the greatly increased background intensities; compare Figure 39 to 42. Na, an easily 

ionizable element, can be expected to exist as an ion rather than an atom in this high energy 

environment. Useful Na ion lines do not occur in the spectral region monitored by the MMS, 

500-800 nm, but occur at wavelengths of 412 nm and shorter. The increased Na intensity in the 

cooler Na annulus probably reflects a shift in the Na ion/Na atom equilibrium, producing a larger 

population of Na atoms. Because Na is easily ionizable, the spatial emission trend displayed by 

Na may not be a good predictor for the spatial emission trends of other elements. Other elements, 

Results and Discussion: 115



Table 23. End-on Emission Summary: Ar Core vs. Na Annulus 

Sample 

Species: Na 
Wavelength: 590 nm 

A: Emission Intensities: 
Figure 

16: 
17: 
18: 
19: 

Geometry Spectrum 
End-on, Ar core: 2,458 
End-on, Na annulus: 12,712 
Side-on, Na sample: 8,492 
Side-on, Ar, and ---- 

H,O background 

B: Emission Ratios: 
Ar core: 

(Ar core / Na annulus) : 0.193 
(Ar core / Na, side-on) : 0.289 

Na annulus: 
(Na annulus / Ar core) : 5.18 
(Na annulus / Na, side-on) : 1.50 

Results and Discussion: 

  

    

Background 

H Ar O 
656 nm 763 nm 777 nm 

36,860 24,940 31,349 
1,673 1,785 2,641 
3,527 3,574 3,467 
4,080 3,775 3,921 

22.03 13.97 11.87 
10.45 6.98 9.04 

0.045 0.072 0.084 
. 0.474 0.50 0.762 
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particularly in refractory compounds, may show intensity maxima within the energetic central core 

region. 

The second factor contributing to the emission trends as a function of observation 

geometry is the averaging effect of the side-on geometry. As can be seen in Figure 25, the side-on 

geometry samples portions of the Ar core and the Na annulus. Because of this, the side- on 

geometry should show intermediate intensities relative to the two end-on geometries. This fact is 

born out by the intensity data in Table 23A. 

Interferometric Mode: End-on versus Side-on Observation: 

Interferometric mode studies of the MIP were conducted to determine the MIP signal and 

noise in this operating mode for side-on and end- on observation geometries. From a strict 

measurement perspective, the purpose of these studies was to find the observation geometry with 

the maximum signal, the minimum noise, but ultimately the maximum signal-to-noise ratio (S/N). 

From a diagnostic perspective, there was specific interest in frequencies produced by 

physical processes in the plasma. Previous studies have reported plasma frequency effects in ICPs 

54.49 and MIPs,%" with some effects directly attributable to plasma gas swirl or plasma rotation,” 

pump noise,*8 and power supply fluctuations.“ The purpose of this study was to observe radially 

through the plasma and also longitudinally into the MIP cavity; and then to use the signal and 

frequency-spectrum analysis capabilities of the MMS to analyze the signal and noise frequency 

spectra. Specific information was sought on noise level and structure as a function of observation 

geometry. 

One significant difference between the interferometric and the dispersive mode studies was 

the size of the transfer aperture. In the interferometric studies a 5.000 mm x 0.250 mm aperture 

was used; a 1.000 x 0.050 mm aperture was used for the dispersive studies. The aperture areas and 

their projections into the plasma are shown in Figure 43. The larger aperture was used in the 

Results and Discussion: 117



interferometric studies because it provided 25 times the optical throughput of the smaller aperture. 

But in addition, the larger aperture sampled, and averaged, a different volume of the source. This 

effect is illustrated in Figure 43. The interferometric studies used only observation planes | and 3. 

These choices were based upon the dispersive mode results, above. 

The interferometric mode data are shown in Figures 44 to 49. Note that the vertical offset 

and scale is different for each Figure, permitting display of maximum detail. The experimental 

parameters for the data are listed in Table 24. The data was taken at fairly low resolution to rapidly 

survey the plasma and to provide unaliased noise data to 800 Hz. Figures 44, 46, and 48 show 

side-on data; Figures 45, 47, and 49 show end-on data. Figures 44 and 45 show the side-on and 

end-on interferograms. Figures 46 and 47 show the side-on and end- on amplitude spectra for the 

full sample-limited bandwidths. The noise spectra for the respective data also appear in the 

baselines of Figures 46 and 47. Figures 48 and 49 show the amplitude spectra over the 400 cm? 

at the Na lines. A summary and a comparison of the signal, noise, and S/N are listed in Table 25 

for the two observation geometries. 

The side-on interferogram, Figure 44, shows good modulation. This is reflected in the 

amplitude of the Na lines in Figures 46 and 48, the corresponding amplitude spectra. The noise in 

the side-on amplitude spectrum, Figure 46, appears to be white except, for the single- frequency 

noise at 120 Hz. No other features appear which would indicate plasma rotation or other regular 

fluctuation. A noise analysis was performed on the baseline noise by calculating the standard 

deviation of the noise over a number of ranges in the baseline. The noise analysis confirmed that 

the noise is white, with a standard deviation of 3.77. The S/N for the major Na line is 1,240. 

The end-on interferogram, Figure 45, is more diffuse and shows less modulation than the 

side-on interferogram. The lower modulation is reflected in the lower amplitude of the Na lines in 

Figures 47 and 49, the end-on amplitude spectra. The end-on noise spectrum, the baseline in 

Figure 47, appears to be white except for the single-frequency noise at 120 Hz. Again, there is no 

indication of single- frequency noises. The baseline noise analysis confirmed that the noise is white, 

with a standard deviation of 5.68. The S/N for the major Na line is 711. 

Results and Discussion: 118
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Table 24. Experimental Parameters, Interferometric Mode Comparison of End-on vs. Side-on 
Observation 

Experimental parameters: 

MIP parameters: 
Sample: 
Observation geometries: 

Figures 44, 46, 48 

Figures 45, 47, 49 

MMS operating parameters: 
Mode: 
Transfer aperture: 
Spectral bandwidth: 
Pixel number: 
Bandwidth center: 
Alias factor: 
Sampling bandwidth: 
Points per 
interferometer scan: 

Resolution: 
Resolving power: 
Coadded mirror scans: 
Total exposure time: 
Total elapsed time: 
Apodization: 

Results and Discussion: 

Na, 100 pg/mL 

Side-on, Observation plane 1, 
0.5 mm from the cavity face. 

End-on, Observation plane 3, 
2.0 mm from the plasma center 

Interferometric 
5.000 x 0.250 mm. 
6.0 nm 
159 
590 nm; 16,950 cm~?} 
[2:2] 
15,803 cm7? 

8,192. 
3.858 cm~?. 
4,400 
100 
256 sec (4 min, 16 sec) 
50 min. 
Hamming (cosine) 
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Table 25. Summary: Interferometric Study of Observation Geometry, Signal and Noise Amplitudes 

  

Signal Baseline 120 Hz S/N 
Amplitude Noise Amplitude 

A: Signal and Noise: 
Figure: Configuration: 

44, 46, 48: Side-on: 1,241. 3.77 110.6 329 
45, 47, 49: End-on: 711.5 5.68 92.6 125 

B: Ratios: 
(Side-on / End-on): 1.744 0.664 1.19 2.63 
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In the interferometric mode, a greater sample intensity was displayed for the side-on 

geometry than the end-on. These results contrast with the dispersive mode results, in which end-on 

geometry produced a greater analyte intensity. The dispersive mode results should be considered 

more reliable because of the more straight-forward operation of that mode. The interferometric 

mode results may be due to three factors. The first factor is the different plasma volume sampled 

by the larger aperture in the side-on geometry. The side-on view allowed a greater portion of the 

aperture to be filled with the Na annulus, possibly leading to a greater Na response. This, however, 

has to be weighed against the greater plasma depth sampled in the end-on configuration. A second 

factor is the greater volume of the cold plasma tail cone sampled by the end-on configuration. A 

lower average emission intensity in the plasma combined with a greater probability for self- 

absorption in the plasma tail may have caused a lower detected intensity. The third factor is the 

ever-present instability of the interferometer alignment. This was a constant problem when 

analyzing signal amplitude data in the interferometric mode. Drifts in interferometer alignment 

caused reduced modulation in the interferogram, which in turn resulted in lower signal amplitude 

in the transformed spectrum. However, the trends observed in signal intensity in these experiments 

were generally confirmed in other experiments. 

The baseline noise was 1.51 times greater for the end-on observation than the side-on. This 

might be anticipated. The side-on geometry observes a more homogeneous plasma environment 

with an established laminar flow. The end-on geometry observes a greater plasma depth, in which 

the sample aerosol is dried, vaporized, atomized, and excited. Furthermore, these processes may 

occur at different rates and depths for the plasma regions observed. Also, there was visible plasma 

fluctuation toward the aerosol entrance end, a transition region, in which the flow pattern through 

the plasma area was being established. | 

The S/N for the two geometries are summarized in Table 25. The most significant fact 

shown is the higher S/N for the side-on observation. The higher side-on S/N results from both a 

higher signal and a lower noise for the side-on geometry versus the end-on. Both observation 

geometries displayed the ubiquitous 120 Hz single-frequency noise, due to modulations in the 

microwave power supply. 
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Conclusion 

The Multi-Mode Spectrometer was used to probe the emission characteristics of the MIP. 

The dispersive mode was used to obtain an overview of plasma emissions for side-on and end-on 

observation. End-on survey spectra were used to quickly assign the lines to the originating species. 

Spatial emission characteristics were explored in the end-on geometry. Significant emission 

differences were found between the Ar emission core and the Na emission annulus. The dispersive 

mode was also used to obtain time-series spectra to probe the sample-take process on the frit 

nebulizer. These spectra revealed a nebulizer equilibration time of approximately 90 sec. The 

spectra also revealed that the H line was more affected by the introduction of Na than were the 

Ar lines. 

Interferometric mode survey spectra were also obtained with the MMS. The side-on 

observation geometry produced a greater signal, a lower noise level, and a greater signal-to-noise 

ratio than the end-on geometry. No unexpected noise features due to plasma rotation, or other 

single-frequency noises were observed in either observation geometry. 

These experiments have shown that the MMS can obtain substantial amounts of 

information in a variety of useful formats about a plasma source. In particular, the dispersive mode 

of the MMS has been shown to provide much useful information about a source in spite of the low 

spectral resolution. The MMS, with its operational flexibility and range of data formats, is a useful 
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tool in probing the dynamic and spatially, temporally, and spectrally variable sources in atomic 

emission spectrometry. 
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Theory of Fourier Transform Spectrometry 

Introduction 

This chapter discusses the aspects of Fourier transform spectrometry (FTS) relevant to the 

design and operation of the MMS. Many aspects of FTS theory were important throughout the 

development of the MMS. FTS theory was germane to the following areas: the design of the optics, 

the timing electronics, and the analog acquisitions electronics; many facets of the software; selection 

of data acquisition parameters for the interferometry data runs; and the interpretation of the 

interferometric spectra. 

This section begins with a discussion of the Fourier transform. It then discusses the ideal 

FT instrument, progressively including the physical realties of a practical instrument. To shorten 

the leap from theory to reality, implementation of theory is discussed in terms of the MMS 

instrumentation. 

The information on Fourier transform spectrometry and Fourier transforms in this chapter 

can be augmented by several sources. The body of information on Fourier transform spectrometry 

for the UV and visible and for (atomic) emission spectrometry is somewhat diffuse. Papers by 

Thorne'® and Faires*, and many references therein, contain very good tutorial material on 
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FTS-UV/Vis with implications for AES. Brault has written an excellent, but obscure, advanced 

tutorial on FTS as part of a short course on high resolution spectrometry in astronomy.*’ A series 

of very good tutorials by founders of the field was put together for the Aspen International 

Conference on Fourier Spectroscopy, 1970.°° A number of excellent papers on high resolution FTS 

instrumentation for the UV/Vis were presented at the 1967 Orsay Colloquium on Fourier 

Transform Spectrometry .!0-102 

Overview and Advantages of Fourier Transform 

Spectrometry 

The purpose of the FT spectrometer is to is to uniquely encode each spectral element of 

the source so that it can be unambiguously decoded. Typically, a Michelson interferometer is used 

to encode, or modulate, the source radiation. The Fourier transform is the mathematical procedure 

used to decode the data and produce the spectrum. There are a number of advantages in using this 

method of encoding spectral information instead using of the spatial encoding of the dispersive 

spectrometer.*339 One advantage is the need for only one detector. A second advantage is 

simultaneous wavelength detection over a wide spectral range. A third advantage is increased 

throughput. Since resolution is not a direct function of the input or output apertures of the FT 

spectrometer, the throughput of an FTS can often be several hundred times larger than a dispersive 

spectrometer.'® A fourth advantage is wavenumber or wavelength accuracy. An FT spectrometer 

typically incorporates a laser inside the spectrometer to assist in the encoding process. The laser 

provides a highly accurate internal wavelength reference, resulting in highly accurate and 

reproducible line positions. A fifth advantage is an easily predictable instrument line shape (ILS). 

A predictable and correctable ILS is an important advantage for high resolution atomic emission 

spectrometry, where there is interest in physical atomic line shapes and line widths. In dispersive 
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spectrometers, the ILS is a function of the individual instrument, the wavelength, and the 

experimental conditions, so the ILS must be determined empirically for a given set of conditions. 

In contrast, the line shape of an FT spectrometer is easily predicted from the underlying 

mathematics and physical phenomena, so the effects of the ILS are easily removed in the final 

spectra, and the removal process can be incorporated into the FT procedure. 

Mathematical Foundations: The Fourier Transform 

In FTS, data is acquired in one domain, a Fourier transform is performed, and the 

information is interpreted in the inverse domain. A problem with this approach is the experience 

and instincts of the spectroscopist occurs on one side of the transform, but the useful information 

appears on the other side. Some degree of familiarity with the Fourier transform itself is therefore 

helpful in translating experimental “feel” for the data and instrumentation across the transform 

process. To this end, there are several very good books which help. Several books by Brigham 

61,103 are excellent tutorials on the discrete, fast Fourier transform. The books include excellent 

pictorial and theoretical developments of the Fourier transform and its ramifications in data 

processing. Bracewell has written several classic texts'™!® on the Fourier transform, with excellent 

discussions on FT applications, and a very useful pictorial library of Fourier transform pairs. 

The Fourier Integral 

The definition for the continuous Fourier transform pair f(x) and F(c) is 

fe) = | (6) 2 de (12) 
—OO 
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and 

F(s) = | © flxx) € 7 28OX dy (13) 

where 

ef 28OX | cos(2nox) —i sin(2nex) (14) 

The functions f(x) and F(c) exist in reciprocal domains, and the variables x and o have reciprocal 

dimensions, such as cm and cm-!, or sec and sec7!. 

Fourier transform pairs are denoted as 

fx)> Fe) or x(x) > Go) (15) 

An exception to this in FTS is 

I(x) > Bo) (16) 

where /(x) is the interferogram and B(c) is the spectrum. 

The Real and Imaginary Components of the Spectrum 

F(f), produced by transforming /f{f), is composed of two orthogonal arrays, 

Re(f) and Im(f) . This is illustrated in Figure 50. Re(f), the real array, contains the cosine or 

symmetrical components of f(t). Im(f), the imaginary array, contains the sine or anti-symmetrical 

components. A function f(t) which is symmetric about a central vertical plane is an even function 

and is composed of cosine, or real, components. A function which is symmetric about a central 

point is an odd function and is composed of sine, or imaginary, components. A more typical data 

function, which displays neither symmetry, is composed of both cosine and sine components. 
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Amplitude and Phase Components of the Spectrum 

Re(f) and Im(f) comprise a rectangular representation of the frequency composition of 

(tj. A polar representation can be obtained by calculating the amplitude and phase spectra, 

Amp(f) and Pha(f), where 

Amp(f) = ./Re(fy + Im(fy’ (17) 

and 

Im(f) 

Re(f) 
  Pha(f) = arctan (18) 

This process is illustrated for hypothetical data in Figure 51 

The relationships between Re(f), Im(f), Amp(f), and Pha(f) for a single frequency are 

shown in Figure 52. Figure 53 illustrates the concept for an entire spectrum, from f, to f,,,,- Ata 

given frequency, Amp(f) is the total signal magnitude. Re(f) and Jm(f) are the portions of 

Amp(f) projected into the real and imaginary planes. Pha(f) is the angle by which Amp(f) is 

rotated out of the real plane. 

Shifting the original data function f(‘) in time produces a linear phase shift in F(f). In 

Figure 53, the spiral in the data from ff to f,,, shows the effect on the data. The total frequency 

content of f(‘) is unchanged by translation. Translating f(t) does , however, change its symmetry. 

Therefore, the phase angles in Pha(f) are changed, thus changing the distributions of Amp(f) 

between Re(f) and Im(f). 

Properties of the Fourier Transform 

The properties of the FT most useful to FTS*9!%.!% are summarized in equations 19 to 22. 

These are the properties which most assist in translating experience between reciprocal domains. 

« Addition: Ix) + a(x) ~ Fe) + Go) (19) 
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Figure 52. The Real, Imaginary, Amplitude, and Phase values for a single frequency 
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The addition theorem states the simple but significant condition that adding data in one 

domain is equivalent to adding data in the reciprocal domain. Because of this, data can be added 

in either domain to improve the S/N, or data may be subtracted to remove background features. 

» Similarity: flax) +» ——K(&) (20) 
la| 

The similarity theorem states that if f(x) and F(o) are an FT pair, expanding the scale of 

J(x) compresses the scale of F(c). Practical examples in FTS include the following: (1) Reducing 

the rise time of the A/D filters in the interferogram domain increases the frequency response in the 

spectral domain. (2) Widening the apodization function in the interferogram domain narrows the 

corresponding line shape in the spectral domain. 

- Shift: f(x -—a) > e7?*°7 F(a) (21) 

The shift theorem describes the result of shifting a data set f(x) by an amount an a. This 

effect was described above and illustrated in Figure 53. Shifting f(x) causes a linear phase shift in 

F(c). In Figure 53, this effect is represented as the uniform spiral from f, to f,,,. The greater the 

shift in f(x), the tighter the spiral in F(c). In FTS, phase correction reduces this and other phase 

distortion. Phase correction causes Amp(f) to be rotated back into the Re(f) plane by making 

Pha(f) approximately 0. 

¢ Convolution: K(x) « g(x) — F(o)*G(oc) (22) 

The convolution theorem is one of the most useful in FTS, helping to translate a wide 

range of effects between domain. This theorem states that multiplication in one domain is 

equivalent to convolution in the other. By convention, (+) indicates multiplication, and (*) 

indicates convolution. Convolution, particularly in the time domain, is synonymous with filtering, 

scanning, smearing, or smoothing. Practical examples of convolution in FTS include the following: 

(1) Analog filtering in the interferogram is a convolution operation. It is therefore is equivalent to 

multiplying the frequencies in B(c) by the Fourier transform of the filter response function. (2) 

Apodization is an example of convolution. The purpose of apodization is to control the profile 

of the instrument line shape and its effect on the final presentation. For apodization, the 
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interferogram /(x) is multiplied by a broad windowing function. In the reciprocal domain, this is 

equivalent to convoluting or scanning B(c) with the FT of the windowing function. 

The Discrete Fourier Transform 

The continuous Fourier transform cannot be calculated by digital computer, but must be 

approximated by the discrete Fourier transform (DFT). The discrete Fourier transform is defined 

by the following pair of equations 

N-1 

Blo) = IN Ixy P7@IM® 5 0,1,..,N—1. (23) 
x=0 

and 

N-1 

I(x) =) Bioye?*IM™ x =0,1,...N-1. (24) 
o=0 

Typically, the discrete FT is computed using the fast Fourier transform (FFT) algorithm. 

The FFT, a very efficient algorithm for calculating the discrete Fourier transform, reduces the 

number of actual computer operations by exploiting symmetries of the computation matrices. The 

FFT algorithm, published by Cooley and Tukey'” in 1965, was and continues to be a major factor 

in making FTS a practical technique. 
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Basic FTS Theory 

The Ideal Michelson Interferometer and Monochromatic Light 

A good starting point for FTS theory is the Michelson interferometer and its effect on a 

monochromatic point source. In FTS, source light is typically modulated by passing it through a 

Michelson interferometer and changing the optical path difference between the two arms. Figure 

54 shows a schematic of an ideal Michelson interferometer. The effect of the interferometer on a 

monochromatic point source is shown in Figure 55. Referring to Figures 54 and 55, if the optical 

pathlengths in the two arms of the interferometer are equal, the optical path difference is zero, so 

the two beams constructively interfere. As the optical path difference is changed by moving the 

mirror, the light goes through the series of constructive and destructive interferences shown in 

Figure 55. Because the spacing of the interference pattern depends directly upon the wavelength 

of the light, each wavelength produces a unique interference pattern. If the source is polychromatic, 

the interference patterns of the individual wavelengths are superposed, and then decoded by the 

Fourier transform. 

The intensity at the detector shown in Figure 55, can be expressed as 

I'(x) = B(o)[1 + cos(220x)] (25) 

where /'(x) is the intensity at the detector as a function of optical path difference, B(c) is the spectral 

intensity of the source, x is optical path difference (cm), and o is the wavenumber of the light 

(cm~!). Recall that o = 1/2. 

Equation 25 can be rearranged to give 

I'(x) = B(e) + B(oe) cos(2r0x) (26) 

where B(c) is the unmodulated DC portion of the interferogram, and B(o) cos(27ex) is the 

modulated AC portion of the interferogram. The DC level due to B(o) is equal to J,,, in Figure 

Theory of Fourier Transform Spectrometry 143



Me 
  

    
  

M1 
Le   

  

  

  

A 

\ { 
MX | Jp           Li 

  
Figure 54. Schematic of a Michelson interferometer: S: source. L1: collimating optic. L2: focusing 

optic. M1: moving mirror. M2: stationary mirror. BS: beamsplitter. D: detector. 
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55. In practice, this constant is removed from the interferogram by hardware and/or software before 

the Fourier transform is performed, since it contains no wavenumber information. The modulated 

portion, 

I(x) = B(e) cos(220x) (27) 

is the generally recognized interferogram. The spectrum can be recovered from the ideal 

interferogram by performing the cosine transform, 

B(o) = I(x) cos(2z0x) (28) 

Polychromatic Light 

By considering the effects of a physically more interesting polychromatic source, the 

integral for the interferogram, equation 25, becomes 

I'(x) = [ B(s) do + | B(c) e Prox a, (29) 

and equation 26 becomes 

oO 

I(x) = | B(a) e2"™ do (30) 

In equation 29, f v° B(c) do represents the integrated spectral intensity, which must be 

removed prior to transformation. Equation 30 expresses the spectrally useful interferogram. 

Spectral recovery is done through the inverse transform 

B(s) = | I(x) e 2? dx (31) 
OO 
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The exponential notation in these three equations recognizes that a real interferogram is 

asymmetric, exhibiting phase distortions due to several effects within the interferometer. 

The Michelson Interferometer as a Frequency Shifter 

In addition to being a modulator, the interferometer can be considered a frequency shifter 

or converter. As the path difference is changed at a rate of v (cm/sec), each optical frequency v is 

uniquely down-shifted to an audio frequency f, where f= aa =vo. The frequency conversion 

factor is (+ ), the mirror velocity divided by the speed of light. 

Replacing the variables (x,o) with (f,4), the interferogram and the spectrum can be 

expressed as 

Ky =f Bye? af (32) 

and 

B(f) = i It) e2F' ae (33) 

Several practical considerations for the FT spectrometer follow from this interpretation. 

First, the detector, filters, and electronics must typically respond over a frequency range of from 1 

kHz to 10 kHz. Second, the mirror movement mechanism must be capable of producing a constant 

mirror velocity so that the resultant audio frequencies falls within the frequency response range of 

the detection system. Third, because of the Nyquist criterion, the data acquisition system must be 

capable of acquiring data at a rate twice that of the highest frequency produced by the 

interferometer. In the UV and visible v is approximately 10' Hz, so for FTS- UV/Vis, fis typically 

1 to 10 kHz, and v is 0.01 to 0.1 cm/sec. 
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Physical Limitations 

Real Optical Components 

In a real interferometer, the beamsplitter, mirrors, and lenses are not total efficient. Ideally, 

the beam splitter should provide, at all wavelengths, 50% transmission and 50% reflection with no 

absorption. The mirrors and lenses should provide 100% reflection and transmission. Including 

these factors, the Fourier integral for the interferogram becomes 

Kx) = | Ble) non, e de (34) 

The terms , and y, represent the efficiencies of the optics and beamsplitter, respectively. 

n, = 4R,T, where R, and T are the reflectance and transmittance of the beam splitter. 7, and n, 

are usually not expressed, but their presence is always implicit. Deviations of 7, and , from values 

of 1 result in reduced modulations and thus reduced spectral intensities. Changes in the refractive 

index of the beamsplitter with wavelength contribute to phase distortions in the interferogram. 

Finite Path Difference and Resolution 

An ideal spectrum, B(e), could be recovered from an infinitely long interferogram, I(x) . 

But a real interferometer has a physical limit to its optical path difference, so there must be some 

compromise in B(c). The compromise is the instrument line shape and the resolution in B(c). 

If L is the maximum optical path difference, the range of pathlength differences is 

(—L< x <+L), and the inverse transform of /(x) becomes 
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+L 

B(o) = | x)e ?™* dx (35) 

The Fourier transform pair [II(x) and sinc(s) is shown in Figure 56, where 

sin(ro) 
To 
  sinc(s) = Acquiring data over a finite path difference is equivalent to acquiring an 

infinitely long interferogram and then multiplying it by I(x) . This is equivalent to convoluting 

B(o) with sinc(o), or [/(x) + T(x) - B(e)*sinc(s)] . Therefore, the sinc function is the basic ILS, 

or scanning function, of an FT spectrometer. It is equivalent to the slit function of a dispersive 

spectrometer, and is the response of an FT spectrometer to a monochromatic line. As shown in 

Figure 56, the zero-crossings of the sinc function occur at intervals equal to 1/2L. wavenumbers. 

Therefore, the theoretical resolution of the spectrometer:is conventionally defined as72,39 

do = 1/2L (36) 

The full-width at half-maximum of the sinc function is 1.207 «60. The abrupt discontinuities of 

the II(x) function at + L cause the ringing in the wings of the sinc function is due to the abrupt 

discontinuities of the rect function. The ringing can be reduced through apodization. 

Finite Source and Detector Apertures 

Introduction 

The effects and the limits of finite source and detector apertures must be considered since 

real sources and real detectors have some physical aperture size, and not the ideal point geometry 

assumed so far. The allowable sizes of these apertures results in the throughput advantage, but 

there is a limit to their size. Other consequences of aperture geometry include effects on the ILS 

and the wavenumber calibration of the FT spectrometer. Typically, circular shapes are used 
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Figure 56. Maximum path difference and resolution: The mirror scanning function, II(x), and its 
Fourier transform, sinc(c), are shown. 
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because of the circular symmetry along the optical axis of the interferometer. Due to the symmetry 

across the beamsplitter, the source and the detector are mirror images of each other, and their effects 

can be considered together. 

Entrance and exit aperture effects were particularly important to the design of the MMS 

optical system. In the MMS, the effects discussed here occur at the transfer aperture rather than 

at the detector plane in a typical interferometer. The phenomena had to be considered carefully to 

insure proper interfacing of the interferometric and the dispersive optical subsystems. In addition, 

the rectangular slit of the transfer aperture disrupted the typical circular symmetry along the optical 

axis. 

Haidinger Fringes: The Basic Phenomenon 

The basic FTS equations assumes that the light in the interferometer forms a collimated 

plane wave travelling parallel to the optical axis. With an extended source however, off-axis points 

in the source give rise to rays which travel at angle a to the optical axis. Because of this, the 

interference pattern known as Haidinger fringes is formed at the focal plane of the focusing optics. 

The pattern is shown in Figure 57. The vertical axis of this Figure corresponds to the optical axis 

of the interferometer, and the horizontal plane of the Figure corresponds to the plane of the 

detector. It has been shown® that the radii of the fringes are given by 

(37) 

where r; is the radius of an intensity minimum, oa, is the wavenumber of interest, x, is the optical 

path difference, F is the focal length of the focusing optic, and 7 is the number of the fringe. Figure 

58 shows the relationship between the F, «, and 7, and that angles through the interferometer are 

mapped into rings at the detector. As x, and the resolution become larger, or as o; larger greater, 

r, becomes smaller. In high resolution FT-UV/Vis spectrometry, both x, and o, can become much 

larger than in the IR. 

Theory of Fourier Transform Spectrometry 151



  

Theory of Fourier Transform Spectrometry



 
 

*J9}BWIOIIJIOIUT 
BY] 

JO 
sixe 

Jeondo 
ay 

W
o
y
 

snipes 
ayy 

st 
4 

pue 
‘ondo 

Bulsnooj 
ayy 

Jo 
WYBua] 

jeooy 
ayy 

st 7 
‘uONeUTOUT 

JO 
o[due 

ayy 
si 

2 

\ 

ssaZulay 
JOSuIplVy] 

pus 
JazaWOsajiajzuL 

ayy 
UONesedoid 

jo 
ajZuB 

ay] 

 
 

 
 

  
  

"gS 
aun3iy 

 
 

183 Theory of Fourier Transform Spectrometry



Haidinger fringes result because light propagating at angle « travels a shorter path difference 

than light parallel to the optical axis. The actual path difference is [x + cos(«)]. More intuitively, 

the light at angle a is only modulated by the component of the mirror velocity parallel to the light 

axis, or [v« cos(a)]. 

Haidinger fringes comprise an intensity pattern perpendicular to the optical axis. For a 

path difference of zero, the central fringe is infinitely large. As the path difference increases, the 

fringe pattern collapses toward the center, and the central point undulates as a cosine. The 

undulation of the central point is describe by Figure 55. Also as the path difference increases, the 

pattern shown in Figure 57 decreases in size as 1/./x, 

The Aperture Size Limits 

The purpose of the interferometer is to produce maximum overall modulation and contrast 

at the detector, so it is necessary to restrict the field of view to the central fringe. Because r, and r, 

must be selected for a given set of conditions, a limiting value is chosen where 

O; = Om, and x,=L= oo and where 6o is the interferometer resolution. The number of the 
2 

fringes, n, , is chosen to produce the maximum fringe amplitude for the highest wavenumber at the 

greatest path difference. It can be shown through further proof that typically 2 = 1/2.59 

Instrumental Consequences of Finite Apertures 

The Throughput Advantage:One effect of large source and detector apertures is the throughput 

advantage. The throughput advantage arises because of both a large acceptance angle and a large 

detector area relative to a dispersive spectrometer. The solid angle of acceptance at the detector, 

Q.,, 18 given as 

Q4 = en =n 0’, (38) 
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The throughput of the interferometer, £,, is 

E, = AgeQg =a) D4. (39) 

where A, is the area of the detector. As stated above, FT spectrometers can have a throughput 

advantage of several hundred in the UV/Vis.'° 

Wavenumber Scale Change:A second effect of the apertures is a wavenumber scale change.” This 

arises, light propagating through the interferometer at angle « is modulated at a lower frequency 

than light of the same wavelength propagating parallel to the optical axis. The correction factor for 

this effect is 

0, = 05 (1 - = (40) 

where oa, is the corrected wavenumber, and o, is the observed wavenumber. 

ILS Distortion:A third aperture effect is an attenuation of /(x) as the path difference increases. The 

attenuation results as the central mound in Haidinger fringes becomes smaller with larger path 

differences. The total modulation inside of the detector area then becomes correspondingly lower. 

This effect is known as self-apodization. The attenuation of I(x) is 

  

ox 

t 
[,(x) = I(x) « sinc[ 5 J (41) 

where /,(x) is the observed interferogram. In other words, /(x) is multiplied by a sinc function, but 

one that varies with o,. Multiplication in the interferogram, of course, implies convolution in the 

spectrum. Therefore, B(c) is convoluted with a wavenumber-dependent II(o) function. 

Convolution in the wavenumber domain broadens the ILS, but again it is a predictable 

phenomenon. 
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Interaction of Haidinger fringes and the MMS Optical System 

Figure 59 is a diagrammatic study of the interaction of Haidinger fringes with the important 

focal plane response functions within the MMS. The Figure also includes the detector aperture 

response of a conventional interferometer for comparison. A convenient place to start is with the 

interaction of Haidinger fringes (a) and the conventional interferometer detector aperture response 

function (b). As described above, Haidinger fringes are produced by the interferometer and 

projected onto the detector plane. (b) represents the detector with diameter d, and unit response 

across its surface, as indicated by the height of the volume. Following the discussion above, the 

relative size of d,; was chosen for the following conditions: o,=¢,,,., X,= L= $2. and n= 1/2 

The response of the detector to the fringe pattern at this extreme in the mirror stroke can be found 

by doing a point-for-point multiplication between Haidinger fringes and the surface of (b), and then 

integrating the results. The interaction of the edges of (b) with the sloping sides of the central cone 

of (a) causes the reduced modulation at extreme mirror stoke. 

The same type of analysis can be done for the MMS. Feature (c) in the Figure represents 

the MMS transfer aperture. A, and w, represent the height and width of the aperture. The height 

of (c) in the Figure again represents unit response across the area. (c) is not drawn to any particular 

scale. As can be seen, the point-for-point multiplication of the transfer aperture with the fringe 

pattern can lead to a significantly different result than with the circular geometry of (b). 

Within the MMS then, the transfer aperture essentially selects a portion of the fringe 

pattern. The polychromator then projects this multiplied volume onto the detector array. The 

geometric response function of a single detector pixel is shown in (d). The height of the pixel is 

represented by h, The response across the width of the pixel, w,, is a trapezoid. This shape is 

explained in the photodiode array chapter. Again, (d) is not drawn to any particular scale. 

The shapes of the aperture response function and the pixel response function have 

considerable impact on optical throughput and spectral discrimination capabilities of the MMS. 

Since the width of the pixel response function, wp, is usually less than the width of the transfer 

aperture, w, the pixel response function usually limits the throughput in the horizontal plane. The 
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Figure 59. Haidinger fringes and interaction with the MMS apertures: This Figure shows the spatial 

response functions of a typical interferometer and the MMS, and their relationship to 
Haidinger fringes. All functions have a relative height of 1. a) shows the intensity of the 
light at the output plane of an interferometer. b) shows the spatial response of a typical 
interferometer detector, where d; is the diameter of the detector aperture. c) shows the 
response of the MMS transfer aperture, where h, is the height of the aperture, and w, is 
the width of the aperture. d) shows the spatial response of the PDA pixel, where hp is the 
height of the pixel and wp is the width of the pixel. Adapted from reference 108. 
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height of the pixel response function, hp, is fixed. Therefore, the height of the transfer aperture, A, 

must be adjusted to conform to the requirements of Haidinger fringes. Consequently, the height 

of the transfer aperture usually limits the MMS throughput in the vertical plane. 

The spectral discrimination capability of the MMS in either mode of operation can be 

predicted by convoluting (c) and (d) in the horizontal direction. In the dispersive mode, the 

convolution produces the instrument line shape, or the MMS response to a monochromatic line. 

In the interferometric mode, the convolution of the same two functions results in the spectral 

filtering function, shown in Figures 11 and 12. 

Complementary Fringes: Fizeau Fringes and Haidinger Fringes 

The Michelson interferometer produces two sets of complementary fringes, Haidinger and 

Fizeau fringes, shown in Figure 60. These sets of fringes were critical in the daily alignment of the 

MMS interferometer. 

The sole purpose of the interferometer is to produce Haidinger fringes with the greatest 

possible contrast. These fringes are circular and result from equal inclination, or equal angle, 

through the interferometer. The fringes are observed at the focal plane of the focusing lens, and 

with the MMS they are projected onto the transfer aperture instead of the detector. 

Fizeau fringes are fringes of equal thickness, or distance, through the interferometer. They 

indicate the amount of wedge between the images of the plane mirrors. Fizeau fringes are important 

because they give a direct measure of the alignment of the interferometer, and are thus directly tied 

to the contrast of the Haidinger fringes. Fizeau fringes can be observed at any plane past the 

beamsplitter. All regions within one fringe area represents a beam section with same path 

difference. Moving from one dark fringe area to another indicates a path difference between the 

areas of one wavelength. As an interferometer is brought into alignment, the number of fringes is 

reduced until the entire beam is composed of one fringe, either light or dark. If an interferometer 
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is out of alignment, the number of fringes represents the amount of misalignment, and a line 

perpendicular to the fringe pattern indicates the direction of misalignment. 

With the MMS, these fringe sets were used with great success in the alignment procedure 

of the interferometer. Briefly, the procedure involved placing a monochromatic point source at the 

input, placing a screen in front of the focusing lens, and monitoring the number and direction of 

the Fizeau fringes while adjusting the fixed mirror alignment. This procedure allowed alignment 

to + 1 wavelength of path difference across the beam. Sub-wavelength alignment could be done 

by placing the screen at the focal plane at the transfer aperture and then visually maximizing the 

Haidinger fringe contrast. Haidinger fringes give neither degree or direction of misalignment 

however, so this last operation was much more subjective than the first. 

Apodization 

As was shown previously, the existence of a finite path difference causes ringing in the final 

spectrum. Apodization is a mathematical procedure used in FTS to control the line shape and to 

reduce ringing in the line wings. Typically, the interferogram is multiplied by an appropriate 

function. The apodization function tapers the interferogram to near zero at the ends. 

Multiplication of the interferogram by the apodization function is equivalent to scanning 

(convoluting) the spectrum with a weighted filter. Apodization is usually done if the resolution is 

too low and self-apodization has not tapered the interferogram sufficiently. There are a number 

of good discussions of apodization in the literature.19-11 

Figures 61 and 62 !!° show a number of common apodization functions and their FT pairs. 

The left columns show the apodization functions. The right columns show the corresponding line 

shapes and their relative magnitudes. Listed with the line shapes are Ay,,., the full width at half 

maximum, and S, the amplitude of the first sidelobe as a percentage of the line maximum. 

In the MMS, the boxcar (no apodization), the cos (Hamming) function, and the Gaussian 

function are user selectable for apodization. The cos is used because of easy implementation and 

Theory of Fourier Transform Spectrometry 160



SF: {Dg(x} 

  

        

Dg (x) 

| Ixt€L 2L sinc(27rvL) 
A. boxcar 1 {x)= O lxl=L 

_ 1.207 
Avo OL 

Sz-—21% 

-L LX 

  

     

  

. _ xd |e _2\x 
B. _—_ trapezoidal  20tny “ D(2x) L 2L sine2(TVL) - 5 sinc2(774_/2) 

due a 
Sx-15% 

    

        

  
  

-L L x 

C. triangular D(x) I- uu] 

Lsinc#(7rvL) 

L?7ve 
AYy27 “OL 

   Sx=+ 4.5% 

  

    
    

  

-L L x 

D. 4 . 
OTL? [ I-since (2m) ] 

= 2209 
AY ;2* 2L 

S=+0.7% 

L : 

Figure 61. Common apodization functions used in FTS: Typical apodization functions and their FT 
pairs, the ILS functions, are shown. Av,,) is the ILS width at FWHM, in terms of L the 
maximum path difference. S is the amplitude of the largest side lobe, given as a percentage 
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a good performance. The Gaussian is used because of the generally Gaussian line shape found in 

AES sources®, reduced complexity when deconvoluting Gaussian lines,®® and good performance. 

Phase Correction 

Phase correction is motivated by concerns about noise in the final spectrum. As shown in 

Figure 53, errors in FTS caused the spectrum to twist out of the Real plane. These errors arise from 

the beam splitter, the analog electronic filters on the detector, and a sampled interferogram which 

is slightly offset and asymmetric from the actual interferogram. If noise were not a problem, 

Equation 17 could be used to find the signal amplitude at a given frequency. Noise, however, 

makes the problem more complex. Figure 53 will be used to explain the difficulties. 

In FTS, white Gaussian-distributed noise in the interferogram comes across the Fourier 

transform as white Gaussian-distributed noise in both the Real and Imaginary planes, with an 

average of zero in both planes.*° In the three dimensional representation shown in Figure 53, the 

noise in the spectrum has the appearance of an old, worn test-tube brush placed along the frequency 

axis. The bristles of the brush correspond to the noise vectors. 

If the spectrum can be phase-corrected, the spectral vectors are rotated back into the Real 

plane. Three results come out of this. One, the noise components orthogonal to the spectral 

vectors can be ignored. Two, the noise distribution in the spectrum remains Gaussian, with an 

average of zero. Three, because of the Gaussian baseline noise, spectra can be added to increase 

S/N. 

If the spectrum cannot be phase-corrected, Equation 17 must be used, and there are three 

corresponding results. One, all noise vectors are rectified and are brought into the spectral plane. 

Two, the noise distribution becomes a Rayleigh distribution, with a non-zero average. Three, 

because of the rectified noise, noise between spectra adds in a nonlinear fashion, and spectra cannot 

be added to improve the S/N. 
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Phase correction in FT-AES is very difficult. Typical phase correction algorithms for the 

IR assume that there is enough spectral information at enough wavenumbers to determine the 

phase error function as it wanders along the phase cylinder in Figure 53. In AES, however, the 

spectrum is usually very sparse, with regions having no spectral energy, and therefore yielding no 

information on the phase errors. Several papers have been published which describe a phase 

correction algorithm for FT emission spectrometry."2 This method uses a_ weighted, 

seventh-order polynomial to extrapolate phase information from regions of high spectral intensity 

into region of low spectral intensity. 

Phase correction is even more complex with the MMS, and therefore was not preformed. 

The specific difficulties include the following. The presence of the PDA in the MMS system causes 

two unique phase errors. These are due to the integrating nature of the PDA, and its sequential 

readout scheme. See the photodiode array chapter. In addition, the spectral information needed 

to perform phase correction is even more sparse in the MMS because of the spectral filtering by the 

PDA and the polychromator. Also, to arrive at a global phase error function for the entire array 

and spectrometer, phase information would have to be exchanged between interferograms acquired 

by the different pixels. Finally, advanced phase correction algorithms require much larger 

computers than those in the MMS system. 

Mirror Scanning: One-sided vs. Two-sided Interferograms 

The most common mirror-scanning technique used to record interferograms involves 

starting the mirror near zero path difference and observing only one half of the interferogram. The 

reason for these one-sided interferograms is that the ideal interferogram is symmetric. There are 

several advantages to assuming symmetry: an interferometer can attain twice the resolution for a 

given mechanical scan limit, the data can be acquired in one-half the time, and only one-half the 

data points need to be recorded. With this technique, a short portion of the symmetrical 
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interferogram is recorded to allow phase correction, but the asymmetry portion is typically 95% 

of the interferogram. Most FT-IR spectrometers use the single-sided recording. 

In FT-AES, however, there are a number of compelling reasons to record two-sided 

interferograms. First, when no phase correction is possible, two-sided interferograms must be taken 

to prevent line distortion.!3)4 Second, if phase correction is possible, using two-sided 

interferograms causes the remaining phase errors to have a much lower effect on the line shape.!? 

This point is very important in high resolution FT-AES, which is often motived by interest in line 

shape, and where phase correction is much more difficult. 

Two-sided interferograms were acquired with the MMS because of the inability to do phase 

correction in the present MMS system. 
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Photodiode Array Theory 

Introduction 

This section discusses the performance and physical characteristics of the photodiode array 

detector, particularly as they pertain to the performance of the MMS. The spectral, spatial, and 

temporal response of the PDA are presented. The noise sources within the PDA are discussed. 

The PDA noises are particularly significant, because the PDA adds several types of noise to the 

MMS output, and because detector read noise proved to be the limiting noise in the MMS. 

As the detector of the MMS, the PDA obviously affects the spectral response and spectral 

range of the MMS in all modes of operation. The PDA also plays primary roles in spatial and 

temporal signal processing within the MMS. The spatial response function of the individual PDA 

diodes is central to spectral discrimination in all modes of operation. 

The PDA is an integrating detector, and as such it has a specific temporal frequency 

response, or transfer function. Understanding the temporal response of the PDA is important in 

a number of areas of the MMS design. Due to its frequency response, the PDA attenuates higher 

frequencies and also causes a phase shift of higher frequencies. Proper coordination between 

scanning the interferometer mirror and reading the detector array was therefore critical in matching 
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the range of frequencies produced by the mirror velocity to the frequency response range of the 

PDA. In addition, the transfer function is carefully utilized to enable the PDA to be the primary 

temporal frequency filter in the MMS. By tuning the PDA’s temporal response, it provides noise 

rejection, AC detection in the interferometric mode, and DC detection in the dispersive mode. 

Criteria for a Solid State Detection System 

The detector system for the MMS was selected from the three basic solid-state technologies 

available for multichannel detectors: photodiode arrays (PDAs), charge coupled devices (CCDs), 

and charge injection devices (CIDs). The decision was based upon the following performance 

criteria: 7,5,115,9,116 

e Rapid readout rate. 

e High quantum efficiency for high sensitivity. 

e Linear response, signal charge vs. exposure. 

e A wide spectral range, with response over the entire range of interest in AES. 

e = Large full-well capacity. 

e Low read noise. 

Full well capacity 
e Large dynamic range: [ Read noise 

e Resistance to blooming at full-well capacity. 

e Low dark current to prevent saturation of the array. 

e =Low readout lag. 

e Large active area. 

e —_ Large pixel count. 

¢ Geometric accuracy. 

e = Stability. 
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© Reliability. 

@ Reasonable cost. 

The detector selected for the MMS is the RL-0512S photodiode array from Reticon 

Corporation. PDA technology meets most of the criteria very well. The RL-0512S was chosen 

particularly for its wide spectral range, high quantum efficiency, linear response, rapid readout rate, 

and large dynamic range. In addition, the integrated readout circuitry, the simple readout control, 

and the availability of an easily modifiable PDA controller board lent this array to a spectrometer 

evaluation project. One drawback of PDAs is their large read noise relative to other solid-state 

detectors. At the inception of this project, PDAs were the most appropriate detector technology. 

Solid-state detector technology continues to evolve rapidly, however, warranting reevaluation of the 

detection system for future improvements to the MMS. CCDs are particularly attractive because 

of low read noise. 

Description of Photodiode Array and the Snatial Response 

Function 

The RL-0512S is a monolithic self-scanning linear photodiode array with silicon sensor 

elements. The array has been optimized for use in spectroscopy.!’ The individual pixels are 2.5 

mm x 25 um and have a 100:1 aspect ratio, providing a large sensor area and a shape approximating 

the slit size of a typical dispersive spectrometer. The technical specifications for the RL-0512S are 

listed in Table 26. The RL-0512S chip selected for this work is fitted with a quartz window for 

greater spectral response in the UV."” 

The PDA sensor structure within the silicon wafer is shown in Figure 63A and B. As 

shown in Figure 63B, the individual diodes are formed by diffusing p-type dopants into an n-type 
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Table 26. Photodiode Array Specifications. 

Array Detector: 
Type: 

Model: 
Manufacturer: 

PDA Specifications: 
Pixel number: 
Pixel size: 

Total photoactive area: 

Readout rate: 
Quantum efficiency: 
Linearity: 
Spectral range: 

Dynamic range: 
Saturation charge: 
Full well capacity: 
Read noise: 
Dark Current: 

‘25’primemark degreeC 
Blooming: 
Readout lag: 
Fixed pattern: 
Geometric accuracy and precision: 
Reliability.: 
Capacitance of pixel: 
Capacitance of each video line: 
Capacitance of each clock line: 

Photodiode array, 512 element 
self-scanning, linear 

RL-0512S 
Reticon Corp., Sunnyvale, CA 

512 
2.5 mm (h) x 25 wm (w) ° 
62,500 um? ¢ 
2.5 mm (h) x 12.8 mm (w) ° 
32.0 mm? ¢ 
5 MHz, max. ? 
80% at 650 nm ° 
Excellent over full range ¢ 
200-900 nm ¢ 
at > 40% QE ° 
>10,000:1 ¢ 
14 pcoul ¢ 
8.7 x 10’ e- 2° 
> 1,200 e- ¢ 
5 pamp at 

< 1% ° 
< 0.1% ° 

1% of full scale ° 
High ¢ 
High? 
2 pF? 
12 pF? 
30 pF 

* From reference 17, pp 1-33 to 1-36. 
+ From reference 7. 
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silicon substrate. The spatial response function of the individual diodes is shown in Figure 63C. 

The function results from the probability of photoelectrons to diffuse to a given depletion region 

under a p-type bar. 

The equivalent circuit of the internal PDA components is shown in Figure 64. Integrated 

into the same monolithic device are the active diodes (pixels), the digital shift registers and MOS 

transistors for self-scanning readout, and the dummy diodes for analog subtraction of switching 

noise and fixed pattern signal from the active diode signal. 

A simulated PDA output waveform for an AES spectrum is shown in Figure 65. The 

important feature to note is the rectangular output pulse for each pixel. The rapid transitions 

between pixels require very fast wide-band amplifiers to follow the spectral changes with fidelity. 

In the MMS, amplifiers with 20 MHz bandwidths and 600V/ysec slew rates were used to 

accommodate the 2 MHz pixel output rate over a + 5V output range. The transitions also prohibit 

the use of analog filtering to reduce noise in the output. The PDA temporal response was utilized 

as a substitute. 

The Spatial Response Function 

The shape of the PDA spatial response function, shown in Figure 63C, has considerable 

effect on optical throughput and spectral discrimination capabilities of the MMS. It essentially 

defines the width and response across the MMS output slit. Together with the. pixel height it 

defines the shape and response of the MMS exit slit. As discussed in Chapter 3, the spectral 

discrimination capability of the MMS in any mode of operation can be predicted by the 

convolution of the PDA spatial response function with the transfer aperture in the horizontal plane. 

In the interferometric mode, the shape of the spatial response function is central to spectral filtering. 

In the dispersive mode, the individual diodes act as the exit slits for the polychromator. 

Consequently, spatial response is a fundamental determinant of spectral resolution. 
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The Spectral Response Function 

The PDA spectral response functions for an S-series array with a quartz window are shown 

in Figure 66."7 Quantum efficiencies (QE) are shown, rather than radiometric responsivities, 

because response to discrete events is more appropriate for AES than spectral energy per 

nanometer. These Figures represent attenuations factors for the incident photon beam. Figure 66A 

is the attenuation factor directly applicable to dispersive mode spectra. Figure 66B is the 

attenuation factor applicable to interferometric mode spectra. The horizontal axis in Figure 66B 

is also labeled with the optical modulation frequencies produced by the interferometer, recognizing 

the frequency/wavenumber duality in the interferometric mode. 

As shown in the Figure 66, the quantum efficiency of the PDA is quite high across the 

UV and visible, with a peak QE of 80%. Over the AES range of interest, the QE ranges between 

approximately 40% to 75%. This is in contrast to a typical photomultiplier tube peak QE of 20% 

to 25%. A high quantum efficiency is important to an improved S/N in the detected signal when 

the effects of the photon shot noise of the incident photon beam are considered.'"* This is given 

by 

SINg = JK, SINg (42) 

where S/N, is the S/N in the photon beam due to photon shot noise, X, is the detector quantum 

efficiency, and S/N, is the resulting S/N in the detected signal. 
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The Temporal Response Function 

Introduction 

The ability of the PDA to respond to certain time-varying signals and its ability to suppress 

others were very critical issues in the development of the MMS. Understanding the PDA response 

was also important for the proper interpretation of the amplitude and phase data produced in the 

interferometric mode. As an integrating detector, the PDA can severely attenuate various 

frequencies, and can cause a related phase shift in the detected signal. In particular, if the PDA 

integration time is exactly equal to an integer number of wave periods, the wave is completely 

attenuated. As a rule of thumb, the integration time must be kept short relative to the wave period, 

less then 10%, to avoid attenuation. In the interferometric mode, a fundamental requirement is the 

detection of the interferometer modulations. Hence, the PDA must be scanned rapidly relative to 

the modulations of the sample beam. However, the PDA cannot be scanned infinitely fast nor the 

interferometer infinitely slowly. Some reasonable compromise between the scan speed of the 

interferometer and the scan rate of the PDA had to be found. The associated amplitude 

attenuations and phase shifts needed to be analyzed to choose a reasonable compromise. 

In a parallel fashion, the dispersive mode requires interferometer modulations to be 

suppressed. Interferometer scan speed and PDA scan rate can be coordinated to produce the 

required suppression, but adequate prediction of the attenuation is required. 

The purpose of this section, therefore, is to examine the fundamental frequency response 

of the photodiode array. Specifically, the amplitude and phase response are discussed. The effects 

of the response on signal and on noise, the effects under aliasing, and the ability to use these effects 

to an advantage are examined. The response of the PDA to three types of photometric input was 

sought: One, the PDA response to DC light levels, primarily for the dispersive mode. Two, the 

PDA frequency response to the correlated modulations of the interferometer, for all modes of 
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operation. Three, the PDA response to uncorrelated fluctuations due to photon shot noise, to 

predict the susceptibility of the MMS to aliased photon noise. 

It should be emphasized that this section applies to other integrating array detectors such 

as CCDs or CIDs, as well as PDAs. It is also applicable to dual slope integrating A/Ds and to 

box-car digital filters. A spatial analog of this model is also applicable to spatial interferometers and 

the array detectors used in them.!!9.%2 

The PDA Transfer Function: The Derivation 

The transfer function of the PDA sampling function is fairly simple to derive through use 

of Fourier transform theory.'*' Figure 67A shows the PDA time sampling function, IT(¢)pp,, with 

a width of ¢. During data acquisition, II(f)pp, 1s scanned past the input signal, s(t). The scanning 

operation convolutes II(t)pp, with s(d. According to the convolution theorem then, this is 

equivalent to multiplying (attenuating) S(/) by the Fourier transform of IT(¢)pp,. 

The complex Fourier transform of II(t)pp,, the complex transfer function, is shown in 

Figure 67B and C. A transfer function is typically complex, and the amplitude and phase 

representation is usually more useful than the real and imaginary representation. Because the shape 

of the PDA sampling function is a II(é) function, the general shape of the amplitude portion is a 

sinc(f). function. The | sinc(/)pp,| representation shown in Figure 67B eliminates the sign of the 

negative side lobes of sinc({) pp, and emphasizes the magnitude of the transferred signal. Figure 67C 

shows a linear phase shift with discontinuities at the + 2 points in the vertical scale. 

The Amplitude Response 

Figure 67 illustrates a number of important points. First, the width of the transfer function 

depends only on ¢, and is independent of the sampling frequency and the Nyquist frequency. 
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the sample pulse in the amplitude/phase representation. 
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Sampling frequency effects in the MMS interferometric mode, such as aliasing and the 

sample-limited bandwidth, must be considered separately. Second, only frequencies much less than 

1/t; are unattenuated. Third, frequencies equal to n/t, where n is an integer > 1, are attenuated 

completely. Fourth, if a higher frequency response to S(f) is required, t, must be shorter. Reducing 

t, makes | sinc(f/)pp,| and the phase spectrum wider. 

The Phase Response 

Next, the origin and effects of the phase spectrum, Pha(f)pp,, are considered. The phase 

shift results from the time delay of the integration window. In Figure 67A, II(‘)pp, 1s shifted on the 

time axis so that it begins at (¢= 0) and ends at (t= ¢), rather than being symmetrically displaced 

about the time origin. From the FT time-shift theorem, the resulting phase shift is linear and is 

given by 

d= -— FZ = rth (43) 

where ¢;, is the phase shift due to integration, ¢, is the integration time, and ¢, and f, are the period 

and frequency of the input wave respectively. 

The shape of the phase curve means that input frequencies will experience a phase delay 

directly proportional to their frequencies. In most detection schemes, the phase shift is normally 

not significant, causing a slight skewing of the frequencies that compose a rapidly rising or falling 

signal edge, and producing a slightly rounded waveform. In an interferometric system, the phase 

shift may become important, and should be incorporated into the phase correction scheme. 
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Predicting PDA Frequency Response to General Inputs 

Several different formats of the PDA frequency response function are shown Figure 68. 

The different formats are useful for analyzing the temporal response of the PDA in different 

circumstances and to different inputs. The horizontal axes in Figure 68 are in normalized frequency 

units, f, where f =f,/t,, and f, is the absolute frequency of the input waveform. The vertical axes 

in Figure 68 are also normalized, thus representing attenuation values. 

In this section, the effects of aliasing must be discussed. To connect the effects of 

integration time and sampling rate, it is assumed the array is read as fast as possible. In this case, 

the sampling frequency, f,, is 1/t,, and the Nyquist frequency, fy, is 1/2¢,. Consequently, the base 

bandwidth is f=Oto 1/2¢, and the folding points for aliasing occur at f =n/2t, normalized 

frequency units, where 7 is an integer. 

Figure 68A shows the positive half of the sinc function. The sinc is the basis of the other 

Figures, and is included for reference. Figure 68B, the |sinc| function, shows the amplitude 

response of the PDA. |sinc| is useful for predicting the PDA response to correlated modulations 

(nonrandom signals) in the base band, or modulations which may be aliased into the base band 

from higher bandwidths. 

Figure 68C, sinc?, shows the power response of the PDA. sinc? is useful for predicting the 

aliasing of uncorrelated modulations (random signals) from all frequencies into the base bandwidth. 

Photon shot noise, a wide-band white noise, is the noise of interest. Without proper filtering, the 

photon noise will be aliased back into the base band. Using Figure 68C, the total susceptibly of 

the PDA to photon shot noise can be predicted by folding sinc? at the alias points, and adding the 

overlapping portions of the sinc? curve. As can be seen from Figure 68C, sinc? predicts a rapid 

attenuation of the photon noise frequencies above 1/2¢,. Consequently, the PDA acts as an effective 

low-pass anti-aliasing filter against high frequency photon noise. 

Figure 68D shows the sinc function replotted in a log-log format, a format used in filter 

analysis. The top dashed line indicates the worst-case performance envelope. The -3 db point (the 
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50% power attenuation and 70.7% amplitude attenuation point) is shown for reference. The 

worst-case rolloff is -6db/octave or -20 db/decade, which is the attenuation rate of a first-order 

Butterworth filter. This worst-case performance is competent for a filter, and again, the PDA 

performs much better in attenuating frequencies at or near f = nt, The existence of this envelope, 

therefore, allowed the PDA to be used as its own anti-aliasing filter for coherent modulations as 

well. 

Frequency Response in MMS Design and Mirror/PDA Coordination 

Figure 69 shows the relative frequency ranges of the optical modulations (Af,), and the 

corresponding AC responses (R,), for the MMS in the interferometric and the dispersive modes. 

In the design of the MMS, these frequency ranges were specified only after careful consideration 

of the effects on the detected signal. 

Interferometric Mode Response 

In the interferometric mode, the goal is to maintain the modulations produced by the 

interferometer, or maximize R;. The optical range of the MMS is from 800 to 400 nm. In the 

interferometric mode, this range of wavelengths produces the relative frequency range shown as 

Af, in Figure 69. 800 nm corresponds to the low frequency, and 400 nm corresponds to the high 

frequency. The corresponding AC responses, indicted by f.R sub <I>, range from 0.95 to 0.75. 

This range of responses was obtained only after major modification of the MMS components. The 

modifications involved the following: 1) slowing the interferometer mirror down to lower the 

frequency of the light modulations, 2) speeding up the array readout to reduce ¢, and 3) 

electronically multiplying the HeNe laser reference signal by a factor of four to accurately coordinate 

the interferometer and the PDA scanning. 
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The need for these modifications can be shown by discussing the two earlier designs. 

Design I: In the original MMS design, one array scan was performed and one data point was taken 

for each HeNe fringe. This scheme made the range of Af, equal to 0.8 to 1.6 normalized frequency 

units. Referring to Figure 69, this range for Af; spans the first node of the sinc function, and leads 

to a serious attenuation of the AC response. Design II: The second design involved slowing the 

mirror down and speeding the array up, so that two array scans were performed and two data point 

were taken for each HeNe fringe. This scheme made Af; correspond to 0.4 to 0.8 normalized 

frequency units. Again referring to Figure 69, this second range of Af; corresponds to normalized 

responses of approximately 0.75 to 0.25. This response was judged to be inadequate. 

The final design of the MMS resulted in an optical mirror velocity of 0.0506 cm/sec. This 

produces HeNe reference signal of 800 Hz and a multiplied reference signal of 3.2 kHz. This 

multiplied reference signal is used to initiate array scans, so ¢, in the interferometric mode is 3.125 

msec. The 3.2 kHz array scan rate, in turn, requires that the individual array pixels to be output 

at 2 MHz. Design of the analog electronics for this pixel rate was very difficult. Modifications to 

the MMS design, such as a longer array, a response in the UV, or shorter times for an 

interferometric data run, would push the pixel output rate even higher. 

First Lobe of the Sinc Function: To further clarify the temporal response of the PDA and the 

MMS in the interferometric mode, a detailed plot of the first lobe of the sinc(f) function is shown 

in Figure 70. This Figure shows correspondence between the wavelengths and wavenumbers, the 

modulation frequencies produced by the interferometer, and the attenuation of the sinc(/). function. 

The MMS optical range and the AES wavelength range are specifically indicated. If the optical 

range of the MMS were extended into the UV, severe attenuation of these modulations would 

occur. Better interferometric response could be obtained by expand the sinc(/) envelope. This 

would require either speeding up the PDA readout rate, or by slowing the mirror down. 

The portion of the x-axis in Figure 70 from 0 to 1600 Hz, and from 0 to 31,605 cm™', 

corresponds directly to the unaliased interferometric spectra in Chapter 1. Also, this Figure is 

presented in the same format as the PDA wavenumber quantum efficiency curve, Figure 66. Total 
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attenuation of the optical signal caused by the PDA in the interferometric mode is obtained from 

the multiplication of these two curves. 

Dispersive Mode Response 

In the dispersive mode, the goal is to suppress modulations caused by the interferometer, 

or minimize Rp. In an initial analysis of dispersive mode operation, the following conditions were 

found. The read rate of the individual pixels is limited to 15.6 kHz by the computer. This in turn 

limits the array readout to 30Hz, making ¢ = 33.3 msec. If the interferometer scans at the optical 

mirror velocity of 0.0506 cm/sec, Af> spans a range of 20 to 40, and the worst-case values of Rp 

range from 0.016 to 0.008. R, could easily be reduced further by scanning the murror faster. If a 

faster array readout were accomplished, the mirror would have to scan faster to maintain the low 

RD. 

The final design of the MMS resulted in an optical mirror velocity of 0.0506 cm/sec. This 

produces HeNe reference signal of 800 Hz and a multiplied reference signal of 3.2 kHz. This 

multiplied reference signal is used to initiate array scans, so ¢, in the interferometric mode is 3.125 

msec. The 3.2 kHz array scan rate, in tum, requires that the individual array pixels to be output 

at 2 MHz. Design of the analog electronics for this pixel rate was very difficult. Modifications to 

the MMS design, such as a longer array, a response in the UV, or shorter times for an 

interferometric data run, would push the pixel output rate even higher. 
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Phase Errors in the MSS 

Origins of Phase Errors 

By using the PDA as the detector in the interferometric mode, the MMS experiences two 

phase shifts not normally observed in an FT spectrometer. The first, discussed above, is the phase 

shift caused by an integrating detector. This phase shift is linear in frequency, and therefore 

wavenumber. For this shift, blue lines experience more delay and phase shift than red lines. The 

second phase shift is caused by the serial readout of the PDA. With the serial readout scheme, 

pixels at the beginning of the array are read almost immediately, whereas the pixels at the end are 

not available until just before the next START. Again, a delay in the time domain translates to a 

phase shift in the frequency domain. Because of the linear wavelength dispersion of the 

polychromator, distance across the array corresponds to wavelength. Consequently, this second 

phase shift is linear in wavelength. 

Partial Compensation of Phase Errors 

In the MMS, the two phase errors were made to partially compensate for one another. 

The PDA could have been mounted in the focal plane of the polychromator to yield a blue-to-red 

readout order, or a red-to-blue readout order. By choosing the blue-to-red readout order, the red 

lines were made to experience a greater readout-time delay, and thus the phase shift is greater for 

red lines than for blue For the integration-time phase shift, the shift is greater for blue lines than 

for red. The combination of the two phase shifts in this manner produced the most constant phase 

shift across the spectrum. 
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Noise and Errors within the PDA 

The noise and errors of the PDA are discussed for two reasons. First, the MMS was 

detector noise limited. Second, the discussion helps point avenues of future improvements of the 

MMS. 

There are three sources of error within solid state detectors: readout noise, dark current shot 

noise, and fixed pattern signal.!%!720 Fixed pattern signal is a nonrandom pixel- to-pixel variation 

in signal, so it is not considered a noise; see below. Dark current noise and readout noise are 

random. The total noise in the PDA is therefore given by 

p= (ny +g)" (44) 

where 7 is the total noise, 7, is the readout noise, and n, is the dark current noise. Each of these 

noises is given in electrons. 

Two of the errors, readout noise and fixed pattern signal, are attributable to the relatively 

large video line capacitance and clock line capacitance found in a PDA; see Table 26. For PDAs, 

readout noise is generally the limiting noise. 

Readout Noise and Video Line Capacitance 

Readout noise or KTC noise is due to the uncertainty in resetting a capacitance to a fixed 

voltage. In the PDA, the capacitance is formed by the pixel itself and the video lines. The readout 

noise is given by 

ry = (I/qe(KTCq)' (45) 

and the total capacitance is given by 

Cr = Cy + Cy (46) 
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where 7, is the readout noise in electrons, g, is the charge on the electron, k is Boltzmann’s constant, 

T is the absolute temperature, C; is the total capacitance, C, is the individual diode capacitance, 

and C;, is the video line capacitance. 

The majonty of the readout noise in a PDA is attributable to the relatively large video line 

capacitance, C,. See Figure 64 and Table 26. The capacitance results from the combination of the 

long video line and the connected FET regions versus the chip substrate. Off-chip circuitry also 

adds to this capacitance, due to the capacitance of external amplifiers leads. The on-chip video line 

capacitance is typically 12 pf per video line. Readout noise is particularly troublesome because it 

is not very amenable to cooling. Cooling the array from +25 to -40° C reduces readout noise only 

by 15%. 

CIDs and particularly CCDs have much lower video line capacitances, and are thus much 

less susceptible to readout noise. CCDs, for example, move the accumulated photocharge across 

the chip in an analog form from the pixel to an on-chip amplifier. The CCDs, therefore eliminate 

the video line and off-chip capacitances. 

Readout noise of a PDA versus a CCD can best be appreciated by calculating the number 

of detected photons required for photon noise to equal readout noise. In PDAs, the readout noise 

is 1,200 e~ in a good system. Therefore the number of detected photons required in this case is 

(1,200), or about 1,500,000 photons. In CCDs by contrast, the readout noise is as low as 4 e~ per 

element. The number of detected photons required in this case is 4, or about 16 photons. CCDs 

are obviously much better for low-light, low-noise detection systems. 

Dark Current and Dark Current Noise 

Dark current is the thermally generated leakage current at the diodes. It has three effects: 

it introduces a dark current background, it introduces dark current shot noise, and it limits 

integration time. The dark current in the RL-0512S is a strong function of temperature, being 
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halved for every 7°C drop in temperature. It can therefore be reduced significantly by moderate 

cooling. The dark current as a function of temperature is found empirically. 

Because the dark current obeys Poisson statistics, the dark current noise is proportional to 

the square root of the dark current. The noise is given by '° 

lat ay 
tg = (“g) (47) 

where 7, is the dark current shot noise in electrons, i, is the average dark current, t, is the integration 

time, and g, is the charge on the electron. 

Fixed Pattern Signal 

Fixed pattern signal is a regular pixel-to-pixel variation in the dark signal baseline, and is 

repeatable from scan to scan. One cause is coupling of clock transitions into the video lines. A 

second cause is the integrated dark current. In the S series arrays, fixed pattern signal is reduced 

by a differential readout scheme. Pairs of active and dummy diodes are accessed simultaneously; 

see Figure 64. Variations along the array should be seen by both diodes. The variations can then 

be removed by a differential amplifier. 
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