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ABSTRACT 

Graphite furnace atomic absorption spectrometry has excellent detection limits 

and accepts a wide variety of samples with little or no sample preparation. The 

method does, however, suflfer from matrix interferences and a lack of highly capable 

multielement instrumentation. Continuum sources have been employed to GFAAS for 

multielement determinations, but the one dimensional array detectors used in these 

instruments can only observe a limited spectral range, limiting the multielement 

capabilities of these instruments. 

A continuum source, multielement graphite furnace atomic absorption spectrome

ter was developed here which employed a prototype echelle polychromator with charge 

injection device(CID) detection. The detection system employed a new device, the 

CID 38, and camera control unit, the SCM5000E, with previously unavailable abili

ties. The camera system was developed and evaluated to determine its spectroscopic 

characteristics, and reprogrammed to provide rapid, continuous monitoring of many 
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absorption signals simultaneously. A data acquisition and analysis scheme was de

veloped for the prototype system, and the instrument demonstrated detection limits 

comparable to single-element line source GFAAS. The low ultraviolet throughput 

of the prototype echelle limited the spectral range that could be observed. Light 

scattering inside the spectrometer caused the sensitivity to decrease as the number 

of elements observed increased. 

A second echelle spectrometer system with higher wavelength resolution and in

creased throughput in the far ultraviolet was incorporated in to the instrument. The 

new system increased the spectral range which could be monitored, allowing more 

elements farther in the ultraviolet to be determined. The detection limits for the 

new system are comparable to single-element GFAAS, but degrade farther in the 

ultraviolet due largely to decreasing source output. 



17 

CHAPTER 1 

Introduction to Atomic Absorption Spectrometry 

This chapter introduces the technique of atomic absorption spectrometry from its 

beginnings to the current state of the art in order to demonstrate the impetus for 

the research in this dissertation. A brief history of atomic absorption spectroscopy 

is given to provide the proper perspective. The basic theory of atomic spectrometry 

is discussed, as is the general instrumental principles for atomic absorption spec

trometry. The current state of the art in atomic absorption spectrometry is given, 

concluding with a discussion of the abilities and limitations of current multielement 

spectrometers. 

1.1 History 

The first atomic absorption spectrum was observed by William VVollaston in 

1802[l-3]. He noticed several dark bands intersected the solar spectrum, but did 

not further investigate. Fraunhoffer repeated his experiment 15 years later and ex

tensively studied the locations of the dark bands in the solar spectrum, including 
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labeling the 8 most prominent features which are still referred to as the Fraunhoffer 

lines[l-5]. 

His optical design founded the science of spectroscopy. He incorporated a slit and 

a lens in between the source and the dispersive element [4]. This caused the image 

of the slit to be focused through the viewer and the dark bands were resolved into 

lines crossing the spectrum. By using a diffraction grating as the dispersive element, 

he could precisely determine the relative positions and the wavelengths of each of 

the lines[l]. He even noted that the D line in the solar spectrum coincided with the 

emission from sodium vapors. However, it was not until 1860 that atomic (elemental) 

spectroscopy became a tool for analytical chemistry. 

Bunsen and Kirchoff brought atomic spectroscopy to the realm of chemistry. Bun-

sen had been studying the spectra of metal salts in a flame. With the creation of his 

famous burner and his ability to remove sodium interferences, he was able to identify 

two new elements, cesium and rubidium[l,4]. In collaboration with Kirchoff, they 

were able to show that the dark lines in the solar spectrum corresponded to absorp

tion by alkali and alkali-earth elements in the solar atmosphere[l]. This study lead to 

Kirchoff's law which basically states that any body that can emit radiation of a cer

tain wavelength can also absorb radiation of that wavelength[l, 5]. Together, Bunsen 

and Kirchoff were able to demonstrate the utility of both emission and absorption 

for qualitative elemental analysis[3,6]. 
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Although the basic experimental approach to atomic spectroscopy was well under

stood, it was not until Plank's investigation of light and Bohr's quantum theory of 

the atomic structure that the cause of the spectra was explained[5]. Since that time, 

much progress was made on the theoretical basis of atomic spectra, but it was not 

until 1929 when Lundegardh demonstrated the use of a slot burner for quantitative 

analysis in flame atomic emission [3]. 

Atomic spectroscopy for chemical analysis progressed only sporadically in the early 

part of the twentieth century and chiefly by astronomers [6]. Even though both Wood 

and Woodson demonstrated the use of cold vapor atomic absorbance for mercury [2], 

it was not until 1955 when both Walsh[7,8] and Alkemade Milatz[9] independently 

developed flame atomic absorption spectrometers. Alkemade's system included dual 

beam optics and a mechanical chopper for background correction, but the use of a 

flame emission as a source severly limited the instrument's applicability[10]. Walshes' 

system, although single beam, used a modulated hollow cathode lamp for a source, 

and was more sensitive and more widely applicable [8,10]. 

One year later Boris L'vov developed the first graphite furnace atomic absorption 

spectrometer[ll] based on the flame AA described by Walsh and the furnace design 

of King[12]. His instrumental aim was to achieve total atomization and to confine 

the atomic vapor in a known volume. Toward this end his furnace was preheated and 

the sample introduced on an electrode which atomized the sample by a dc arc. In 

the early sixties Massmann showed that the rapid vaporization and the inhibition of 
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vapor diffusion were unnecessary[13], and his method of dosing the sample into the 

furnace before heating is the standard method for graphite furnace atomic absorption 

spectrometry today. 

1.2 Principles of Atomic Spectroscopy 

Both absorption and emission are based on the transition of an electron between 

two discrete atomic states of different energies. Absorption occurs when an atom in 

its ground (lowest energy) state acquires the energy of a photon which corresponds to 

the difference between the ground state and an excited (higher energy) state. Since 

the initial state for absorption is usually the ground state, the absorption spectrum 

is generally simple and spare. Emission occurs when an atom in an excited state 

relaxes down to a lower state releasing the difference in energy as a photon. Since 

emission may start from a multitude of states and may end in a multitude of states, 

the emission spectrum is usually quite complex and rich in spectral features[5]. This 

fact can seen in the grotrian (energy level) diagram for absorption and emission for 

sodium (Figure 1.1). 

The process of absorption or emission can be represented by an equation which 

relates the energy difference to the wavelength of the transition. 

Ej - Ei = hi/ = ̂  (1.1) 

Ej represents the excited state, and Ei represents the ground state, h is Plank's 

constant, u is the frequency of the light, c is the speed of light, and A is the wavelength 
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Figure 1.1: Grotrian diagram for the element Na. 
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of the transition. For absorption the electronic transition is from ground state to 

excited state, Ej, and for emission the transition is from the excited state to 

the ground state (or a lower excited state), Ej -> Ei. 

1.2.1 Population of Atomic States 

The means of energy transfer for absorption is by definition stimulated by exter

nal radiation, which is highly specific. Only those photons which correspond to a 

specific transition of the analyte atom are absorbed. For emission, the excited state 

is generally achieved by thermal excitation. In such cases, the number of atoms in 

the excited state are given by the Boltzman distribution. The ratio of number of 

atoms in state j, Nj, to the total number of atoms, Nxotai, is given by 

Nj ^ 

Nrotai ^ 

where gj is the degeneracy of the state, k is Boltzman's constant, and T is the absolute 

temperature. The denominator is the internal partition function and represents the 

distribution of all atoms in all possible states. 

In flame atomic emission, the temperature of the flame (1500-3000 K) generates 

very few atoms in excited states. Only a small percentage of atoms are available 

for emission. Table 1.1 shows the ratio of the excited state population of common 

transitions for various elements at several temperatures. Also, the emission intensity 

is highly dependent on the flame temperature, and will fluctuate with that tem

perature. Even with very hot flames, the majority of the atoms are in the ground 
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Element Line(iim) T=2000K T=3000K T=5000K 
Na 589.0 9.86 X 10"® 5.88 X 10-^ 1.51 X lO-"^ 
Ca 422.7 1.21 X 10-^ 3.69 X 10-5 3.33 X 10-3 
Zn 213.9 7.29 X 10"^^ 5.58 X 10-^° 4.32 X 10-® 

Table 1.1: Ratio of excited state to ground state populations for various elements[l4]. 
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electronic state, and the population of that state does not change much. Since ab-

sorbance depends largely on the ground state population, it does not fluctuate much 

with temperature. 

1.2.2 Line Broadening 

The width and shape of line transitions in atomic spectroscopy depends on several 

factors. Even unperturbed transitions have a finite width based on the lifetime of the 

transition state - 10~^''s for absorption, and 10~® - 10~®s for emission)[15]. 

The Heisenberg uncertainty principle states that the product of the Energy and the 

time of the transition state cannot be known to greater than h. The natural shape of 

an atomic transition is Lorentzian, and the linewidth of an atomic transition, which 

is arbitrarily defined as the full width of the peak at half of the maximum intensity 

(FWHM), is generally of the order of 10~^nm[2,5,14-16]. The natural linewidth 

is not a factor in atomic spectroscopy due to two more dominant effects, Doppler 

broadening and collisional broadening[2,5,14-16]. 

Doppler broadening is caused by the random thermal motion of the atoms. The 

frequency of light emitted by atoms moving toward the observer will be blue shifted, 

and those moving away from the observer will emit red shifted light. The distribution 

of atomic velocities causes the shape of a Doppler broadened line to follow a Guassian 

function, and the FWHM is generally 10"^ - 10~^nm[5,14,15]. 
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In collisional broadening (a.k.a. pressure broadening) the collisions between atoms 

perturbs their electronic states, and the energy levels become less definite. The effect 

depends upon whether the collisions are adiabatic (elastic) or diabatic (inelastic), 

and whether the collisions are between the same (Holtzmark broadening) or diflFerent 

(Lorentz broadening) species. All of these effects lead to a Lorentzian line profile. In a 

flame, the linewidths for collisional broadening are of the order of lO""* - 10~^nm[15]. 

1.3 Absorbance Spectrometry 

In 1760 Lambert showed that when light passes through a homogeneous medium 

of uniform length, the intensity of the transmitted light. It, depends on the length of 

the medium, /, and that the ratio of the transmitted intensity to the incident intensity, 

/o, is independent of the intensity of the incident light[1,2,5]. This relationship can 

be expressed in the following equation; 

where x is the absorption coefficient, corresponding to the attenuating power of the 

medium. If the medium consists of absorbers evenly distributed in a nonabsorbing 

solution, the absorption coefficient is related to the concentration of the absorbers, 

c, by the absorptivity, e. Beer extended to work of Lambert and defined the term 

Absorbance in his now famous equation [5]. 

IT = HE-^' (1.3) 

(1.4) 
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For molecular absorption in solutions, c is generally a molar quantity (M), and I is 

the path length in centimeters, giving e units of In atomic absorption, it is 

often more convenient to express Beers law in terms of the absorbance cross section, 

a (cm^), and the number density of the atoms, n (cm~^)[17]. 

A = aln (1.5) 

Beer's law inherently contains many assumptions about how the incident radiation 

traverses the absorbing medium and how the absorbers interact with the radiation. 

In atomic absorption spectrometry, the most important assumptions are: the incident 

radiation is monochromatic such that the absorbance cross-section does not change 

over the spectral band pass of the measurement(AA), the transmitted beam consists 

solely of the unabsorbed radiation of the incident monochromatic beam, and that the 

cross section of absorbers is uniformly distributed[15]. 

1.4 Atomic Absorption Spectrometry 

Atomic Absorption Spectrophotometry, especially flame A AS, has historically 

been the most popular spectroscopic method of elemental analysis[10,18]. AAS is a 

highly effective technique yielding part-per-billion and sub-part-per-billion detection 

limits. AAS accepts a wide variety of sample types with little preparation required. 

The method is very specific with few possible spectral interferences due to the simple 

absorption spectrum. The technique is also rugged and relatively inexpensive, being 
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easy to operate and requiring few materials to maintain. This section introduces the 

instrumental considerations that make AAS such a powerful technique. 

The two main drawbacks of atomic absorption spectroscopy have been the inter

ferences, which is discussed in Section 1.4.4, and single element per analysis limit. 

Without the ability to analyze many elements simultaneously, the analysis time in

creases for each analyte in the sample. Several designs have been developed to counter 

the single element limitation in atomic absorption spectroscopy. These will be dis

cussed in Section 1.5. 

In conventional atomic absorption spectrophotometry the sample is brought into 

a gaseous atomic state either through a combination of nebulization and flame at

omization, or through direct heating in a furnace. A light beam containing the ex

citation wavelength for the analyte passes through the atomized sample where some 

of the photons are absorbed by the analj^e. The light beam is then focused into a 

monochromator to select on the analyte wavelength. A photodetector then measures 

the intensity of the beam, and its readout is used to compute the absorbance. 

There are two instrumental techniques for atomic absorption spectrometry; flame, 

and electrothermal. The flame method relies on the burning of a fuel - oxidant 

mixture to generate an atomic vapor. Electrothermal atomization uses a small resis-

tively heated graphite furnace to generate an atomic vapor. While these two tech

niques both provide quantitative information on the trace elemental composition of 
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the sample, they have substantially different methods for sample introduction and 

detection, and yield different performance[2,5]. 

In flame AAS the sample is continuously aspirated into the flame over the entire 

analysis. The absorbance is computed from the average current of the photodetector 

examining the sample and reference beams. In electrothermal AAS an aliquot of 

sample is injected into the furnace which then atomizes the sample thermally. The 

atomic vapor created in the furnace then diffuses out of the furnace where it is no 

longer detected. The absorbance signal for electrothermal AAS is a transient, mea

sured only while the analyte remains inside the furnace. The measured absorbance 

is taken from the peak height or area of the absorbance signal. 

1.4.1 Source 

The most popular source for atomic absorbance is the hollow cathode lamp (HCL). 

It consists of a cathode and an anode enclosed in a sealed tube with a quartz window 

on one end. The sealed tube is evacuated and filled with a low pressure (10 Torr) of 

a noble gas, Ar or Ne. The cathode is an open ended cylinder made in whole or part 

of the element of interest. A potential of 150 - 500 V is applied to the electrodes. 

After an ionization event (cosmic ray, etc.) a cascade of fill gas ionization occurs. 

The positive fill gas ions impact upon the cathode, generating a small current (1 

- 50 mA), and sputtering off atoms of cathode material in excited states. Further 

atomic excitation occurs by impact with the ionized fill gas. The electrode geometry 
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ensures that the majority of sputtering takes place on the inside of the cathode 

cylinder, providing a bright round central emission profile. 

The hollow cathode lamp has several key features which suit it for atomic ab

sorption spectrometry. The lamp has intense emission of the resonance lines for 

the element of interest with few interference lines. The reduced pressure and low 

temperature (400 - 600 K) of the excited gas lead to narrow emission lines (10"'' -

10~^nm)[5,14,15,19]. Finally, the emission intensity is stable and the lamps have a 

lifetime of several thousand hours when operated properly[16]. 

Although the emission from HLC's is sharp, deviation from Beer's law can occur 

due to the finite width of emission line[14]. The absorption coefficient can vary 

across the spectral width of the source line[14,15]. This effect is compounded by 

hyperfine splitting and isotope effects, which vary the source intensity within the 

band pass of the spectrometer[5,19]. For volatile elements, high lamp current can 

lead to broadening to the point of self-reversal[15,19]. 

1.4.2 Sample Introduction and Atomization 

To provide an atomic vapor for atomic absorbance, the analyte element must 

be separated from the bulk of the sample, and freed from molecular species. The 

means of sample introduction and atomization are widely different for flame and 

electrothermal atomic absorption spectrometry. 
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In flame atomization, the sample introduction is a continuous process, and requires 

nebulization of the sample for introduction into the flame. There are many types of 

nebulizers available each with its own characteristics. By far the most widely used 

nebulizer for flame atomic spectroscopy is the pneumatic nebulizer[20]. A high veloc

ity gas stream passes over a capillary containing the sample. The reduced pressure 

from the gas flow draws the sample into the gas stream and breaks it up into small 

particles. The size distribution of the particles is one of the most important factors 

in the precision and sensitivity of the absorbance measurement [20]. Small particles 

volatilize rapidly and easily, and a uniform distribution of particles ensures a uniform 

absorbance response. Sample consumption for a pneumatic nebulizer is generally I 

- 10 ml/min, and the efficiency is such that only 1-2% of the sample reaches the 

flame[15,20]. 

Once the sample is nebulized, it is mixed with the fuel and oxidant and swept 

into the flame. The next step after nebulization is desolvation, where the small 

solvent droplets are converted into solid or molten particles. Due to the high surface 

area to volume ratio of the droplets, desolvation begins before the sample reaches 

the flame, but is completed by the heat of the flame. Further heating in the flame 

volatilizes the solid and molten particles into the gaseous state. There are now 

three competing processes in the flame; free atom formation, molecule formation, 

and ionization[15]. The temperature of the flame is important in maintaining a large 

free atom population. If the flame is too cold, the molecule disassociation will not 
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successfully compete with molecule formation, and the free atom population will 

decrease. If the flame is too hot then ionization will reduce the free atom population. 

The standard burner used in atomic absorption is the slot burner first used by 

Lundegard. The long slot (5 - 10 cm) increases the pathlength of the absorbance 

measiurement. The width of the slot depends on the fiiel/oxidant mixture, but is 

approximately 1 mm. The two gas mixtures used almost exclusively in flame AA 

are air/acetylene and nitrous oxide/acetylene. These two flames cover most elements 

with good sensitivity. The fuel and oxidant are premixed before reaching the burner 

head. The sample is generally nebulized with the oxidant such that the premix 

chamber also serves as the nebulization chamber. A diagram of a tjrpical slot burner 

for flame A A can be seen in Figure 1.2a. 

In electrothermal atomization, sample introduction is a discrete process, accom

plished by injecting a small amount (1 - 100 jxl) of sample into the furnace through 

a dosing hole. Nebulization is not required, and desolvation and volatilization are 

achieved through resistive heating of the furnace. The heating is generally controlled 

by a temperature program which consists of three major steps. Each step comprises 

a ramp to the specifled temperature, and a hold at that temperature for a set dura

tion. The first step is the drying step, where the solvent is driven off. The furnace 

is heated to a temperature of 120 - 150°C over a period of 10 - 60 seconds to avoid 

spattering of the sample. The second step is ashing. The furnace heated to 300 -

1000°C in order to disassociate any organic matter and drive off volatile inorganics. 
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Figure 1.2: Diagrams of a) flame, and b) funace atomizers. 
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The final step is the atomization step, where the furnace is rapidly (200 - 2000°C/s) 

heated to 2000 - 3000° C to vaporize the analjrte species into the optical path. 

In furnace AA, the atomizer is usually a pyrolytically coated graphite tube, 3 -

7 mm in diater and 1 - 5 cm long. The small dimensions of the furnace confine 

the atomic vapor in the optical path, leading to much better sensitivity than flame 

AA. The furnace is connected to two electrodes and heated by passing a high current 

through the electodes. The electrode geometry varies and the furnace isothermality is 

critical to the absorbance measurement. Often a platform is placed inside the furnace 

such that the platform temperature lags behind the temperature of the furnace walls. 

By the time the platfonn reaches the atomization temeperature, the furnace walls 

have stabilized at a higher temperature. The termperature is generally monitored via 

an optical pyrometer which feeds back to the furnace power supply. During heating, 

the furnace housing is purged with an inert gas, usually argon, to remove o.xygen 

and prevent the graphite components from burning. A diagram of a typical furnace 

atomizer can be seen in Figure 1.2b. 

Another deviation firom Beer's law is due to the atomization process in both flame 

and electrothermal atomization. The spatially inhomogeneous profile of the free 

atom cloud prevents light at the edges of the observing region from being absorbed 

to the same extent as the light in the center of the region[5,15]. Thus It is too 

high, and a negative deviation from the linear relationship results. This deviation is 

generally minimized by tightly focusing the incident beam on the observing region 
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which excites a smaller, more uniform region, but does not excite as much of the 

available free atoms as a wider beam. 

1.4.3 Detection 

Flame and furnace atomic absorption have the same basic detection scheme with 

some key differences. Both systems rely on a monochromator to take the transmitted 

radiation and remove most of the discrete spectral interferences. Since a typical 

monochromator cannot resolve an atomic absorption line, the band pass is set to 0.2 

- 0.5 nm[5]. This resolution is generally suflBcient for atomic absorbance due to the 

simple spectra produced. At the exit slit of the monochromator is a photomultiplier 

tube. The PMT provides excellent sensitivity and sufficient dynamic range for atomic 

absorption spectrometry[15]. 

One instrumental consideration which is specific to flames is the inclusion of a 

chopper in the optical path to correct for the emission of the flame at the analyte 

wavelength. One method is to use the chopper to alternately block or pass the source 

radiation before it reaches the flame. The detector uses lock in amplification to 

measure the source intensity while rejecting the flame emission and dark current. 

Alternately, a double beam approach can be used where the chopper selects between 

two paths for the source, one which passes through the flame and to the detector, and 

one which circumvents the flame and passes straight to the detector. This method is 

better for eliminating drift in the source and detector[15]. 
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1.4.4 Interferences and Background Correction 

When a sample is analyzed that contains other species in addition to the analyte, 

the other species can interfere with the determination of the analyte leading to sys

tematic errors in the analysis. In atomic absorption spectrometry interferences can 

be assigned to two classes. Spectral interferences occur when the analyte radiation 

is not suflBciently separated from other radiation[5]. Non-spectral interferences oc

cur when the analyte radiation is directly affected[5]. These interferences must be 

accounted for if an accurate measurement of the analyte is to be obtained. 

The most prevalent types of interference is non-specific absorption by molecular 

species and scattering by particles in the optical path[2,5,15,16]. This type of in

terference is also known as matrix interference since the major source of non-specific 

absorbance is the sample matrix. Three different methods of correcting background 

absorbance are in common use; continuum source correction, Zeeman correction, 

and Smith-Hieftje correction[5,15]. A brief instrumental diagram of each is given in 

Figure 1.3. Each method has its advantages and disadvantages. 

The simplest form of background correction is continuum source correction. The 

principle of continuum correction is that the analyte absorbance does not appreciably 

attenuate the continuum radiation over the spectral band pass of the monochromator. 

Non-specific absorption is generally much broader and absorbs the line source and the 

continuum to the same extent. A schematic of continuum background correction is 

presented in Figure 1.4. To implement continuum correction, the line source and the 
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Figure L3: Background correction methods in Atomic Absorption Spectroscopy; 
a) continuum source background correction, b) Zeeman background correction, and 
c) Smith-Hieftje background correction. 
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continuum source are alternately passed through the optical path, and the readout 

electronics compute the ratio between the two signals to arrive at the corrected 

absorbance. The main drawback of continuum source background correction is the 

added shot noise from the continuum source which decreases the sensitivity of the 

method. Continuum background correction is used extensively in furnace AA and 

almost exclusively with flame AA[5]. 

Zeeman background correction relies on a strong magnetic field to split the reso

nance levels, giving rise to multiple resonance lines with different polarizations. With 

the Zeeman effect the source radiation no longer coincides with the absorbance tran

sition so although the intensity of the source and the population of absorbers has 

not changed, the source radiation is no longer absorbed by the analyte. The Zeeman 

effect is presented in Figure 1.5. Two types of Zeeman splitting are possible; normal 

for singlet state transitions, and anomalous for all other transitions[5]. In both types 

of splitting, three branches are observed. The a~ ajid cr"^ branches are the simi

larly polarized wings, while the ir branch is the central branch and has polarization 

perpendicular to the wings. (With a transverse magnetic field, the tt branch is not 

observed.) 

Many configurations of Zeeman background correction are possible. The magnetic 

field may be placed on the light source (direct) or on the atomizer (indirect). The 

magnetic field vector may be oriented parallel (longitudinal) or perpendicular (trans

verse) to the optical path. Finally, the magnetic field may be static (DC) or changing 
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Figure 1.4: Continuum background correction: a) intensities of line source and con
tinuum source are normalized, b) broad background absorbance affects both sources 
the same, and c) the addition of atomic absorbance is too narrow to affect continuum. 
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Figure 1.5: Principles of Zeeman splitting in AAS: a) atomic energy level splitting in 
a magnetic field, and b) effect of magnetic field orientation on atomic absorbance. 
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(AC). The magnetic field required to encompass the flame atomizer make Zeeman 

correction too cumbersome for flame AA. With furnace AA the best configuration is 

indirect, longitudinal, AC Zeeman correction[5]. This configuration provides a truly 

double beam correction with good sensitivity and source and detector drift effects. 

The main problem with Zeeman background correction is the complexity of the tech

nique imposed by the variety of splitting. Also, insufficient splitting or additional 

hyperfine splitting can cause the calibration curve to roll over, greatly reducing the 

dynamic range[5,15]. 

The most recent method of background correction bears the name of its cre

ators: Smith-Hieftje background correction. Their method centers on the effect of 

high power on the hollow cathode lamp. When the hollow cathode lamp receives a 

high current pulse(800 mA) the line profile is severely broadened and undergoes self-

reversal. The source profile no longer matches the absorption profile, and no analyte 

absorption is observed. This process is shown in Figure 1.6. The HCL power supply 

alternates between pulses of normal and high current. The correction is performed 

by taking the difference between the normal and high current absorbances. This 

method provides a good correction for even strong background absorbance and is a 

double beam technique so that drift is eliminated. The only problem with Smith-

Hieftje background correction is the reduced linear dynamic range caused by partial 

absorption of the high current pulse intensity by the analyte line[l5]. 
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Normal Current Profile High Current Profile 

Figure 1.6: The Sraith-Hieftje method of background correction: a) example of the 
difference in line profiles for normal and high current in an HCL. b) The normal cur
rent and high current profiles are absorbed to the same extent by broad background, 
c) The addition of atomic absorbance does not significantly aflFect the high current 
profile. 
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1.5 Multielement Atomic Absorption Spectrometry 

Since the early 60's and the development of atomic absorption spectrometry, re

searchers have sought to incorporate simultaneous multielement detection into the 

instrument design[21]. These experiments have met with varying measures of suc

cess. The benefits of simultaneous multielement detection are manifold. Even less 

of the already spartan amounts of sample are required to determine the important 

sample constituents. More elements per run require fewer runs and use fewer consum

ables. However, the greatest benefit of simultaneous multielement detection is time. 

Each additional element that can be detected in one run increases the instrument 

throughput and laboratory performance. The key factor is to incorporate simultane

ous multielement detection without reducing the advantages that have made atomic 

absorption spectrometry such a powerful analytical tool. 

The standard implementation of single-element atomic absorption spectrometry 

uses narrow line source illumination rather than continuum source illumination which 

provides two great spectroscopic advantages. The line source is a much closer approx

imation of the monochromatic source dictated by Beer's law (see Section 1.3) and 

thus yields a greater linear dynamic range[22]. The line source also provides a very 

high effective wavelength resolution, eliminating spectral interferences without costly 

and complex high resolution monochromators[22]. The use of a narrow line source 

benefits both the instrument design and analytical ability of the standard atomic 

absorption spectrometer. 
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The disadvantages caused by using a narrow line source for atomic absorption 

spectrometry axe more in the area of the practical applicatioa of atomic absorbance 

to analysis. First, the optical system limits the analysis to one element per experi

ment. Second, real samples exist as an analyte element in a matrix which may create 

background absorbance requiring correction. Both effects are important factors when 

designing an instrument. The ideal instrument for atomic absorbance spectrometry 

would alleviate the disadvantages of one element per analysis and matrix interfer

ence while retaining a large linear dynamic range and a simple, cost effective optical 

system. 

When creating a multielement atomic absorption spectrometer, the instrumental 

design can be divided into two closely related parts. First is the choice of source, which 

could generate either narrow line illumination for multiple elements or illuminate a 

continuous wavelength range[21,23]. Second, the method of separating and detecting 

multiple absorbances can similarly be grouped into systems which use either multiple 

point detectors, or those which use a contiguous array of detectors [21,23]. The choice 

of source and detector are not entirely independent. Both will affect the simplicity 

of the design and the dynamic range. The possibility of background correction must 

also be considered. The following sections will outline each of the four possible 

components and evaluate their merits relative to the standard single-element atomic 

absorption spectrometer. 
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1.5.1 Multiline Sources 

The obvious advantage of using a multiline source is that the desirable charac

teristics of standard narrow line source are retained[23]. The hollow cathode lamp 

is by far the most commonly used line source for atomic absorption spectrometry. 

The source provides a stable, bright, narrow line which increases the linear dynamic 

range and simplifies the spectrometer design. There are two ways to achieve a mul

tiline source; use a multielement hollow cathode lamp, or use multiple single element 

hollow cathode lamps[23]. 

The multielement hollow cathode lamp is the simplest replacement for the stan

dard single-element spectrometer, requiring no modifications to the source or ini

tial optics. (This obviously does not hold for the detection scheme which must be 

multichannel or multiplex.) They are widely available and have been incorporated 

into multielement and single-element atomic absorption spectrometers. Zeeman and 

Brink demonstrated the construction of a platinum, palladium, rhodium, and gold 

multielement hollow cathode lamp[24], and incorporated it into an atomic absporp-

tion spectrometer to simultaneously determine these four elements. 

Multielement hollow cathode lamps have some important problems which have 

prevented their wide spread application in atomic spectroscopy. The lamp cathode 

can only be constructed using elements which have similar properties and is generally 

limited to a maximum of four elements per lamp[18,23]. In addition to the limited 

selection of lamps, the lamps must be operated using compromise conditions which 
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reduce the emission intensity and broadens the line profiles[23]. These effects lead to 

reduced analytical sensitivity and poorer detection limits. 

To avoid the compromises required to use the multielement hollow cathode lamp, 

the source can be constructed from multiple single-element hollow cathode lamps. 

Each lamp can be operated using its individual optimimi conditions, yielding maxi

mum sensitivity. Also, the choice of elements is not limited by cathode compatibility 

requirements as each element has its own lamp. With the addition of multichannel 

detection, the multiple hollow cathode system becomes functionally equivalent to 

several atomic absorption spectrometers analyzing the sample simultaneously. Salin 

and Ingle demonstrated the use of four single-element HCLs for simultaneous deter-

minations[25]. With this system, they were able to achieve detection limits close to 

that of standard GFAAS. 

Unfortunately instrumental considerations limit the utility of multiple hollow cath

ode lamps. The chief diflSculty with multiple lamps is passing the light from all the 

lamps through the atomizer. Unless each source has its own monochromator, the 

lamp beams must be made collinear to access the same spectrometer. The design 

complexity increases with each additional lamp, and to date, no more than six ele

ments have been determined simultaneously using multiple lamps[23,25]. One addi

tional consideration is the changing and realigning of lamps required when analysis 

elements change. 
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The use of multiline sources for multielement atomic absorption spectrometry 

retains most of the benefits of the single-element approach, but introduces some 

instrumental difficulties. Multielement hollow cathode lamps lack the sensitivity 

for trace analysis [23]. Multiple hollow cathode lamps are in commercially available 

systems which can analyze up to six elements simultaneously, but that number is the 

practical limit due to instrumental complexity. 

1.5.2 Continuum Sources 

The continuum source was introduced to atomic absorption spectrometry to over

come the problems associated with multiline sources[22,26,27]. The continuum 

source provides broad wavelength coverage so that many elements and multiple ele

mental lines can be simultaneously examined. The continuum source does not have 

the problem of element compatibility associated with the multielement hollow cath

ode lamps. It also avoids the instrumental complexities of collinearizing multiple 

hollow cathode lamps. In addition, the continuum source automatically provides a 

means of correcting background absorbance (see Section 1.4.4). 

There are some key considerations when using continuum source illumination in 

atomic absorption spectrometry. The continuum source cannot replace the line source 

without changing the detection optics. The wavelength resolution is no longer a 
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function of the source, but it instead depends on the spectral bandpass of the spec-

trometer[22,27]. This can cause decreased linear dynamic range and lower sensitivity 

because the large spectral bandpass violates one of the assumptions of Beer's law[28]. 

The most widely used continuum source used for multielement atomic absorption 

spectrometry is the xenon arc Iamp[22,27]. This lamp provides intense illumination in 

both the ultraviolet and visible spectral regions. The high radiant power of the xenon 

arc comparable intensity to hollow cathode lamps over a much broader wavelength 

range. 

Fassell et. al. first examined the use of a continuum source for atomic absorption 

spectrometry[29]. The primary reasons for their choice of a continuum source were 

the lower expense and ease of operation relative to hollow cathode lamps. The use of 

a continuum source for multielement atomic absorption was demonstrated by Harnly 

et. al.[27], and based on the theoretical work of Snelleman[26]. The SIMAAC system 

was capable of detecting a wide range of elements with simultaneous background 

correction, limited only by the number of detectors used by the direct reader. The 

detection limits were comparable to single-element techniques, except for lines with 

a wavelength shorter than 280 nm which were worse due to the decreasing output 

of the continuum source[27]. Also, changing the set of elements examined required 

repositioning and optimizing the detector positions. 

The xenon arc lamp does suffer from two important disadvantages. First, the arc 

is unstable which leads to intensity flicker noise[22,27]. The flicker noise degrades 
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absorption sensitivity and 3delds poorer detection liniits[22,27]. Second, the intensity-

profile of the xenon arc decreases significantly beyond 280 nm[22,27]. 

The most popular source for continuum background correction for single-element 

atomic absorption spectrometry is the deuterium lamp[5]. This lamp has a superior 

spectral profile compared to the xenon arc lamp. However, the radiant power of the 

Deuterium lamp is an order of magnitude less than the xenon arc lamp and generally 

yields reduced sensitivity. 

1.5.3 Multiple Point Detectors 

The use of multiple point detectors for multielement atomic absorption spectrom

etry is the most directly comparable technique to single-element methods. Instead of 

a single photomultiplier tube at the exit slit of a monochromator, several photomul-

tipliers are placed at the exit slits of a direct reader. The direct reader disperses the 

incoming radiation much like the standaxd monochromator, except that the multiple 

exit slits are positioned on the focal plane of the spectrometer. Each slit has its own 

photodetector which generates independent signals. Each signal must be processed 

to determine the absorbance of the individual lines. 

There are several advantages to the direct reader detection scheme. It is the 

most similar to the single-element scheme, differing mainly in the number of signals 

to be processed. The system is compatible with all types of background correction 
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methods, and the detected signals are identical to standard single-element methods, 

requiring no additional processing or data reduction[23]. 

The disadvantages of the direct reader scheme is with the positioning of the exit 

slits and photodetectors. Each slit must lie precisely on the analytical line for max

imum sensitivity. When a different line needs to be observed, the slit and detector 

must be laboriously repositioned[30]. Historically, the direct reader presented a data 

collection problem due to the many simultaneous signals, but this problem has been 

largely eliminated by high speed data acquisition and abundant computer processing 

power. 

The use of multiple point detectors is most compatible with multiline source illu

mination. Each elemental line can be matched with its own detector. Multiple point 

detectors are not generally compatible with continuum source illumination because 

the spectral bandpass is usually orders of magnitude too broad to yield acceptable 

sensitivity. However, when multiple point detectors are combined with a high resolu

tion spectrometer, a continuum source can be used if the spectrometer input signal 

is wavelength modulated[26]. Rapid wavelength modulation allows for background 

absorbance correction and reduces the effects of source flicker[26,27]. 

1.5.4 Multiplex Detection 

It should be noted that multiplex detection schemes are possible for multielement 

detection in atomic absorption spectrometry. These systems frequency multiplex the 
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signals from several lines on a single detector and then deconvolute the individual 

signals[31,32]. This type of system has seen some limited use, but the slight economic 

advantage of using a single detector is offset by the increased complexity required 

to multiplex and demultiplex the analytical signals and the advent of inexpensive 

multichannel detectors[23]. Also, as the number of lines examined increases, the time 

slice for each individual signal decreases. 

1.5.5 Linear Array Detectors 

There are two types of linear array detectors used in multielement atomic absorp

tion spectrometry; the linear photodiode array (LPDA) and the linear charge-coupled 

device (LCCD)[21,23]. Both are silicon based integrating photodetectors consisting 

of a contiguous linear array of individual pixels. Their properties in terms of atomic 

absorption are similar. The LPDA has a larger full well capacity, while the LCCD 

has lower read noise [33]. 

The main advantage of the linear array detector is its continuous coverage[23]. 

When used in combination with a continuum source and a high resolution spectrom

eter, they provide a means for simultaneously measuring the I and Iq of several 

elements with automatic background correction [34]. The I is measured from several 

pixels containing the absorbance line profile, and the Iq is taken from nearby pixels 

on either side of the absorbance line. The source intensity and most background ab-

sorbances do not vary over the short wavelength range in which the Iq measurement 
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is made, so the simultaneous detection of I and Iq removes the source flicker noise 

and corrects for background absorbance[34,35]. Like the direct reader, the linear 

array detectors simultaneously acquire absorbance information for all of the elements 

being examined. 

The main disadvantage of the linear array detector stems from its physical dimen

sions in relation to the spectrometer. The number of pixels in a linear array generally 

range from 256 to 2048[33]. A minimum of three pixels are required to accurately 

determine the absorbance profile. Depending on the spectral bandpass, the entire 

linear array may cover from 5 to 50 nm[23,35]. Such a small spectral region greatly 

limits the number and combination of elements that can be examined at the same 

time. 

Horlick and Codding combined multielement HCLs and a high resolution spec

trometer system to obtain an atomic absorption spectrum over a 13 nm range[36]. 

As the source did not provide wavelength resolution, a high resolution spectrometer 

was coupled to the multichannel detector. The combination of the high resolution 

required and the small size of the linear array severely limits the wavelength coverage 

and therefore the number of elements that can be determined. 

While array detectors are compatible with both multiline and continuum sources, 

they are most often employed with continuum sources and high resolution spectrom-

eters[35]. The focal plane of most direct reader systems employed with multiline 

sources is much larger than the length of the linear arrays[30,37]. Even if extremely 
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long lineax arrays were constructed, the majority of the detector would be wasted due 

to the broad spectral range encompassed by atomic absorption spectrometry. Also, 

few linear array detectors have the vertical height to match the slit geometry of the 

direct reader systems and so much of the light exiting the slit is wasted [38]. 

1.6 Conclusions 

Atomic absorption spectroscopy has become a mainstay in elemental analysis[10, 

18,39]. The high sensitivity and specificity of the method yield detection limits in 

the parts per billion for flame AAS and sub-parts per billion in furnace A AS. A wide 

variety of samples can be analyzed without lengthy sample preparation. The instru

mentation is simple and inexpensive when compared to other elemental methods of 

similar sensitivity. Commercially available units are rugged and easy to operate and 

maintain. 

The two most important limitations of atomic absorption spectrometry are the 

matrix interfence and single-element detection. The matrix interferences have largely 

been address by the various methods for background correction (see Section 1.4.4). 

The research in multielement atomic absorption instrumentation has begun to address 

the detection problems with the simultaneous detection of several species. 

However, the current state of the art in multielement atomic absorption still suffers 

from limitations. Using line sources and multiple point detectors is limited to at 

most six lines by physical constraints on the optics. Continuum source multielement 
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instruments are not limited by the source optics, but the linear array detectors can 

only observe a small fraction of the spectral range required for atomic absorption 

spectrometry. 
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CHAPTER 2 

Charge Injection Device Detectors 

In this chapter, the charge injection device will be introduced as a two dimensional 

array detector for multielement atomic absorption spectrometry. As the device is not 

widely known, its architecture and operation will be discussed. Particular emphasis 

will be placed on the abilities and limitations of the device and their importance 

to multielement atomic absorption spectrometry. The performance of the relevant 

optical characterization of the camera system constructed here is explained(The com

plete characterization of the PPR class of CIDs is presented in Appendix A). The 

chapter concludes with the reengineering of the camera system control to meet the 

performance requirements of multielement atomic absorption spectrometry. 

2.1 Background 

The charge injection device (CID) is a light sensitive silicon detector belonging 

to the charge transfer device family of detectors. It consists of a continuous array of 

individual detector elements called pixels. It has many unique capabilities which dis

tinguish it from the other member of the charge transfer devices, the charge coupled 
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device (CCD). This section covers the structure and operation of the device which 

lead to its unique abilities. 

2.1.1 History 

The charge injection device was invented by Gerry Michon and Hugh Burke in 1973 

while they were working at General Electric designing solid-state memory devices [40]. 

Their original memory device had problems with photosensitivity, and so they decided 

to pursue the CID as a photodetector[33]. After test devices of one and 1024 pixels 

(32 X S2), they produced a 100 x 100 device which was incorporated into a commercial 

camera system in 1973[41]. In 1976 the first scientific use of a CID occurred at Kitt 

Peak Observatory[42]. The CID was introduced to analytical chemistry as a detector 

for emission spectroscopy by the Denton research group[43,44]. 

In 1987 General Electric spun off its CID development to CID Technologies Inc. 

who are the current sole manufacturers of CIDs. They have developed a variety of 

detector formats and sizes, from a 1 x 2 mm single pixel device[45] to a 768 x 512 

array[46]. CIDs have found use in such diverse applications as high speed image track-

ing[47], atomic emission spectroscopy[48,49], and radiation hard video cameras[46]. 

The flexibility of the CID is rooted in the simplicity of the device architecture. 
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2.1.2 Device Architecture 

The CID is based on metal oxide semiconductor (MOS) technology. The basic 

MOS structure consists of a metal conductor (gate) separated from a semiconductor 

by an oxide insulating layer. The conductor in charge transfer devices is not always 

metal, but more often a polycrystalline silicon (polysilicon), highly p-doped for good 

conduction. Polysilicon is chosen for its greater optical transparency[50]. The insula

tor is a silicon dioxide layer approximately 20 nm thick. CIDs designated Safeguard 

(e.g. 38SG) also have a silicon nitride passivation layer deposited on top of the oxide 

layer to ensure that no holes exist in the oxide layer. Devices without the silicon 

nitride layer are all-oxide devices designated by a Q (e.g. 38Q). The semiconductor 

layer, more commonly referred to as the epitaxial layer, or epi, is an n-doped layer of 

silicon 15 - 20^m thick. Unlike CCDs which are p-doped and collect electrons, the 

CID collects holes. Underneath the epitaxy is the substrate which consists of highly 

p-doped silicon and served as both mechanical support and common conductor for 

the device. 

The most important features of the MOS structure are its ability to store charge 

indefinitely and to transfer that charge to adjacent MOS structures[51,52]. When 

the gate is biased negative relative to the epitaxial layer, an electric field is created 

which extends from the gate into the epitaxy. If an electron - hole pair is created 

in this field, the hole will be attracted to the gate, but it will be unable to cross the 

oxide barrier. The electron will be repelled from the gate and be conducted away 



by the substrate. This process allows holes to collect at the epitaxy/oxide interface. 

Figure 2.1a shows the basic MOS structure. 

If an adjacent and overlapping MOS gate exists, then the charge (holes) collected 

under the original gate may be transferred to the adjacent gate in one of two ways. 

One way involves two steps. First, the adjacent gate is brought to the same potential 

as the gate storing the charge. The charge will redistribute itself equally under 

both gates. Next, the original gate is collapsed (i.e. no potential difference from 

the epitaxy) and the charge will migrate to reside completely under the adjacent 

gate. The second way to transfer charge is to apply a much greater potential to 

the adjacent gate. If the potential on the adjacent gate is roughly twice that of the 

original gate, then the majority of the charge will migrate to the adjacent gate. This 

second method is often referred as charge "sloshing". 

The CID 38 consists of a 512 x 512 array of crossed electrodes, forming 262,144 

pixels each 28/im on a side[53]. Surrounding each intersection of electrodes is a field 

implant oxide barrier defining the edge of each pixel. A representation of a CID pixel 

can be seen in Figure 2.1b. The oxide barrier prevents charge from migrating between 

pixels. Electrode refers to a vertical or horizontal line of polysilicon which defines 

a particular row or column. Gate (or pad) refers to the section of the electrode in 

between oxide barriers and defines a pixel. The vertical column electrodes are laid 

down over the insulating layer and field oxide barriers. They are connected to the 

fast scan horizontal shift register and to a global column reset switch. The horizontal 
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Figure 2.1: a) Diagram of metal oxide semiconductor structure, b) Representation 
of a CID pixel. 
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row electrodes are laid down over the column electrodes ajid are connected to the 

slow scan vertical shift register and a global row reset switch. Additionally, the 

opposite end of the row electrodes are connected to a vertical clamp register which 

outputs the complement of the shift register, preventing adjacent rows from affecting 

the measured row. In between the end of the row electrode and the vertical shift 

register are a series of FET preamplifiers which reduce the parasitic capacitance on 

the row[54]. The CID 38 is therefore termed a preamp-per-row (PPR) device. 

2.1.3 Device Operation 

The device architecture of the CID allows for many different modes of readout. 

The CID is capable of sensing charge both destructively and non-destructively. The 

basis for readout in a CID is the intrapixel charge transfer between the two gates. 

What is described here is the readout scheme of a CID 38SG using the SCM5000E 

camera control unit(CID Technologies, Liverpool NY) which has some significant 

differences from previous generations of CIDs. 

The operation of the CID requires four separate states for the row and column 

electrodes. These states can be seen in Figure 2.2 and the operating voltages are 

described in Table 2.1. The first state is charge collection (Figure 2.2a). The row 

electrode is biased negative relative to the epitaxy, and the column electrode is held 

near the potential of the epitaxy. Holes generated in the epitaxial layer inside the 

boundaries of the field oxide barrier will collect underneath the row gate. Collected 
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holes will remain under the row gate indefinitely, and newly generated holes will be 

collected until the potential well of the row is full, at which point any new holes will 

be conducted away by the substrate. Full well capacity occurs when the accumulated 

charge of the collected holes shields the row potential from newly generated holes 

which difiiise into the substrate where they are conducted away. 

The sensing of collected charge takes place in two steps. First, the row electrode 

is disconnected from the row reference voltage (Figure 2.2b). The row electrode is 

now floating at some potential. This potential is sensed by the readout electronics as 

the first part of the readout process. Second, the column electrode is biased about 

twice as negative as the row reference potential, which causes the collected charge to 

migrate under the column electrode (Figure 2.2c). The potential of the row electrode 

changes according to equation 2.1. 

dV = ^ (2.1) 

The change in measured potential, dV, is based on the capacitance of the electrode, 

C, and the change in charge, dQ. A second measurement of the potential on the row 

electrode completes the sensing of charge in the pixel. The method used to sense the 

potential of the row electrode in both steps is dual slope integration. None of the 

steps involved in the sensing of charge affect the CIDs ability to continue to collect 

and store charge[44,50]. Any state can be achieved from any other state without 

affecting the accumulated charge. 



Potential Potential 
Reference relative to ground relative to Epitaxy 
Substrate 0.0 -8.2 
Epitaxy- 8.2 0.0 
Row Low 1.5 -6.7 
Column Low -3.5 -11.7 
Row High. 8.0 -0.2 
Column High 8.0 -0.2 

Table 2.1: Operating voltages for the CID 38SG. 
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The clearing of accumulated charge is accomplished by injecting the charge into 

the substrate, hence the name of the device. Both the row and column electrodes are 

collapsed to near the potential of the epitaxial layer (see Figure 2.2d). The collected 

holes are no longer bound by the field from the electrodes and diffuse away from 

the pixel and recombine with electrons from the substrate. If the potential of the 

electrodes is brought to near the level of the epitaxy, charge in trap sites at the surface 

may be released, changing the response of the detector element. This phenomenon 

will be discussed in more detail in Section 2.3.1. 

2.2 Abilities 

The architecture of the charge injection device is highly flexible and can be adapted 

to many readout schemes. This flexibility gives the CID a number of unique charac

teristics which set it aside from other solid state detectors. This section will describe 

the unique abilities of the CID and how this research project has applied them to 

improving multielement atomic absorption spectrometry. 

2.2.1 Nondestructive Readout 

The CID is unique among charge transfer devices in its ability to sense charge 

where it is collected without destroying it[50,53,55]. This ability is termed non

destructive readout (NDRO) and has two key factors which make it significant for 

spectroscopic imaging. First, the charge does not move from the pixel during the 
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readout, and second, the readout does not affect the continued collection of charge. 

These two factors give the CID reduced noise, extended dynamic range, and contin

uous signal monitoring capabilities. 

The use of multiple non-destructive read operations on a single charge packet yield 

a series of measurements of the same signal which can be averaged together. The 

increase in signal to noise ratio depends on the number of reads and is only limited 

by the amount of time available for multiple non-destructive reads. The relationship 

between signal to noise and number of reads is shown in equation 2.2 

^ocx /n  (2 .2 )  

where S represents the mean signal, N is the standard error of that signal, and n is 

the number of measurements[30,55,56]. For a CID with a single-read read noise of 

200 e~s and a read rate of 20 kHz would after 100 NDROs (requiring ~ 5 ms) have 

a read noise of 20 e~s. A comparable technique available to other detectors is the 

averaging of multiple exposures. However, the noise reduction achieved with multiple 

exposures is not as great due to the photon shot noise for each exposure[30]. 

The ability of the CID to nondestructively read detector elements repeatedly will 

be shown to be of great importance for application to atomic absorption spectrometry. 

In graphite furnace AAS, the absorption signal is transient with peak widths on the 

order of 0.5 - 2 seconds[35]. The nondestructive read capability of the CID allows 

the transient signal to be monitored with sufficient resolution to quantitate the peak 
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area of the absorption. Figure 2.3 demonstrates the rapid readout possible with 

nodestructive readout. 

The ability to repeatedly measure a signal as it changes over time is referred to 

as continuous signal monitoring, and it has many applications in spectrochemical 

analysis. Since reading a CID does not affect the continued collection of charge, 

many reads can be performed during a single exposure. When the nondestructive 

read ability is combined with selective or global pixel reset(injection or knockdown), 

this research project has shown that the CID is capable of continuously monitoring 

a signal for an extended period of time, only limited by the memory storage of the 

data acquisition platform. 

The continuous monitoring ability of the CID has been previously discussed[30,37, 

57], but never at the rapid rate required for multielement atomic absorption. With 

continuum source illumination, the photon flux can be very high, requiring several 

injections per second. Figure 2.3 shows a section of intensity data monitoring using 

the special readout scheme developed for multielement AA of 330.3 nm illumination 

from the continuum source through the echelle spectrometer. (The development of the 

special readout scheme is discussed in Section 2.4.2 and Appendix B) A threshold 

was set so that when the device approaches saturation, the device resets so that it 

can continue to monitor the signal. 
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Figure 2.3: Figure of continuum source illumination at 330.3 nm showing continuous 
monitoring capability of the CID. 
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2.2.2 Random and Pseudo-rcindom Access 

The ability to independently access any detector element or group of detector ele

ments is termed random access. The basic process of random access is demonstrated 

in Figure 2.4, which shows the two steps to sense charge in a CID. Figure 2.4a 

corresponds to step one of the charge sense as shown in Figure 2.2b. Figure 2.4b 

corresponds to the second step of charge sense as shown in Figure 2.2c. Note in Fig

ure 2.4b, that although the entire column electrode is driven, only the charge under 

the intersection of the row and column is sensed. 

All CIDs have random access capability; however, there are two different strategies 

for addressing pixels in a CID, and these strategies have different characteristics. 

The majority of CIDs currently manufactured, including the PPR class, employ shift 

registers to address pixels in a manner that is termed pseudo-random access. Recently 

new CIDs have been designed which use address decoders to address pixels in a 

manner which is termed true random access. 

Pseudo-random access devices select a particular detector element by loading a 

bit into the horizontal and vertical shift registers and scanning each bit to the desired 

location. The horizontal and vertical shift registers can act independently of each 

other, but they can only scan in one direction. Thus, it is possible to jump from one 

pixel location to another one which is further along the horizontal and vertical shift 

registers, but to address a prior pixel, the registers must be reset, and another bit 

loaded and scanned to the new location [37]. 
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Figure 2.4: Diagram of the random access ability of the CID. 
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True random access devices allow any pixel to be immediately addressed, regard

less of the current pixel location. In early devices this was easy because each row and 

column electrode had its own connection. As device size grew, having address lines 

for each row and column became impractical. New true random access devices use 

an address decoder which takes an address which is encoded into a binary number 

of 10 bits and decodes that number into a particular row or column address. These 

devices are capable of loading many addresses simultaneously so that many pixels 

may be read out at the same time in a manner similar to binning, called collective 

readout. 

Random access is the reason that the CID is capable of simultaneous multielement 

detection. The CID requires several seconds to read out the entire two dimensional 

array, which is much too slow to monitor atomic absorbance transients. Although 

the absorption spectrum covers the majority of the device area, only the small area 

comprising the wavelength of the absorption lines of the various elements is needed. 

Using random access, only the portions of the CID which contain the absorption lines 

of interest are read out, leading to much faster readout. 

2.2.3 l arge Full Well Capacity 

The full well capacity of an integrating detector is defined as the maximum amount 

of charge that a single detector element can hold [58]. This value depends on the 

size of the element, the resistivity of the silicon, and the applied voltages[50,52,58]. 
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Increasing the surface area of the detector element increases the volume under the 

element in which collected charge may be stored. The resistivity of the silicon and the 

applied potential work in concert to set the depletion depth. The depletion depth is a 

measure of the volume of epitaxy under the electrodes in which charge can be stored. 

Increasing the applied potential or the resistivity of the silicon allow the potential 

well to extend further into the epitaxial layer, resulting in more storage capacity for 

each element[58]. The CID generally has a large full well capacity because the charge 

is stored at the interface between the epitaxial layer and the insulator, very near the 

applied potential of the gate. 

The large well capacity is an important feature of the CID since it is a major 

factor in the determination of the simple dynamic range of the device[30]. The 

simple dynamic range of a PPR class CID can range from three to four orders of 

magnitude. The use of multiple nondestructive reads to reduce the read noise can 

extend the simple dynamic range another order of magnitude. The extension of 

dynamic range through nondestructive readout is not available when the continuous 

signal monitoring developed for multielement atomic absorption spectrometry is used. 

For that reason the large simple dynamic range of the CID is valuable. 

The large simple dynamic range will be shown to extend the wavelength range 

that can be simultaneously examined successfully. The intensity of the xenon arc 

lamp decreases as its spectral range extends into the far UV[22]. The wide dynamic 

range of the CID allows for those features in the far UV to be quantified before the 
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more intense regions near the visible require injection. This research will show that 

features which, due to their wavelength difference, are an order of magnitude apart 

in their photon flux can still be simultaneously monitored with suflScient signal to 

noise for quantitation. 

2.2.4 Signal Knockdown 

Another feature which is unique to CIDs is their ability to arbitrarily control the 

level of signal in any detector element, known as pixel knockdown[53]. The amount 

of charge collected in a pixel can be reduced to any level simply by momentarily 

reducing the potential difference between the collection electrode and the epitaxy. 

Intense features can be knocked down without affecting weaker features in the same 

region. Knockdown is distinct from injection in that it is not necessary to identify 

the exact location of the intense feature because knockdown only affects intensities 

above a certain level. 

Global knockdown can be used instead of global injection for continuous signal 

monitoring. The choice of knockdown over injection is based on the problem of 

charge traps in the CID(see Section 2.3.1), which was discovered in the course of 

this research project. Charge trap sites prevent a small portion of photogenerated 

charge from being sensed. Global knockdown can be set to remove almost all of the 

charge from a pixel, but leave enough to ensure that the trap sites are not depleted 

as they might be during injection. This technique was developed specifically for the 
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multielement atomic absorption system to ensure that the CID could continuously 

monitor the full duration of the absorption event. 

2.2.5 Anti-blooming 

Unlike other imaging detectors, CIDs are highly resistant to the inter-pixel mi

gration of excess charge, commonly called blooming. The field implant oxide barrier 

prevents the migration of charge from pixel to pixel. The oxide prevents the potential 

well from extending into the interpixel area, and so that area is not depleted of excess 

electrons (the epitaxy is n-doped). Any holes outside of the potential well will be 

consumed by these excess electrons. Once the charge in a single pixel has accumu

lated its maximum capacity of charge, all further charge is flushed away through the 

substrate. This prevents intense features from interfering with the measurement of 

adjacent weak features. 

The resistance to charge blooming is an especially important feature of the CID for 

continuum source atomic absorption spectrometry because of the wide distribution of 

photon flux from the xenon arc lamp. The visible region has the most intense output 

from the lamp, but has very few atomic transitions of interest. The far UV has a much 

lower photon flux, but many more atomic transitions. If a detector was used without 

protection from blooming, the charge from the visible region of the spectrum would 

bleed into the region of the device detecting the ultraviolet, destroying the spectral 

information. 
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2.3 Limitations 

The axchitecture of the CID also has some detrimental effects on its performance. 

The indirect charge sensing, which allows non-destructive readout, also reduces the 

sensitivity relative to CCD readout, which leads to higher read noise. The low sensi

tivity requires that the charge be sensed at the interface between the epitaxy and the 

insulator where surface trap sites can affect performance. The higher read noise can 

be reduced by the use of a MOS-FET amplifier, but the amplifier causes nonlinear 

response. The array layout of the device, which allows the random access of detector 

elements, also causes capacitive coupling between the pixels. 

2.3.1 Surface Traps 

All CIDs are surface channel devices[50]. That means that the collected charge 

is stored at the interface between the epitaxy and the oxide insulating layer rather 

than in a buried channel as in most CCDs. Since the lattice for the epitaxial layer 

stops abruptly at the interface, a large number of dangling bonds and other defects 

exist at the interface[55]. These defect sites can trap charge so that it will not be 

sloshed with the bulk of the collected charge. The trapped charge is not sensed, and 

can lead to a "foot" in the photometric response of the device (see Section 2.5.2)[55]. 

Since the advent of buried channel technology, the CCD has not suffered from 

charge trapping to the same extent as the CID[33,58]. A buried channel CCD col

lects charge in a channel underneath the insulator/epitax}' interface. The surface of 
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the epitaxy is doped to prevent charge from approaching the interface. Without this 

buried channel the CCD, which relies on thousands of charge transfers for readout, 

would lose much of the collected charge before it reached the readout node. Unfor

tunately, the CID cannot benefit from buried channel technology. The CID senses 

charge indirectly by measuring the image current in the sense (row) electrode. Stor

ing charge further from the sense electrode would greatly reduce the image charge 

created in the sense electrode leading to lower signal levels. 

The type of silicon used for fabrication affects the size of the foot. Originally, 

CIDs were manufactured with (111) silicon which caused such a large foot in the 

photometric response that the device had to be primed for exposure by illuminating 

it with light emitting diodes until it began to respond to light[37,55]. (This process 

was analogous to prefogging a photographic emulsion and was often call a fat-zero.) 

Since the CID 17B and the use of (100) silicon, the foot has been greatly reduced, 

and most applications do not require a fat-zero before exposing the device[37]. 

In addition to trapping charge. The trap sites can release their charge at vary

ing rates which can affect the readout[55]. The release of charge from "slow" trap 

sites causes multiple nondestructive reads to drift over time, with charge absorption 

causing a downward drift and charge release causing an upward drift. 
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2.3.2 Nonlinear Photometric Response 

The photometric response function describes the way that the signal measured by 

the detector corresponds to the light impinging on the detector. The photometric re

sponse function for the PPR class of CIDs is described in greater detail in Section 2.5.2 

and Appendix A. The important consideration for the photometric response of the 

PPR CIDs is that the detector does not yield a linearly increasing intensity with 

linearly increasing illumination. In fact, the devices become increasingly insensitive 

to accumulated charge which causes an increasing negative deviation of the signal 

with increasing illumination. 

Typically the nonlinear response of a detector is not particularly detrimental to 

its performance. As long as the photometric response is well defined, the signal can 

be linearized by the application of a correcting function[37,55]. The PPR class of 

CIDs can not be corrected in this manner due to an additional factor affecting the 

photometric response function. Crosstalk among detector elements also affects the 

readout signal and is discussed in Section 2.3.3. The combined effects of nonlinear 

response and crosstalk make linearization impractical if not impossible. 

2.3.3 Crosstalk 

In general crosstalk refers to the interference of one signal on another. For CIDs the 

more precise term, spatial pixel crosstalk, refers to charge from one pixel affecting the 

sensing of charge in another pixel. It is important to remember that collected charge 
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is restricted to individual pixels by the oxide barrier. Thus crosstalk is not the charge 

from one pixel moving to another pixel (which would be blooming), but the capacitive 

coupling of charge causing a voltage difference which is not solely dependent on the 

pixel being read (see equation 2.1). CID Crosstalk was first described by Sims and 

Denton [59]. They characterized two types of crosstalk, row-column and column-

column. As demonstrated in Appendix A, these types of crosstalk are not present in 

the PPR class of CIDs. 

The spatial pixel crosstalk encountered with PPR CIDs is not currently well un

derstood. A thorough description of this crosstalk is covered in Appendix A. The 

important consideration is that the extent of the crosstalk depends on the total 

charge on the row, and so pixels that are not read out can affect the signal. Sims 

et al. describe a methodology for correcting the crosstalk interference[59]. However, 

due to the unusual nature of the crosstalk in PPR CIDs (both negative and positive 

deviations) the methodology is not applicable to the PPR devices. 

2.4 SCM5000E CID Camera Control Unit 

The SCM5000E camera control unit is intended to be incorporated in a scientific 

imaging CID camera system under the control of a personal computer. The purpose 

of the camera control unit is to allow a variety of PPR class CIDs to interface with 

a computer and permit access to all of the unique capabilities of the device. The 

function of the SCM5000E has been described by Van Gorden, et. al.[53]; this section 
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will cover the interfacing of the camera control unit to the CID and the host computer, 

and the construction of a complete camera system. 

2.4.1 Hardware 

The necessary hardware for assembling a camera system can be divided into three 

areas; the camera head assembly (CHA), the camera control unit (CCU), and the 

personal computer digital interface (DIO). The camera head assembly consists of the 

imager and the focal plane array(FPA) board. The camera control unit contains 

three circuit boards for sending and receiving data from the camera head and for 

interpreting commands from the computer and sending data to the computer. The 

digital interface for the computer is a DIO-32F board (National Instruments, Austin, 

TX) which plugs into the computer's I/O bus and provides two 16 bit digital data 

channels (one input, one output). Figure 2.5 is a diagram of the hardware showing 

the data flow. 

The circuit boards for the camera control unit and the focal plane array, along 

with several CID 38SG imagers were received from CID Technologies(Liverpool, NY). 

The CID 38SG is a 512 x 512 device with 28/im square pixels. The CID imager was 

installed in a custom mount and soldered to the focal plane array and both were 

housed in a custom designed camera head. The FPA board was soldered to the imager 

using thin steel wire to reduce thermal contact between the imager and the FPA. 

The custom camera head containing the imager and FPA board was attached to a 
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Figure 2.5: Diagram of the SiCAM hardware showing data flow among the various 
components. 
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cryogenic dewar(Infrared Laboratories, Tucson, AZ) and cooled with liquid nitrogen. 

The camera head had to be specially designed to accept the imager and FPA board, 

and provide associated connectors, while retaining a vacuum seal with the dewar. 

A platinum wire resistance temperature detector, RTD, was epoxied to the back 

of the imager mount to monitor the imager temperature which reached a stable 

temperature of 157 K when cooled. The faceplate of the camera head contained a 

2" diameter calcium fluoride window and a kinematic mount to precisely align the 

imager with the focal plane of the echelle spectrometer. 

The FPA board requires two sets of information from the camera control unit; 

reference voltages and timing signals, which are conditioned on the FPA to provide the 

correct voltages and clocks for the imager. Two hermetically sealed connectors were 

epoxied to the custom camera head to transport the signals to the FPA with cables 

constructed for that purpose. The FPA also takes the analog signals (even and odd) 

from the imager and post-amplifies them to comply with RS-170 video standards[53]. 

The signal from the preamplifier board was sent to the camera controller through 

two hermetically sealed BNC connectors. 

The camera control unit consists of three boards and a power supply which pro

vides ±12V, 5V, and ground to the boards. The bottom board is designated the 

interface board and provides diagnostic functions for the other boards. The middle 

board is the processor board which houses the 286 microprocessor, 128 KB of RAM, 

and a 64 KB EPROM which contains the ROM code for operating the camera. The 
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top boaxd is the sensor control board and it contains the logic cell array (LCA) along 

with programmable reference voltage drivers and a 14 bit analog to digital converter 

(A/D). 

The digital interface board provides two 16 bit charmels for data flow between 

the camera control unit and the host computer. The computer sends a series of 

digital commands and arguments to the CCU through one port and expects a certain 

amount of data to return through the other port. The digital interface board takes 

data from the CCU and sends it directly to host memory using direct memory access 

(DMA). 

An example of how the hardware is used to read the CID would be as follows. 

The processor board takes the command from the host computer and interprets it 

based on the macro-code (downloaded from the EPROM or the host computer). 

The microprocessor then sends commands for performing the requested operation 

to the LCA scanner (on the sensor control board) which generates the proper clock 

sequences to perform the requested operation on the imager. These TTL sequences 

are sent to the FPA board along with reference voltages generated on the sensor 

control board. The FPA board combines the clocks and the reference voltages to 

achieve the proper signal to run the imager. It also receives the imager analog signal 

and amplifies it before sending it back to the sensor control board. The sensor control 

board multiplexes the two video signals and integrates the signal for a variable time 

length before converting it to a 14 bit digital value. This value is then held in a pixel 
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FIFO (first in - first out) buffer. The microprocessor controls whether the data is 

analyzed on the board or sent directly to the host computer memory through the 

DIO interface. 

2.4.2 Software 

The software control of the SCM5000E camera system exists at two distinct levels. 

The top level allows the host computer to send commands to the camera control unit 

and receive corresponding data. The low level programming of the camera controller 

unit is only needed for special applications, like multielement atomic absorption, and 

requires a compiler capable of generating 286 machine code. 

CID Technologies provides a library of routines for sending commands to the 

camera control unit, available in two languages; C and LabView"^", to aide in pro

gramming data acquisition software. All top level programming in this project used 

Lab View (National Instruments, Austin, TX). LabView is a graphical programming 

language which is data-flow driven rather than command execution driven. LabView 

was chosen for this project due to its simple user interface and its relatively short 

development time. 

There are a limited set of commands available to control the CCU. These com

mands have corresponding 16 bit values which are sent to the CCU through the 

digital interface board. Each command may have a predetermined number of argu

ments which are sent along with the command. In addition to standard commands, 
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the libraxy of routines contains some low level functions for software control of such 

operations as changing the gain or even changing the operating voltages of the cam

era. 

The camera control unit was intended to operate the CID as a static imager, and 

the random access and nondestructive read abilities were implemented in suitable 

forms for static imaging. Multielement atomic absorption spectrometry requires rapid 

dynamic imaging and continuous signal monitoring. These capabilities did not exist, 

and had to be developed and incorporated into the camera system. 

In order to achieve simultaneous multielement detection, the macro code for the 

SCM5000E was rewritten, and routines were added to allow the camera to rapidly 

read several predefined subarrays continuously for a set length of time. The added 

routines gave the camera system the ability to read up to 16 subarrays in a frame by 

frame manner at the most rapid possible rate. They also provided a time stamp for 

each subarray so that their readout rates could be computed. 

The low level code development required three seperate innovations in CID read

out. The nondestructive read ability had to be redefined to read frame by frame 

rather than pixel by pixel. The random access ability was incorporated to read 

multiple subarrays per frame. A time stamp had to be included to accurately deter

mine the readout rate. The process involved in implementingf these innovations is 

explained in Appendix B. 
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The axchitecture of the CID 38 somewhat limited the readout ability of the camera 

system. The horizontal and vertical scanners for the CID 38 are unidirectional, so the 

subarrays must be read sequentially from the top of the device down. The subarrays 

can have an arbitrary horizontal position, as the horizontal register is reset after 

every row, but the subarrays cannot overlap vertically because once the scanner has 

read the last row of a subarray, it is unable to back up to the location of the next 

subarray. 

Programming of the low level code, also known as macro code, was done in C and 

assembly using Microsoft C 6.0 and Microsoft Assembler 5.1 (Microsoft Corporation, 

Redmond, WA). Creating new commands for the camera control unit required making 

the necessary modifications to the macro code distribution from CID Technologies, 

and recompiling the distribution into a binary file suitable for downloading to the 

camera control unit. 

2.4.3 Device Operation 

The SCM5000E camera control unit uses all of the unique abilities of the CID. It 

has programmable control of the operating voltages and timing of the imager. Some of 

these abilities are new and require some special consideration. This section covers the 

new features including; device calibration, programmable gain, and programmable 

voltages. 
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The inclusion of the preamp-per-row architecture to the CID has introduced the 

need for calibration before operating the device at a certain temperature. The ampli

fiers on the device are temperature sensitive and require offset adjustment when the 

operating temperature changes significantly. The calibration process occurs in three 

stages. The first stage is coarse offset calibration (OFFC), and it involves zeroing the 

dual slope integrator ofiset (DC restore) relative to the dark response of the imager. 

The second step is preamplifier offset calibration (OFFP) where the individual 

offset of each row preamplifier are adjusted. The row average response of each row 

is measured, and the preamplifier offset is adjusted until all of the row averages 

are within tolerances. Due to the layout of the device the even-odd row differences 

cannot be effectively corrected and the use of OFFP generally only provides a minor 

cosmetic improvement in the image. Since there are far too many row preamplifiers 

to have a dedicated offset line for each, a single 12 bit D/A driver is dedicated to 

creating the OFFP adjustments, and the offset level is incremented along with the 

vertical scanner. This procedure was determined to actually increase the read noise 

of the device, and its use is not recommended for quantitative imaging. None of the 

experiments conducted in this dissertation used the OFFP calibration. 

The third and final calibration step is even-odd amplifier adjustment (OFFR). 

The two post-amplifiers on the FPA board are offset adjusted to the same level. This 

adjustment reduces the even and odd row differences. 
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The SCM5000E system includes a programmable gain adjustment to alter the 

sensitivity of the imager for scenes of varying brightness. The signal gain is changed 

by altering the integration time of the dual slope integrator. The integration time is 

controlled by the gain parameter which can assume values between 0 and 255. The 

integration time per pixel, tpixei, was found by examination of the CCU timing to be 

related to the gain parameter by equation 2.3. Table 2.2 lists gain parameters and 

the corresponding pixel read frequency. 

tpixei = 10.8/is + 0.4/zs X gain parameter (2.3) 

Since the gain parameter changes the readout rate of the device, the increased 

gain must be balanced against time considerations. Generally, an image can be read 

out rapidly with low gain and the regions of interest identified before readout out the 

important regions with much higher gain. Another factor that must be considered is 

that changing the gain also changes the read noise. The readout electronics include 

frequency filters to reduce electronic noise, and as will be seen in Section 2.5.1, there 

is an optimum read frequency for minimum read noise. 

2.5 Characterization 

Each imaging application has specific requirements for good performance, and 

require the proper characteristics from the detector. To tailor the detector to the 
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Gain 
Parameter 

Pixel 
Frequency  { k H z )  

0 92.59 
10 67.57 
20 53.19 
30 43.86 
40 37.31 
50 32.47 
60 28.74 
70 25.77 
80 23.36 
90 21.37 
100 19.69 
110 18.25 
120 17.01 
130 15.92 
140 14.97 
150 14.12 
160 13.37 
170 12.69 
180 12.08 
190 11.52 
200 11.01 
210 10.55 
220 10.12 
230 9.73 
240 9.36 
250 9.03 

Table 2.2: List of gain parameter values and their corresponding pixel frequency. 
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application, the characteristics of the detector must be well defined. Such charac

teristics as the amount of signal generated by a particular intensity, or the noise 

associated with reading the detector, or the spectral response of the system are vital 

measurements when evaluating an instrument. As the camera system used in this 

project was an original construction using a new generation of CID, it was especially 

important to determine the noise and optical properties of the camera system. 

A full characterization of the PPR class of CID detectors is available in Ap

pendix A. What is covered in this section is the characteristics which are important 

to the application of CIDs to continuum source atomic absorption spectrometry-. 

Measurements of the system gain, the read noise, and the photometric response for 

the CID 38SG installed in a SCM5000E camera system (CID Technologies, Liverpool, 

NY). 

2.5.1 Mean-Variance 

The method of mean-variance for the determination of system gain and read noise 

in charge transfer devices was first described by Mortara and Fowler[60]. Sims and 

Denton later modified this method for the specific application of mean-variance to 

CIDs[55,57]. The method described here is a further modification of mean-variance 

for the analysis of the SCM5000E camera system. 
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The system gain, G, relates the number of carriers detected, usually written as e~ 

even though the CID collects holes, to the measured signal, usually given in analog-

to-digital units (ADUs). The value of the system gain allows any signal level to 

be converted into carriers, which is a universal comparison for integrating detectors. 

The second parameter, read noise, is stated in carriers, or e~s, and is a measure of 

noise level of the camera system including any noise which is independent of signal 

level. 

The method of mean-variance is based on Poisson statistics, which the accumu

lated charge obeys. First, it is assumed that each absorbed photon generates only 

one electron-hole pair. This assumption is generally valid for Si detectors if the 

wavelength is not shorter than 300 nm. According to Poisson statistics, for an accu

mulated amount of charge, q, the shot noise, cr,, of the measurement of that charge 

depends only on the amount of charge as shown in equation 2.4. 

The mean signal, 5, is related to the accumulated charge by the system gain which 

is given in e~s per ADU. 

o"? = (2.4) 

S 
(2.5) 

The variance of q can then be put in terms of the mean signal, S.  

S 
( 2 . 6 )  
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The total variance, a^, must also include the variance due to read noise which is 

independent of signal. Assuming that the read noise is equal to N carriers, equa

tion 2.7 gives the read noise in terms of ADUs. 

The total variance accounting for shot noise and read noise is given by equation 2.8. 

If the measured variance is plotted against the mean signal, then equation 2.9 is a 

straight line with a slope of 1/C? and an intercept of 

The experimental instrumentation required to perform mean-variance is quite sim

ple, but the methodology when applied to CIDs requires some subtlety. All that the 

experiment requires is a source of even illumination and a mechanism to accurately 

and reproducibly expose the detector to the illumination. 

When choosing a source, it must provide a spatially homogeneous field over the 

region of interest. With a CID, this need not be the entire photoactive area of the 

device since a subarray image is sufficient. The source must also provide a constant 

flux over the period of an exposure and from exposure to exposure. Slow source 

drifting during the course the experiment does not affect the results. Some examples 

of illumination are incandescent and fluorescent lights, as long as they do not have 

N 
(2.7) 

^2 _ ^2 , ^2 ctt — cr^ + 

- E ^ (2.9) 

(2.8) 
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significant 60 Hz noise. Light emitting diodes also make reproducible sources of 

illumination. The field can be flattened using a difiuser plate or an integrating sphere. 

The requirements for the exposure mechanism are somewhat more stringent. It 

must be able to reproducibly expose the device for the same exact time for each set 

of exposures. Any difference between a pair of replicate exposures will artificially 

increase the variance of the measurement. An electro-mechanical shutter generally 

provides suflBcient accuracy for mean-variance. The use of timing circuit and light 

emitting diodes is also acceptable. 

The source of illumination used in the experiments described here was fluorescent 

room light. The light was passed through an integrating sphere before reaching the 

detector. The exposure was controlled with a high quality electro-mechanical shutter. 

The experimental setup is diagrammed in Figure 2.6. 

The application of the mean-variance technique to CIDs has several key factors 

which had to be considered. First, the unique readout mechanism of the CID must 

be considered. The combination of nondestructive read ability and random access 

mean that only a small portion of the device is necessary to perform mean-variance. 

There are also some properties of CIDs which were discovered to adversely affect 

the mean-variance experiment, and they must be corrected. The spatial shot noise 

must be separated from the fixed pattern image of the device. Fixed pattern response 

is temporally invariant variation in pixel response due to minute variations in pixel 

size and capacitance. In general imaging, a bias exposure is subtracted from the image 
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Figure 2.6: Diagram of exposure apparatus used for mean-variance and photometric 
response experiments. 
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to remove the fixed pattern response. A bias exposure can be used for mean-variance, 

but temperature variations and drift in the amplifier offsets can affect the bias level. 

A more accurate method for removing the fixed pattern response was proposed by 

Sims[57]. Two identical exposures are used for the variance determination. The 

difference between the two exposures is twice the variance of the shot noise and 

eliminates the fixed pattern. 

Spatial pixel crosstalk must also be eliminated from the images. Sims and Den

ton described a method for correcting the crosstalk component[59]. However, the 

crosstalk can be eliminated before the image is read simply by removing any charge 

which is not part of the image. Thus, injecting the portions of the device which 

are not in the mean-variance image will eliminate crosstalk if the exposure level is 

not near the full well capacity, and the size of the mean-variance subarray does not 

comprise the majority of the detector image. 

All of these factors were incorporated into an experimental method, which is 

diagrammed here. The data sought is a collection of variance values for differing 

levels of mean signal. To acquire this data, a series of paired exposures of increeising 

intensity were recorded in the following manner. First, the imager is cleared of all 

charge by a global injection. A bias level is then recorded by selecting the subarray 

of interest and averaging several reads of the subarray to obtain a single value for 

the bias level. The data acquisition program then executes a series of steps for each 

exposure level. 
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The device is exposed to even illumination for a predetermined time period. A 

series of four injections which surround the subarray of interest are performed. The 

subarray of interest is read out and the entire imager is cleared. A second exposure 

of the same length is performed and the four areas bracketing the subarray of interest 

are injected. The subarray of interest is read out a second time. The entire device is 

cleared of charge and the exposure level is incremented. 

The data is extracted from the two subarray images in the following manner. 

The subarray data has five pixels stripped from ail of the edges of the subarray to 

remove any extraneous noise from the A/D and the injections. The average of the 

two subarrays is computed and the bias level is subtracted from the average value 

for all the pixels to give the mean signai in ADUs. The second subarray image is 

subtracted from the first to remove the fixed pattern response, and the variance of 

the result is computed. This value is then divided by two to give the variance for the 

exposure level with the fixed pattern removed. 

The pairs of mean and variance for each exposure level are then plotted on an 

X-Y graph with the mean signal values on the X axis and the variance on the Y 

axis[60]. A linear least squares regression is then performed to determine the slope 

and intercept of the plot. The system gain in e~s/ADU and the read noise in e~s 

can be found from the following equations. 

Y = m - X  +  b  (2,10) 

a 1 
(2.11) 

m 
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V 

Typical experimental parameters for the CID 38SG are given in Table 2.3. The 

values were carefully chosen through trial and error to produce an exposure profile 

in which each exposure level would be significantly higher than the previous one, but 

which does not exceed the lower fifth of the dynamic range of the detector. As a 

larger portion of the dynamic range of the device is used, the nonlinearity increases 

and a systematic error is introduced into the calculation of system gain and read 

noise. 

The use of the gain parameter to change the read frequency also changes the system 

gain and the read noise of the camera system. A series of mean-variance experiments 

at various gain parameter settings were performed on a cooled CID 38SG imager. 

The results of these experiments are shown in Table 2.4. The plots in Figure 2.7 

show the response of system gain and read noise to pixel read frequency. The read 

noise plot shows a minimum of 251 ± 7e~s at a gain parameter of 90 {21AkHz pixel 

read frequency). The values for read noise are highly dependent on the quality of 

the device and camera readout electronics. The minimum read noise of a particular 

system (CID and CCU) can vary from 180 - 280 e~s. 

As will be seen in Section 2.5.2 on photometric response, the characterization 

revealed that the device does not respond linearly to increasing illumination which is 

one of the assumptions required for mean-variance. If the mean signal is not linearly 

related to the number of electron-hole pairs created, then the Poisson distribution 

(2.12) 
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Parameter Values 
Subarray Start(X,Y) 200,200 
Subarray Size 
before strip 110 X 110 
Subarray Size 
after strip 100 X 100 
Exposure Source shutter 
Exposure Time 50 - 200ms 
Number of Exposures 50 - 100 

Table 2.3: Typical parameters from a mean-variance experiment for a CID 38SG. 

Gain 
Parameter 

System 
Gain (e's/ADU) 

Read Noise 
e~s 

0 662 850 
10 339 554 
20 278 479 
30 220 392 
40 176 311 
50 147 260 
60 128 253 
70 116 258 
80 102 254 
90 92 251 

100 86 260 
110 78 259 
120 73 273 
130 66 260 
140 63 275 
150 59 277 
160 57 301 
170 53 295 
180 50 298 
190 48 304 
200 46 317 
210 43 312 
220 42 318 
230 40 324 
240 38 330 
250 37 340 

Table 2.4: Table of system gain and read noise as a function of gain parameter. 
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does not map linearly on the signal level, and the plot of variance versus mean signal 

will deviate from a straight line. 

Figure 2.8 shows a mean-variance plot for a CID 38SG using a gain parameter of 

100. The dynamic range of the experiment covers roughly half of the full well capacity 

of the device. All of the points are included in the least squares determination. The 

system gain was determined to be 81.4 e~s/ADU and the read noise was determined 

to be 214 e~s. Figure 2.9 shows a mean-variance plot of the same data as Figure 2.8. 

However, only the first half of the points are used to calculate the linear least-squares 

fit. The fit matches the first points well, but gives very difierent results. The system 

gain was determined to be 76.4 e~s/ADU and the read noise was determined to be 

188 e~s. These two sets of values are significantly different and demonstrate the 

necessity of limiting the exposure level to about one fifth of the full djoiamic range 

of the device, or the results will be affected by nonlinear behavior. 

2.5.2 Photometric Response Function 

The photometric response function shows how the signal of a photodetector varies 

due to illumination. Ideally, the detector signal should be a simple, reproducible 

function of the incident radiation. It is especially important that the response func

tion be single valued, or different intensities could yield the same signal level, making 

those intensities indistinguishable. 



98 

Gain=81.4 Read Noise=214 60 • 

50 T 

g 40 • 
c (0 
'w 
J? > 30t  

1500 1000 2000 2500 3000 3500 500 4000 
Mean Signal 

Figure 2.8: Plot of mean-variance for a SiCAM CID 38SG using all points for the 
linear least-squares fit. 
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Figure 2.9: Plot of mean-variance for a SiCAM CID 38SG using the first half of the 
points for the linear least-squares fit. 
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Previous studies have shown that a CID can exhibit three separate types of re

sponse depending on the intensity of the incident radiation[37,55]. At extremely low 

light levels, the response function may exhibit a foot, or unresponsive region, where 

the collected charge is trapped in surface sites and not sensed. After the trap sites are 

full, the device should respond linearly with increasing intensity. At high light levels, 

the response may roll off, i.e. deviate from linear response, as the potential well of 

the detector saturates and photogenerated electron/hole pairs no longer experience 

enough potential to separate them before they recombine. 

The measurement of the photometric response function for a CID is relatively sim

ple. The same experimental setup can be used as in the mean-variance experiment 

(shown in Figure 2.6). The important consideration is the exposure control. The 

source must exhibit no drift over the course of the experiment, or the response func

tion will be distorted. The timing of the exposures must be precise, or extraneous 

noise will be added the response function. 

The unique ability of the CID to perform nondestructive read operations while 

integrating charge allows the photometric response function to be carried out more 

quickly than would otherwise be possible. Each exposure can add the same amount 

of charge to the integrating signal. Normally, arithmetically increasing exposures are 

required to determine the photometric response function. 

The experimental procedure is quite simple. The imager is cleared of all charge and 

a bias image is acquired. A suitable subarray is chosen for readout. The requirements 
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for the subarray are that it be evenly illuminated and that it contains enough pixels 

to obtain a reasonable measure of the mean signal. The imager is exposed to a low 

level of illumination for a set time interval. The subarray is then read out, the bias 

image is subtracted to remove fixed pattern noise, and the mean signal is determined. 

The exposure and read sequence is repeated until the imager is saturated. 

The data acquired from the photometric response function experiment is generally 

plotted with mean signal in ADUs on the Y-axis, and the exposure number on the 

X-axis labeled as exposure level (arbitrary units). From this plot, the presence or 

absence of any of the three photometric response regions can be ascertained. The 

foot will appear as a flat region at the beginning of the plot before the signal begins 

to increase. The maximum response will be at the top of the curve where the signal 

begins to flatten out again. 

The maximum response of the detector can be used to determine the full well 

capacity of the device[55]. Full well capacity can be defined as the maximum quantity 

of charge that can be sensed by a single detector element. The value of the full well 

capacity in e~s can be determined by measuring the maximum of the photometric 

response function and converting that signal in ADUs into e~s using the system gain 

determined in the mean-variance experiment. 

The photometric response experiment was performed on a cooled CID 38SG using 

the same apparatus as in the mean-variance experiment. The gain parameter for 

the device was set to 100 and a 20 x 20 subarray at the center of the device was 
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read 10 times. An arithmetically increasing series of exposures were recorded and 

the average of the subarray, after bias subtraction was saved. To demonstrate the 

effects of crosstalk on the measured signal, the same experiment was repeated, except 

the crosstalk was elimanted in the following manner. The two areas on either side of 

the subarray were injected after each exposure but before reading out the subarray. 

This step removes all charge from the row except for the charge in the region of 

interest, and eliminates the possibility of crosstalk from charge on the row outside 

the subarray being read. 

The response of the CID 38 is shown in Figure 2.10. The dashed line is for the 

uncorrected data, and the solid line is the data which had the crosstalk eliminated. 

As can be seen from the figure, the effects of crosstalk on an evenly illuminated device 

is quite severe. The corrected curve appears fairly linear, but to better visualize the 

data, the pseudo-derivative of the data is plotted in Figure 2.11. The sharp initial 

increase shows that there is a foot in the response of the device. The negatively 

sloping region of both curves demonstrates that even with the crosstalk eliminated, 

the CID 38 does not respond linearly to linearly increasing illumination. The zero-

crossing of the derivative is the maximum of the curve and is generally where the 

full well capacity is determined. After crossing the X-axis, the photometric response 

function is no longer single valued which can lead to uncertainty in the intensity 

measurement. 
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Figure 2.10; Plot of photometric response for a CID 38SG, with and without spatial 
pixel crosstalk. 
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Multiplying the maximum signal in ADUs by the system gain yields the apparent 

full well capacity. The value computed for the full well capacity is 1.1 x 10®e~s. 

In this case, the apparent full well capacity does not represent the actual number 

of carriers which saturates a detector element because the device does not respond 

linearly. The system gain at the top of the curve is not the same as the value measured 

in the mean-variance experiment. The actual number of carriers under the pixel is 

probably significantly higher than what is computed. However, since the response is 

nonlinear, the computed value may be considered as a guideline for exposure control. 

An exposure should not exceed 50 - 60% of the apparent capacity for quantitative 

measurement. If an exposure exceeds 75% of the apparent capacity, the photometric 

response is no longer single valued, and it may not be possible to tell whether the 

overexposed region has saturated the detector. 

2.6 Conclusions 

The charge injection device has many properties which recommend it for use in 

multielement atomic absorption spectrometry. The large full well capacity gives the 

device a high dynamic range. The resistance to blooming prevents exceeding the 

dynamic range from destro3dng information adjacent to the overexposed region. Due 

to the nondestructive read capability, the spectroscopic signal can be read many times 

to either signal average or monitor transient events. The random access allows many 

separate signals to be read rapidly without having to scan the entire device array. 
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Figure 2.11: Plot of the pseudo-derivative of the photometric response function for a 
SiCAM CID 38SG. 
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With selective and global detector reset exposure data can be continuously acquired 

indefinitely. 

A camera system was constructed around a new pre-amp per row charge injection 

device, the CID 38SG. The noise characteristics and optical properties of the camera 

system were determined. The abilities of the camera control unit were insuflBcient 

for multielement atomic absorption spectrometry. This problem was corrected by 

rewriting the software control of the CID to allow continuous monitoring of several 

signals at a rapid readout rate. The way in which all of these abilities were combined 

to create a suitable instrument for simultaneous multielement graphite furnace atomic 

absorbance spectrometry will be discussed in Chapter 3. 
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CHAPTER 3 

Characterization of the Breadboard Echelle System for 

CS-ME GFAAS 

This chapter begins with a description of the construction of a continuum source, 

multielement graphite furnace atomic absorption spectrometer using echeile/CID de

tection. The development of an experimental protocol for data acquisition and anal

ysis is then discussed. The impact of the echelle/CID system on the measurement of 

absorbance is investigated. Finally, the capabilities of the instrument are determined 

by the analysis of atomic absorption from standard elemental solutions. 

3.1 Instrumentation 

What is described in this section is the construction of an instrument for multi

element graphite furnace atomic absorption spectrometry using a continuum source 

and a high resolution spectrometer with two dimensional array detection. A xenon 

arc lamp provides intense illumination over a broad wavelength range. An echelle 

spectrometer gives high spectral resolution over a large wavelength range in a two 
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dimensional format. A charge injection device provides two dimensional array detec

tion capable of rapid continuous signal monitoring for multiple lines over the entire 

spectral range. 

Continuum source atomic absorption spectrometer systems using linear arrays 

have demonstrated multielement capabilities with detection limits comparable to 

conventional single-element GFAAS, but with limited spectral coverage[35]. The 

coupling of a two dimensional CID to the echelle spectrometer should greatly increase 

the spectral coverage while retaining comparable detection limits. 

In the initial stage of the project a prototype instrument was constructed to de

termine the feasibility of CS-ME GFAAS using echelle/CID detection. There were 

several key considerations in the implementation of the prototype system. The pri

mary concern was the development of a proper data acquisition scheme. As the 

absorbance signal in GFAAS are transient, the speed of data collection is an im

portant consideration. Continuum source atomic absorption spectrometry has been 

shown to lack sufficient intensity in the far UV for adequate detection limits[61], so 

optical throughput is also a concern. 

3.1.1 Optical Train 

The objective of the optical train is to pass sufficient light through the graphite 

furnace and to effectively couple that light into the echelle spectrometer to achieve 

maximum throughput. To ease the alignment of the various optical components, an 
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optical rail system was designed with sliding rail mounts which constrain translation 

to the optical axis. Figure 3.1a shows the optical rail system and Figure 3.1b shows 

the rail mount for the optical components. 

The continuum source was provided by a xenon short-arc lamp and power supply 

(model PS300-1, Varian EIMAC division, Palo Alto, CA) rated at 300 W. The lamp 

house includes a parabolic reflector which emits a parallel beam with a diameter of 

~1.375". The lamp was mounted on a rail mount at a height 6" above the surface of 

the mount. 

The graphite furnace assembly and control unit (model CTF 188, Thermo Jarrell 

Ash, Franklin, MA) were originally designed to fit into a flame burner mount and be 

incorporated into an existing flame spectrometer. The furnace assembly was modified 

to fit a custom rail mount design. The special rail mount placed the furnace assembly 

on a kinematic mount which provided one translational degree of freedom (vertical) 

and two rotational degrees of freedom. On the kinematic mount, a second plate 

allowed for horizontal translation. The furnace head itself could be adjusted for the 

third rotational degree of freedom. A diagram of the mount for the furnace assembly 

is shown in Figure 3.2. 

The furnace assembly required power from the control unit as well as compressed 

air and argon, and cooling water. The flow parameters for the fluids are presented 

in Table 3.1. The furnace temperature program is computer controlled, which will 

be discussed in Section 3.2.1. The furnace assembly includes an optical pyrometer 
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Figure 3.1: Diagram of optical rail mount: a) optical rail and b) sliding rail mount. 

Fluid Range 
Compressed Air 50 - 60 psig 
Argon 40 psig 
Cooling Water 0.6 - 0.8 L/min 

Table 3.1: Table of pressure and flow rates for furnace operation. 
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Figure 3.2: Diagram of furnace assembly mount for the optical rail system. 
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for temperature monitoring and feedback to the power supply. The graphite furnace 

itself is a p5n:olytically coated graphite tube with a sample dosing hole midway down 

the cylinder. The dimensions of the furnace are shown in Table 3.2. 

Rather than use a two lens system to focus the light through the furnace and into 

the spectrometer, a single lens system was chosen. The advantages of the single lens 

system are that it is simpler to align and has fewer reflection losses. The two lens 

system, while focusing more light through the furnace, does not sample the entire 

furnace volume, and requires a much longer optical path. 

The parallel light from the xenon arc lamp first passes through a 0.5" diameter 

aperture to prevent photodegradation of furnace assembly components. The beam 

then passes through the furnace where the diameter is further reduced by the I.D. 

of the furnace to 0.180" (7.1 mm). The beam is then focused with a 102 mm focal 

length, 25.4 mm diameter quartz achromat lens onto the entrance aperture of the 

echelle. In between the objective lens and the entrance aperture of the echelle is an 

electromechanical shutter (Melles Griot, Irvine, CA) under computer control. 

3.1.2 Echelle Spectrograph 

The echelle polychromator is an integral feature of the atomic absorption spec

trometer described here. It allows for a broad wavelength range to be covered while 

retaining a high resolution. It also provides the spectral information in a two dimen

sional format suitable for the CID detector. 
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The design of the echelle polychromator is similar to the more familiar Czemy-

Tumer monochromator. Its optical train contains an entrance slit, collimating mirror, 

grating, and focusing mirror. The only additional optical component is a prism, 

and the entrance slit and grating have different designs, but with similar functions. 

Missing is the exit slit which is replaced by a focal plane. 

Figure 3.3 shows a schematic representation of an echelle polychromator. The en

trance aperture, Al, must have a much smaller vertical dimension than a monochro

mator, and in many cases the entrance aperture is a circular pinhole. This image 

is collimated by the first mirror. Ml, and directed onto the grating, G. The grating 

disperses the light perpendicular to the plane of the page. The light from the grating 

is then dispersed by the prism, P, horizontally with respect to the page. The light 

from the prism is focused by the second mirror, M2, onto a plane, A2, at the exit of 

the polychromator. 

The echelle grating is quite different from a monochromator grating. It is coarsely 

ruled, typically fewer than 100 grooves per millimeter, and the grooves are such that 

the short face is generally half of the length of the long face[62]. The grating is 

illuminated at a very high angle (~ 60°) to achieve near normal incidence on the 

short face of the groove[62]. The high orders of dispersion are used from the echelle 

grating. To separate the overlapping orders from the grating, a prism is used to 

disperse the light perpendicular to the grating dispersion. The prism is often called 

the order sorter, as it disperses the orders from low to high. Low orders which contain 



Figure 3.3: Schematic of an echelle polychromator. 
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the longer wavelength spectral information are dispersed less than the high orders 

which contain the short wavelength spectral information. 

Figure 3.4 shows a greatly simplified representation of an echellograna, which is 

the image generated at the focal plane at the exit of the polychromator. The grating 

dispersion is horizontal, while the prism dispersion is vertical. Each line represents an 

order from the echelle grating. The downward slope of the lines (exaggerated in the 

figure) are due to the nonlinear dispersion of the prism[37]. This figure demonstrates 

how the two dimensional format of the echellogram provides both broad wavelength 

coverage and high resolution, and how the format is ideally suited for a two dimen

sional array detector, such as the charge injection device. 

The echelle spectrometer used for the prototype instrument was a custom design 

prototype (Thermo-Jarrell Ash Corp., Franklin, MA) termed the breadboard echelle. 

The echelle optical system was specifically designed for plasma spectroscopy. The for

mat of the echellogram was specially matched to the format of the CID 17B detector. 

The CID 17B is a 388 x 244 device with 23 x 27//m pixels. 

The entrance aperture of the echelle was originally 25^m square, but this did not 

provide suflScient illumination and was replaced with a 25 x 150^m aperture which 

increases throughput by a factor of six without sacrificing wavelength resolution. 

The only disadvantage of increasing the aperture height was the reduced order sep

aration which is only significant at visible wavelengths. The light from the aperture 
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Dimensions 
Furnace Length 1.25" 
Internal Diameter 0.180" 
External Diameter 0.280" 
Dosing Hole Diameter 0.090" 

Table 3.2: Furnace dimensions for the cylindrical graphite cuvette. 
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Figure 3.4: Representation of an echellogram. The numbers correspond the wave
length in nm of the order at that edge. 
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is collimated by a 384 mm spherical mirror. The collimating mirror was approxi

mately 30% underfilled as the furnace image is circular and the mirror is square. The 

collimated beam passes through an 11.54° calcium fluoride prism before reaching a 

custom echelle grating with 63 groves/mm and a blaze angle of 19.5°. The dispersed 

light is focus on the CID by a toroidal camera mirror. The relevant spectroscopic 

parameters of the breadboard echelle are summarized in Table 3.3. 

3.1.3 CID Camera System 

The charge injection device is an array detector with a two dimensional format well 

suited to incorporation in an echelle spectrometer[48,49,63]. The utility of the CID 

for atomic emission when coupled to an echelle has been amply demonstrated[30,37, 

43,48,49,63]. Many of the features which recommend the CID for atomic emission 

spectroscopy also apply to atomic absorption spectrometry. 

The feature of the CID which allows it to perform simultaneous multielement 

analysis in both AES and A AS is the ability to randomly address any region of the 

device. Spectral windows are assigned to each elemental line to be examined which 

correspond to the wavelength region of the line[30,37]. Each spectral window is a 

subarray on the device whose position depends on the location of the wavelength in 

the echellogram image. Figure 3.5a is a representation of how the spectral windows 

are utilized to monitor the wavelength regions of multiple lines. The CID is able 
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to randomly read each individual subarray without having to read the intervening 

portions of the detector[43,48]. 

Another advantage of the use of spectral windows is that each window covers not 

only the wavelength of interest, but also the nearby wavelength region. For atomic 

absorption spectrometry, the unabsorbed regions on either side of the absorbance 

peak can be used to determine the /q for the absorbance measurement in addition to 

measuring /[37]. Figure 3.6 shows the measurement of both I and Iq in a spectral 

window. As most spectral interferences are broad, the Iq measurement will be affected 

the same as the I measurement, automatically correcting for the interference[22,27]. 

The camera system used for the instrument was created around a CID 38SG imager 

controlled by an SCM5000E camera controller (CID Technologies Inc., Liverpool, NY) 

as described in Section 2.4. The format of the CID 38SG does not precisely match the 

format of the echellogram. The CID 38SG is larger than the CID 17B (14.3 x 14.3 mm 

versus 8.7 x 6.6 mm) which, although theoretically extending the spectral coverage 

farther into the ultraviolet, the full area of the device is not effectively utilized. The 

extended spectral coverage is not realized due to low source output and reduced 

echelle throughput farther in the ultraviolet. Figure 3.7 is a 0.1 s exposure of the 

continuum source showing the area of the device covered by the echellogram. The 

spectral range of the echellogram imaged by the device is presented in Table 3.4. The 

determination of the wavelength corresponding to a particular location on the device 
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Focal Length 384 mm 
Spectroscopic Speed f/10.2 
Grating Angle 63°26' 
Grating Area 40 X 40 mm 
Reciprocal Linear Dispersion 
@ 200 nm 0.72 nm/mm 
@ 400 nm 1.48 nm/mm 
Order Separation 
@ 200 nm 243 
@ 400 nm 108 iim 

Table 3.3: Spectroscopic parameters for the breadboard echelle spectrometer. 

Figure 3.5: Figure showing a representation of the multielement capability of the 
echelle/CID system. 
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is based on the wavelength calibration algorithm by Pilon[37]. Day to day variations 

in the wavelength calibration were corrected by examining the position of mercury 

253.65 nm emission from a mercury pen lamp. The wavelength calibration routine is 

able to locate the position of a particular wavelength to within one pixel. 

The transient nature of the absorbance signal requires that the rate of data ac

quisition be given special consideration. The SCM5000E is capable of readout at a 

range of frequencies (9 - 99 kHz) as was discussed in Section 2.4.3. It can be seen 

from Figure 2.7b in Chapter 2 that a significant increase in the read noise of the 

device occurs at frequencies above 33 kHz. In order to achieve maximum speed while 

retaining good noise characteristics, the camera was operated at a gain parameter of 

50, corresponding to a pixel clock frequency of 32.5 kHz. 

3.2 Data Acquisition 

The primary concern for the prototype instrument was the development of a pro

tocol for data acquisition and analysis. None of the previous methods for continuum 

source multielement atomic absorption spectrometry have enough similarity to be 

readily applicable to the prototype system. The differences arise mainly from the 

unique characteristics of the CID detector. In addition, the furnace program and the 

camera control must be synchronized to acquire the full duration of the absorption 

process. 
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Figure 3.6: Figure showing the use of the spectral window to simultaneously measure 
both I and Iq. 

Figure 3.7: Negative image of a 0.1 s exposure of the xenon arc lamp continuum. 
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Order Wavelength Coverage Order Wavelength Coverage 
18 612.60 - 583.67 nm 40 275.53 - 261.66 nm 
19 580.38 - 552.80 nm 41 268.79 - 255.27 nm 
20 551.37 - 525.02 nm 42 262.37 - 249.18 nm 
21 525.13 - 499.89 nm 43 256.24 - 243.37 nm 
22 501.27 - 477.05 nm 44 250.39 - 237.84 nm 
23 479.48 - 456.20 nm 45 244.80 - 232.55 nm 
24 459.50 - 437.09 nm 46 239.46 - 227.49 nm 
25 441.12 - 419.52 nm 47 234.33 - 222.65 nm 
26 424.15 - 403.30 nm 48 229.43 - 218.01 nm 
27 408.44 - 388.29 nm 49 224.72 - 213.57 nm 
28 393.85 - 374.35 nm 50 220.19 - 209.31 nm 
29 380.26 - 361.38 nm 51 215.85 - 205.21 nm 
30 367.57 - 349.27 nm 52 211.67 - 201.28 nm 
31 355.71 - 337.95 nm 53 207.64 - 197.49 nm 
32 344.58 - 327.34 nm 54 203.77 - 193.85 nm 
33 334.12 - 317.38 nm 55 200.03 - 190.34 nm 
34 324.28 - 308.01 nm 56 196.43 - 186.96 nm 
35 315.00 - 299.17 nm 57 192.95 - 183.70 nm 
36 306.23 - 290.83 nm 58 189.59 - 180.55 nm 
37 297.94 - 282.94 nm 59 186.34 - 177.51 nm 
38 290.08 - 275.47 nm 60 183.20 - 174.58 nm 
39 282.62 - 268.39 nm -

Table 3.4: Wavelength coverage of the breadboard echelle/CID 38 spectrometer sys
tem. 
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3.2.1 Furnace Control 

The CTF 188 furnace control unit is equipped with its own microprocessor. It 

monitors the flow rates of the gases and the temperature of the cooling water to 

prevent possible damage to the furnace head. The control unit includes a library of 

preset methods for elemental analysis in a variety of matrices. The control unit runs 

a limited version of FORTH and can be accessed through the serial port connection, 

and is designed to be interfaced and controlled with a flame spectrometer. It is, 

however, possible to issue it simple ASCII commands through the serial port. Using 

these simple commands, the host computer is able to access the library of furnace 

methods and generate new methods, as well as control the operation of the furnace. 

The purpose of the furnace method is to create a temperature profile which will 

remove matrix constituents before atomization of the sample. Each furnace method 

consists of five separate temperature stages, and each stage is defined by two param

eters; the amount of time to ramp from the previous stage to the new temperature, 

and the length of time to hold at the new temperature. The drying stage eliminates 

the solvent and drives off volatile species. The ashing stage removes as much matrix 

as possible by heating the sample in the presence of oxygen. The pyrolisis stage 

purges the atomization cell with argon to remove any residual oxygen and further 

heats the sample. The atomization stage rapidly heats the furnace to a temperature 

that will volatilize the anals^te into the optical path. The cleaning stage removes any 

residue from the sample remaining in the furnace. Figure 3.8 shows the program used 
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to set the furnace method and the temperature profile of a typical furnace method. 

3.2.2 Spectral Windows and Speed 

The spectral window was first employed with array detectors for atomic emission 

spectrometry[48,49]. The rapidly changing absorption signal in AAS places much 

greater demands on the readout rate of the spectral windows than AES. These de

mands can be met in two different ways. The device can either read the spectral 

windows out at a set rate of ~ 50 Hz, or the device can read the spectral windows at 

the maximum possible rate. Reading the device at a set rate requires less data stor

age, and in the case where the absorbance measurement is not affected by read noise, 

this method will have equivalent noise to reading at the maximum rate. Reading the 

device at the maximum rate requires much greater data storage, as the absorbance 

signal is overdetermined. If the absorbance measurement is read noise limited, then 

the overdetermined absorption measurement can employ signal averaging to improve 

the signal to noise ratio. For the majority of elements that can be examined with 

the prototype system, the photon flux is insufficient for shot noise to dominate the 

measurement, and so reading at the maximum rate is the chosen readout method. 

The meiximum readout rate depends on the pixel clock frequency, and the number, 

size, and location of the spectral windows. The optimum pixel clock frequency for 

the SCM5000E is 32.5 kHz, which corresponds to a gain parameter of 50. The 
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Figure 3.8: Image of the program to control the furnace method showing a typical 
temperature profile. 
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Figure 3.9: Plot of the readout rate (gain parameter of 50) versus the number of 64 
pixel subarrays being read. 
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echellogram produces a slit image which falls on a 3 x 3 pixel region, and a 16 x 4 

subarray provides a sufficient spectral window for the determination of I and /q. The 

number and location of the spectral windows depends on the number of elements and 

the wavelengths being measured. A plot of the maximum readout rate versus the 

number of subarrays (spectral windows) is shown in Figure 3.9. The impact of the 

readout rate on the data analysis will be discussed in Section 3.3.1. 

Since the maximum readout rate changes with each analysis, the measurement 

frequency needs to be determined for each run. This is accomplished by adding a 

time stamp to each spectral window as it is read out. The camera control unit starts 

a timer when data acquisition begins and reads the timer for every read of all of the 

spectral windows. The time stamp is sent out in the data stream along with the pixel 

data. Figure 3.10 shows how the continuous reading of spectral windows appears in 

the data stream. 

3.2.3 Experimental Protocol 

A general outline of the protocol developed for the prototype system is presented 

here. First, the links between the host computer and the camera control unit and 

the furnace control unit are established. The wavelength calibration of the echelle 

is checked and the positions of the wavelengths for the elements to be analyzed are 

determined. The furnace method is set according to the elements to be analyzed and 

the matrix. The operator is then prompted to deposit the sample into the furnace. 
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Figure 3.10: Representation of the data acquisition showing multiple spectral win
dows with time stamps. 
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After the sample is injected, the selected furnace method is initiated, and drying of 

the sample begins. The host computer starts a timer while the furnace control unit 

executes the method. During the initial drying and ashing stages, no absorption is 

occurring in the optical path. This time is used by the camera control unit to establish 

the photon flux and readout rate for the wavelengths, and to set the parameters for 

the data acquisition. Immediately before the beginning of the atomization cycle, the 

shutter is opened, and the camera data acquisition is initiated. The CID camera 

transmits data to the host computer throughout duration of the atomization cycle. 

Once the atomization cycle has been completed, the shutter closes, and the acquired 

data is stored for later analysis. 

3.3 Data Analysis 

The analysis of the absorbance data acquired with a CID presents several unique 

challenges. First, the information from the individual spectral windows and their time 

stamps must be extracted from the data file. Second, the integrated intensity has to 

be converted into constant intensity, and the I and Iq are determined. Third, the 

absorbance transient must be constructed from the individual intensity measurements 

for a particular spectral window. Finally, the integrated absorbance area and peak 

absorbance need to be calculated from the absorbance transient. 
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3.3.1 Computing Absorbance 

The data file stored during the data acquisition consists of a stream of unsigned 

16 bit values and a header which contains the number of read cycles (rereads), the 

size of the spectral windows (W, H), and the number of spectral windows per read 

cycle (numsub). From this information, the intensity data and time stamp for a 

particular spectral window can be extracted. The size of the spectral windows are 

all the same, so the number of values for each spectral window will be given by the 

width and the height {Size = W x H + 2). The first two values for each spectral 

window contain the time stamp as an unsigned 32 bit value, adding 2 word values 

to each spectral window. The starting location, N, of any spectral window can be 

determined using the read number, i?, and the number of the spectral window, S, as 

shown in equation 3.1. 

iV = (W • H + 2)(i? • numsub + 5) (3.1) 

Each spectral window is analyzed individually. The series of images and time 

stamps for a particular spectral window is extracted from the data file for analysis. 

Figure 3.11 shows how each image is extracted and converted to I and Iq. Each two 

dimensional image for a particular spectral window is extracted (see Figure 3.11a) 

and then stripped of bad pixel data. The image typically starts as a 16 x 4 subarray, 

but due to settling of the reference voltage (DC restore) in the dual slope integrator, 

the first three pixels of each row contain unreliable data. The image is then summed 

to a one dimensional plot (Figure 3.11b). From the one dimensional plot, the regions 
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for / and /q axe selected and averaged to a single value for I and Iq (Figure 3.11c). 

Once the values for the integrated intensity have been computed, the derivative 

of the intensity is taken to get the change in intensity for each read. A simulation 

of integrated intensity is shown in Figure 3.12. This simulation contains 40 data 

points over a 2 s time period which corresponds to a read rate of 50 Hz, and there 

is an injection after every 10 reads. Figure 3.12a shows the integrated intensity, 

and Figure 3.12b shows the derivative of the intensity data. The first read after 

every injection does not contain any intensity data, which causes the derivative to be 

negative. These data points are removed later in the analysis. 

When the data is taken at the maximum readout rate of the camera, the absorption 

data is generally overdetermined. The advantage of the overdetermination is that 

after taking the derivative of intensity, the data points can be summed to achieve a 

better signal to noise ratio, but with a slower effective readout rate. The summation 

operation is also a convenient time to remove the first read after each injection, which 

contains no data. With the simulated data. Figure 3.13a shows what the intensity 

data is after removing the first data point after each injection, and summing every 

three data points. This operation increases the signal level by a factor of 3, but 

reduces the total number of data points to 12, yielding an effective readout rate of 

12.5 Hz. 
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Figure 3.11: Diagram of the extraction of image data for a spectral window, showing 
the computation of I and IQ. 
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Figure 3.12: Simulated absorbance data: a) plot of integrated intensity, and b) plot 
of derivative of intensity. 
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Figure 3.13: Simulated absorbance data: a) plot of summed intensity, and b) plot of 
computed absorbance(gray) and true absorbance (black). 
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Figure 3.13b shows both the measured absorbance and the original absorbance 

transient used to create the simulated data. Since the simulated data contained 

no noise, the benefit of summing the data cannot be seen. However, the problems 

associated with insufficient data collection can be seen. Both the peak height and the 

peak area of the measured data are less than the original absorbance. This problem 

arises from the integrating of the intensity data. The longer that the intensity signal 

integrates, the more the absorbance changes, leading to a poor meeisurement of the 

absorbance. 

3.3.2 Absorbance and Spectral Bandpass 

As this system uses a continuum source rather than a line source, the first consid

eration is how the spectral bandpass will affect the analytical performance of the sys

tem. Traditionally, the line source provides the wavelength resolution with a linewidth 

approximately an order of magnitude narrower than the absorbance linewidth. Mea

surement of the radiant power of the initial and transmitted signal gives an accurate 

measure of the peak absorbance and generally follows Beer's law. The sensitivity and 

detection limits depend on source shot noise and line profile[5,28]. 

With a continuum source, the spectrometer sets the spectral bandpass, which 

is usually greater than the absorbance linewidth[22]. The larger spectral bandpass 

measures the total absorbance rather than the peak absorbance. Figure 3.14 shows 

the effects of spectral bandpass on the total measured absorbance. The spectral 
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Figure 3.14: Figure of the effects of spectral bandpass on the measured absorbance. 
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bandpass is assumed to have a gaussian shape, while the absorbance profile is assumed 

to be lorentzian[28]. In Figure 3.14a, the full width at half maximum (FWHM) of the 

spectral bandpass, Aus is one fifth of the absorbance FWHM, In Figure 3.14b 

the widths of the spectral bandpass and the absorbance profile are equal, and in 

Figure 3.14c, the spectral bandpass is five times that of the absorbance profile. 

According to Beer's law, the peak absorbance is directly proportional to the con

centration of absorbers. As more of the absorbance profile is included, the less ac

curately the absorbance measurement will represent the peak absorbance[28]. Fig

ure 3.15 shows a simulation of the deviation caused by measuring the total absorbance 

rather than the peak absorbance. The black line with filled circles represents the re

lationship between peak absorbance and concentration according to Beer's law. The 

gray line with filled squares represents how the total measured absorbance relates 

to concentration when the spectral bandpass is 5 times the absorbance width. Note 

that the right hand scale corresponds to the total absorbance and does not have the 

same units as the left hand scale because total wavelength integrated absorbance has 

units of wavelength while the peak absorbance is unitless. 

The use of a continuum source has some key effiects on the analytical performance. 

For small absorbances, the larger spectral bandpass can increase sensitivity by mea

suring the total absorbance rather than the peak absorbance[28,38]. The linear 

dynamic range is reduced due to a negative deviation introduced into the calibration 

curve[28]. This does not necessarily limit the working range of the instrument as 
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Figure 3.15: Simulated calibration curves for peak absorbance (black) and total ab
sorbance (gray) versus concentration. 
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interpolation and curve linearization can be used for analysis. Indeed, the use of the 

wings of the absorbance profile has been reported to extend the working range for 

atomic absorption quantitation[64]. 

3.4 Results 

The analytical abilities of the prototype multielement graphite furnace atomic 

absorption spectrometer were evaluated with three separate sets of standards; copper, 

aluminum, and a multielement standard of cobalt, nickel, copper, zinc, and lead. All 

of the standards were derived from primary standards. Dilutions were made with 

distilled, deionized water. 

3.4.1 Aluminum Detection 

A series of dilutions were made to a 1.012 //g/ml aluminum primary standard. 

Four aluminum elemental lines were selected, shown in Table 3.5, and the position of 

the lines was verified using an aluminum hollow cathode lamp. The furnace method 

was set as shown in Table 3.6. Three runs were made at each concentration, and in 

each run, a 10 ^1 aliquot was injected. 

Figure 3.16 shows the absorbance profiles for the different transition lines of alu

minum. The most sensitive line for aluminum with the prototype system is 396.15 nm. 

The higher sensitivity of the 396.15 nm line is due largely to the greater photon flux 

at that wavelength relative to the other wavelengths. The profiles also show that the 
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Wavelength Order X position Y position 
396.15 run 27 247 205 
308.22 nm 35 158 230 
305.71 rnn 35 258 236 
308.22 am 36 437 241 

Table 3.5: Wavelengths of A1 lines used for the evaluation of prototype GFAAS 
system. 

Stage Temperature Ramp Hold 
Dry 150°C 30 s 10 s 
Ash 900°C 20 s 0 s 
Pyrolize 1100°C 10 s 25 s 
Atomize 2200°C 0 s 4 s 
Clean 2400°C — 0 s 

Table 3.6: Furnace method used for A1 atomization. 
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Figure 3.16: Absorbance profiles for the selected aluminum lines from a 20.24 ng 
sample. 
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data acquisition was not properly synchronized with the furnace atomization as there 

is still an absorption signal when the data ends. 

Figure 3.17 shows profiles for the various concentrations of the 396.15 nm line of 

aluminum in the calibration curve. The results for the aluminum calibration curves 

are summarized in Table 3.7. Figure 3.18 shows the graphs of the calibration curves 

for the 396.15 nm line of aluminum. Based on two times the standard deviation of the 

blank absorbance, the detection limit for aluminum was determined to be 30 pg at 

396.15 nm, and 0.1 ng at 308.22 nm. The calibration curves show a greater deviation 

than expected. This negative deviation can be attributed to light scatter inside the 

echelle. The intense visible light from the xenon arc lamp creates background scatter 

over the entire spectral range. 

3.4.2 Cu Detection 

A series of dilutions using distilled, deionized water were made to a 1.000 mg/ml 

copper primary standard. Two lines, 324.75 nm and 327.40 nm, were chosen for 

the first analysis. The parameters for the furnace program are summarized in Ta

ble 3.8. Three runs with 10 [A injections of a 50 nm/ml solution were made. Using 

the standard deviation of the blank absorbance, the detection limit for copper was 

determined to be 2 pg at 324.75 nm, and 6 pg at 327.40 nm. 

A second calibration was made of copper by running a series of dilutions of the 

primary standard. Four copper wavelengths were chosen for the experiment, and 
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Figure 3.17: Absorbance profiles for the 396.15 nm line of A1 at various concentra
tions. 
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Mass 
of A1 

396.15 nm 308.22 nm Mass 
of A1 Peak Area Peak Height Peak Area Peak Height 

0.160 ng 0.035 0.031 0.017 0.016 
0.160 ng 0.036 0.033 0.016 0.015 
0.160 ng 0.032 0.030 0.015 0.014 
0.810 ng 0.071 0.072 0.027 0.030 
0.810 ng 0.068 0.057 0.028 0.023 
0.810 ng 0.064 0.059 0.025 0.027 
4.060 ng 0.105 0.095 0.043 0.042 
4.060 ng 0.104 0.092 0.047 0.040 
4.060 ng 0.117 0.092 0.054 0.041 
20.24 ng 0.186 0.170 0.187 0.044 
20.24 ng 0.256 0.177 0.118 0.074 
20.24 ng 0.230 0.180 0.109 0.083 

Table 3.7: Calibration Data for the 396.15 nm and 308.22 nm lines of aluminum. 

Stage Temperature Ramp Hold 
Dry 150°C 30 s 10 s 
Ash 550°C 15 s 0 s 
Pyrolize 750°C 15 s 0 s 
Atomize 1800°C 0 s 4 s 
Clean 2000°C — 0 s 

Table 3.8: Furnace method used for Cu atomization. 
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Figure 3.19: Absorbance profiles for the 324.75 nm and 327.40 nm lines of a 20 ng 
copper sample. 
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Wavelength Order X position Y position 
327.40 nin 33 149 223 
324.75 nm 33 227 228 
296.12 nm 36 274 242 
282.44 nm 38 208 247 

Table 3.9: Wavelengths of Cu lines used for the evaluation of prototype GFAAS 
system. 

Mass 
of Cu 

324.75 nm 327.40 nm Mass 
of Cu Peak Area Peak Height Peak Area Peak Height 

0.100 ng 0.011 0.014 0.007 0.004 
0.100 ng 0.021 0.020 0.004 0.005 
0.100 ng 0.012 0.016 0.006 0.006 
0.500 ng 0.036 0.027 0.009 0.007 
0.500 ng 0.043 0.033 0.011 0.009 
1.000 ng 0.070 0.052 0.016 0.012 
1.000 ng 0.047 0.037 0.009 0.009 
1.000 ng 0.078 0.055 0.019 0.013 
5.000 ng 0.154 0.108 0.036 0.025 
5.000 ng 0.138 0.095 0.032 0.023 
5.000 ng 0.113 0.081 0.026 0.020 
20.00 ng 0.458 0.260 0.125 0.077 
20.00 ng 0.402 0.237 0.114 0.073 

Table 3.10: Calibration Data for the 324.75 nm and 327.40 nm lines of copper. 
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these lines are shown in Table 3.9. The same furnace method was used (Table 3.8). 

Figure 3.19 shows the absorbance profiles at the different wavelengths for a 10 

injection of 2.00 ng/ml copper solution. Only the 324.75 nm and 327.40 nm lines are 

shown as the 296.12 nm and 282.44 nm lines had no observable absorbance signal. 

Three runs of 10 /zl injections were made at each concentration. The results 

for the peak area and peak height measurements are summarized in Table 3.10. 

Figure 3.20 shows an absorption profile for each of the concentrations. The first 

three concentrations and the blank were fit to a line using a least squares regression. 

Figure 3.21 shows the data and the linear fit for the 324.75 nm calibration. The inset 

of the graph shows the entire calibration curve for 324.75 nm. The detection limits 

were determined from twice the standard deviation of the blank absorbance and the 

slope of the line. The detection limits for the 324.75 nm and 327.40 nm line were 

5 pg and 20 pg respectively. 

The detection limits for this calibration are approximately a factor of three worse 

than the previous determination. The only difference between these two calibrations 

is the number of spectral windows. To ascertain the affect that increasing the number 

of spectral windows has on the absorbance measurement, several measurements were 

made of the same sample using different numbers of spectral windows. For each 

number of spectral windows, three runs of a 10 ^1 injection of a 100 ng/ml copper 
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Figure 3.20: Absorbance profiles for the 324.75 nm line of Cu at each of the concen
trations in the calibration. 
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Figure 3.21: Peak area calibration curve for the 324.75 nm line of Cu showing linear 
range. (Inset shows full working curve.) 
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solution. The peak area of the 324.75 nm absorbance line was measured and averaged 

for the three runs. The results are shown in Figure 3.22. 

The measured signal decreases when the number of spectral windows increases. 

Two factors are causing the decrease in measured absorbance, and both are related 

to the fact that the time for a read cycle increases as the number of spectral win

dows increases. The first factor, integration time, increases absorbance noise. Due 

to the transient nature of absorbance in the graphite furnace, the longer an ab

sorbance signal is integrated in intensity, the worse the estimation of the absorbance 

becomes. This effect was demonstrated by the simulated absorbance in Section 3.3.1 

(Figure 3.13). 

The second factor is background scatter inside the spectrometer. The scattered 

light adds an equal amount to the measured signal for both I and /q, and the amount 

of scatter increases linearly with the integration time (time for one read cycle). Ab

sorbance is logarithmically related to intensity, thus an equal increase in I and Iq 

will decrease the measured absorbance. This effect worsens as the absorbance in

creases because the scatter becomes a greater portion of the measured signal as I 

gets smaller. 

3.4.3 Multielement Detection 

A multielement solution was created from primary standards. The solution con

tained cobalt, nickel, copper, zinc, and lead at 1 ^g/ml to within 1%. The elements. 



152 

0.018-
• 

^ 0.016- " 

S 0.014- " B 
• . • 

en 
^ 0.012-
< 

CO 0.010-
0 
< 0.008-

i§ 0.006-
0 
^ 0.004-

0.002-

0.000 -1 1 1 1 1 1 1 1 1 1 1 1 1 1— 
2 3 4 5 6 7 8 

# of Spectral Windows 

Figure 3.22: Figure showing the change in absorbance area for Cu 324.75 nm ab
sorbance as the number of spectral windows changes. 
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Element Wavelength Order X position Y position 
Ni 361.94 nm 30 103 207 
Co 345.35 nm 31 238 220 
Zn 330.26 nm 32 360 230 
Cu 327.40 nm 33 442 235 
Pb 287.33 nm 37 299 247 

Table 3.11: Wavelengths used for the evaluation of the multielement solution in the 
prototype GFAAS system. 

Stage Temperature Ramp Hold 
Dry 150°C 30 s 10 s 
Ash 550°C 15 s 0 s 
Pyxolize 700°C 15 s 0 s 
Atomize 2000°C 1 s 5 s 
Clean 2150°C — 0 s 

Table 3.12: Furnace method used for multielement atomization. 
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the selected wavelengths, and the location of the spectral windows are summarized 

in Table 3.11. The parameters for the furnace method are shown in Table 3.12. A 

10 fA injection of the solution was deposited in the furnace. The resulting absorbance 

profiles for the elements are shown in Figure 3.23. The cobalt profile has been mul

tiplied by a factor of 5. The profiles for nickel and lead are not shown because they 

contained no observable signal. 

The selection of the spectral windows for the multielement solution required a 

complex analysis of the available lines for each element. The problems arise from 

the need to keep the spectral windows in the smallest spectral region possible while 

preventing any vertical overlap. None of the most sensitive lines could be chosen. The 

decreasing optical throughput in the far ultraviolet decreases the sensitivity. Even for 

wavelengths which have enough photon flux for detection can have reduced sensitivity 

when monitored in conjunction with much brighter wavelengths. When observing 

multiple wavelengths, the brightest wavelength sets the number of read cycles before 

an injection occurs. If the wavelengths cover a broad spectral region, then the dimmer 

wavelengths may not have accumulated an adequate signal by the time that the 

brightest wavelength has reached maximum capacity and requires injection. 

3.5 Conclusions 

The results for the detection limits are summarized in Table 3.13. For comparison, 

the manufacture's listed detection limits for the CTF 188 furnace operated in single 
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Figure 3.23: Plot of the absorbance profiles for Co, Cu, and Zn in the multielement 
solution. (The Co absorbance has been multiplied by a factor of 5.) 
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element mode using a hoUow cathode lamp. For the prototype system, the nimiber in 

parenthesis refers to the number of spectral windows in the experiment. The results 

show that detection limits for the prototype system are comparable to single element 

graphite furnace system. The system also demonstrated the ability to detect several 

element simultaneously. 

The system also showed several important deficiencies. The low source output 

and poor echelle throughput in the far ultraviolet prevent the system from detecting 

many of the elements of analytical importance to atomic absorbance. For elements 

whose lines do have enough photon flux, the large differences in intensity over the 

spectral range sacrifice the sensitivity of the dim lines to prevent overranging the 

bright lines. These two efiects effectively limit the spectral coverage of the prototype 

system to 300 - 400 nm. 

The scattered light in the spectrometer causes a negative deviation in the cali

bration curves. The sensitivity is reduced and the linear dynamic range is limited to 

1-2 orders of magnitude. The scattered Ught also causes the sensitivity to decrease 

as the number of elements of spectral windows is increased. 

Although the prototype system demonstrated the feasibility of simultaneous mul

tielement atomic absorption spectrometry using a continuum source and an echelle 

spectrometer with CID detection, it was dismantled in favor of a better spectrometer 

system. 
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Detection Limit Detection Limit 
Element Wavelength Prototype CTF-188 

A1 396.15 mn 30 pg (4) 
A1 309.27 mn 10 pg 
A1 308.22 nin 100 pg (4) 
Cu 324.75 mn 2 pg (2) 

6 pg (4) 
5 pg 

Cu 327.40 mn 5 pg (2) 
20 pg (4) 

Table 3.13: Summary of detection limits comparing prototype system to standard 
single-element system. 
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CHAPTER 4 

Characterization of the High Resolution Echelle System for 

CS-ME GFAAS 

This chapter describes the creation of a second generation instrument for contin

uum source, multielement atomic absorption spectrometry. From the shortcomings 

of the prototype echelle described in the previous chapter, a new echelle/CID detec

tion system replaced the breadboard system. The imrovements in throughput and 

resolution of the new system are discussed. The same experiments were performed 

on the new system as the prototype system to quantify the improvements. 

4.1 New Echelle/CID Spectrometer 

The prototype system proved that simultaneous multielement graphite furnace 

atomic absorption spectrometry using an echelle/CID spectrometer was possible. It 

also identified some key deficiencies in the instrumentation for the system. The 

echelle throughput in the far ultraviolet was insufficient for absorption spectrometry. 

The rapid decline of the echelle spectrometer throughput limited the useable spectral 
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range. The scattering of light in the spectrometer caused the absorption sensitivity 

to decline as the number of elements being examined increased. 

The prototype echelle polychromator was replaced with a high resolution echelle 

with greater throughput in the ultraviolet. The new echelle spectrometer was specifi

cally designed for the format of the CID 38. The camera head assembly was changed 

to match the echelle output. The new echelle system was coupled to the optical rail 

system and the analytical characteristics of the new system were evaluated. 

4.1.1 High Resolution Echelle Polychromator 

The echelle polychromator used for the second generation system was a production 

model used for plasma emission spectrometry(IRIS-ICP, Thermo-Jarrell Ash Corp., 

Franklin, MA). The included grating and prism for the echelle were replaced with 

special high resolution components which were designed to improve throughput in 

the ultraviolet. The output format of the echelle was specifically designed to match 

the format of the CID 38. 

The collimated beam from the furnace was focused onto the entrance aperture by 

a 75 mm focal length UV-grade fused silica plano-convex lens. The original entrance 

aperture for the echelle was a 52 fim circular aperture. This aperture was replaced 

with a 100 fim square aperture to increase the light throughput. A 384 mm focal 

length spherical mirror is used to collimate the light entering the spectrometer. The 

collimating mirror is completely filled by the furnace image. The collimated beam 
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passes through a 21.0° quartz prism. The beam strikes the high resolution echelle 

grating which has 52.6 grooves/mm and a blaze angle of 63.5°. The light is then 

focused by a toroidal mirror onto the charge injection device. The spectroscopic 

parameters of the high resolution echelle are summarized in Table 4.1 

As the echelle spectrometer presents a distinctly different echellogram than the 

prototype echelle, the wavelength positions had to be recalibrated. The 253.65 nm 

line from a mercury pen lamp still provides the proper adjustment for day to day 

variations in the position of the echellogram. The spectrometer tank is purged with 

nitrogen and heated to a constant 32°C to minimize fluctuations in the wavelength 

position. Even with these precautions, the wavelength calibration is only able to 

locate the wavelength position to within 4-7 pixels. 

Figure 4.1 shows a 0.1 s exposure to the continuum using the high resolution echelle 

spectrometer. The echellogram uses the full photoactive area of the detector, and 

covers the most meaningful spectral region for atomic absorption spectrometry, 450 

- 190 nm. The wavelength coverage of the orders of the echellogram are enumerated 

in Table 4.2. 

Figure 4.2 shows the absorption line for copper at 324.75 nm for both the prototype 

and the high resolution systems. The increased resolution from the echelle is not 

enough to resolve the linewidth of atomic absorption line, and so does not provide 

any improvement in the linearity of the caUbration curves. The added resolution does 

provide an indirect improvement for atomic absorption spectrometry. Structured 
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Figure 4.1: Negative image of the echellogram for the high resolution echelle spec
trometer showing coverage of the full photoactive area of the CID38. 
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absorption interferences such as vibrational bands and neighboring atomic lines can 

be better identified and corrected. 

The purpose for incorporating the high resolution echelle spectrometer was to in

crease the spectrometer throughput in the far ultraviolet. The spectrometer through

put for the high resolution and prototype echelle spectrometers was tested by com

paring identical exposures to continuum source illumination. The relative intensities 

of the two spectrometers are shown in Figure 4.3. Each point in the graph represents 

the total throughput at that order of the echelle corresponding the wavelength on 

the axis. The high resolution spectrometer shows a much higher relative intensity for 

all of the orders. The higher overall intensity for the high resolution spectrometer 

is due not only to the increased throughput, but also to the flatter response over 

the order. The prototype system has a highly curved intensity profile. Where the 

order approaches the edge of the detector, the intensity decreases dramatically. The 

prototype system actually has similar throughput to the high resolution spectrometer 

at the center of the blaze for orders nearing the visible region. 

4.1.2 CID Camera System 

The camera system for the high resolution echelle spectrometer is based on the 

same device, the CID 38SG. It utilizes the SCM5000E camera control unit, and re

quired no modifications to the macro code for data collection. The camera head 
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Focal Length 384 mm 
Spectroscopic Speed f/10.2 
Grating Angle 26°30' 
Grating Area 40 X 40 mm 

Reciprocal Linear Dispersion 
@ 200 nm 0.137 nm/mm 

@ 400 nm 0.273 nm/mm 

Order Separation 
@ 200 nm 242 fim 
@ 400 nm 73 fj,m 

Table 4.1: Spectroscopic parameters for the high resolution echelle spectrometer. 
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Figure 4.2: Wavelength plot of Cu 324.75 nm absorbance on both the high resolution 
and prototype echelles. 
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Order Coverage (nm) Order Coverage (nm) Order Coverage (nm) 

75 452.32 - 448.07 109 310.90 - 308.06 142 238.21 - 236.03 
76 446.36 - 442.17 110 308.06 - 305.25 143 236.53 - 234.36 
77 440.56 - 436.42 111 305.27 - 302.49 144 234.87 - 232.72 
78 434.90 - 430.82 112 302.53 - 299.77 145 233.23 - 231.10 
79 429.38 - 425.37 113 299.84 - 297.11 146 231.62 - 229.50 
80 424.01 - 420.04 114 297.19 - 294.49 147 230.03 - 227.92 
81 418.76 - 414.85 115 294.59 - 291.91 148 228.46 - 226.36 
82 413.64 - 409.79 116 292.04 - 289.38 149 226.91 - 224.82 
83 408.65 - 404.85 117 289.53 - 286.90 150 225.38 - 223.31 
84 403.78 - 400.02 118 287.06 - 284.45 151 223.87 - 221.81 
85 399.01 - 395.31 119 284.64 - 282.05 152 222.38 - 220.33 
86 394.36 - 390.71 120 282.25 - 279.68 153 220.91 - 218.87 
87 389.82 - 386.21 121 279.90 - 277.36 154 219.46 - 217.43 
88 385.38 - 381.81 122 277.59 - 275.07 155 218.03 - 216.01 
89 381.04 - 377.52 123 275.32 - 272.82 156 216.62 - 214.61 
90 376.79 - 373.31 124 273.09 - 270.60 157 215.22 - 213.22 
91 372.64 - 369.20 125 270.89 - 268.42 158 213.84 - 211.85 
92 368.58 - 365.18 126 268.72 - 266.28 159 212.48 - 210.50 
93 364.60 - 361.25 127 266.59 - 264.17 160 211.13 - 209.17 
94 360.71 - 357.39 128 264.49 - 262.09 161 209.81 - 207.85 
95 356.91 - 353.62 129 262.43 - 260.04 162 208.49 - 206.55 
96 353.18 - 349.93 130 260.40 - 258.02 163 207.20 - 205.26 
97 349.52 - 346.31 131 258.39 - 256.04 164 205.92 - 203.99 
98 345.94 - 342.77 132 256.42 - 254.08 165 204.65 - 202.74 
99 342.44 - 339.30 133 254.48 - 252.16 166 203.40 - 201.49 

100 339.00 - 335.89 134 252.56 - 250.26 167 202.17 - 200.27 
101 335.63 - 332.56 135 250.68 - 248.39 168 200.95 - 199.06 
102 332.33 - 329.29 136 248.82 - 246.55 169 199.74 - 197.86 
103 329.09 - 326.08 137 246.98 - 244.73 170 198.55 - 196.68 
104 325.91 - 322.93 138 245.18 - 242.94 171 197.37 - 195.51 
105 322.79 - 319.85 139 243.40 - 241.18 172 196.21 - 194.35 
106 319.74 - 316.82 140 241.65 - 239.44 173 195.05 - 193.21 
107 316.73 - 313.84 141 239.92 - 237.72 174 193.92 - 192.08 
108 313.79 - 310.93 - 175 192.79 - 191.86 

Table 4.2: Wavelength coverage of the high resolution echelle/CID 38 spectrometer 
system. 
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Figure 4.3: Graph of the relative throughput for the high resolution and prototjqje 
echelle spectrometers. 
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assembly required a different geometry to mate with the high resolution echelle spec

trometer. The new camera head design is standard for the IRIS-ICP system (Thermo-

Jarrell Ash Corp., Franklin, MA). The dewjir is not cooled by liquid nitrogen, but 

by a refrigeration system (FTS Systems, Stone Ridge, NY). The refrigeration unit 

continuously cools the camera head to —100°C. The camera dewar itself is filled with 

argon to a pressure of 6 psi, and relies on thermal contact with the heated spectrom

eter tank to prevent condensation. The spectrometer is purged with nitrogen which 

prevents condensation from forming on the camera window. 

4.2 Results 

To properly compare the abilities of the high resolution system to the prototype 

system, two sets of standards were analyzed. The same series of dilutions for copper 

was used to evaluate the single element detection. The multielement standard of 

cobalt, nickel, copper, zinc, and lead was also analyzed. 

4.2.1 Cu Detection 

A series of dilutions was made from a 1.000 mg/ml copper primary standard. The 

furnace method is described in Table 4.3. The spectral windows for the two most 

sensitive copper lines, 324.75 nm and 327.40 nm, overlapped vertically, and could 

not be monitored simultaneously. The two wavelengths happen to fall on nearly the 

same horizontal position of two neighboring orders. The more sensitive 324.75 nm 
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line was chosen, and a second copper Une, 296.12 nm, was selected. Unfortunately, 

at such low concentrations, the 296.12 nm line yielded no observable absorbance. 

The data for the calibration are summarized in Table 4.4. The calibration curve 

was fit to a line using least squares regression. The detection limit was determined 

from the slope of the line and twice the standard deviation of the background. Based 

on the measurement of the peak area, the detection limit for copper was 3 pg. Fig

ure 4.4 shows the calibration data and the linear fit of that data. 

The value for the detection limit using the prototype echelle system was 2 pg. The 

detection limit for the high resolution system is essentially the same. The reason that 

the detection limit for the high resolution system is not higher than the prototype is 

the photon flux at the copper wavelength. The two measurements had nearly identical 

photon fluxes. Although the high resolution spectrometer has greater throughput, the 

location of the 324.75 nm line is closer the center blaze for the prototype spectrometer. 

Since the absorbance noise depends on the photon flux, no enhancement was realized 

for this element. 

The precision of the absorption measurement is shown in Figure 4.5. Four runs 

of a 100 /il injection of a 1 ng/ml solution of copper were compared. The percent 

relative standard deviation for the peak height was 4.8%, and for the peak area, 

the % RSD was found to be 0.6%. It has been shown that precision is significantly 

reduced when using manual pipetting, compared to an autosampler[5]. This effect 

was minimized by injecting the maximum capacity of the furnace using a 100 fA fixed 



Stage Temperature Ramp Hold 
Dry 150°C 30 s 10 s 
Ash 550°C 15 s 0 s 
Pyrolize 750°C 15 s 0 s 
Atomize 2000°C 0 s 4 s 
Clean 2200°C — 1 s 

Table 4.3: Furnace method used for Cu atomization. 

Mass 324.75 nm 
of Cu Peak Area Peak Height 

0.050 ng 0.0063 0.0054 
0.050 ng 0.0052 0.0046 
0.100 ng 0.0101 0.0093 
0.100 ng 0.0101 0.0102 
0.100 ng 0.0102 0.0099 
0.100 ng 0.0103 0.0104 
0.250 ng 0.0209 0.0208 
0.250 ng 0.0213 0.0218 

Table 4.4: Calibration Data for the 324.75 nm and 327.40 nm lines of copper. 
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Figure 4.4: Calibration curves for the 324.75 nm line of Cu: a) peak area, and b) peak 
height. 
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volume push-button pipette (Eppendorf-Netheler-Hinz GmbH, Hamburg, Germany). 

The absorbance noise has a much greater effect on the measurement of the peak 

height, causing a much higher relative standard deviation. The greater number of 

values used in the peak area measurement significantly increased the signal relative 

to the noise. 

4.2.2 Multielement Detection 

For comparison, the same multielement solution was used as for the prototype 

system. This solution contained cobalt, nickel, copper, zinc, and lead at 1 /ig/ml. 

The selected wavelengths for the elements and the location of their spectral windows 

are given in Table 4.5. Even though the high resolution spectrometer provided greater 

throughput in the far ultraviolet, the differences in photon flux between the near and 

far ultraviolet spectral windows prevented simultaneous multielement detection of all 

five elements. The first three elements; Zn, Cu, and Pb were determined in one run, 

and Co and Ni were determined in a second run. The furnace method is shown in 

Table 4.6. 

Figure 4.6 shows the absorbance profiles for the five elements. Although the system 

throughput was not enough to permit simultaneous detection of all five elements, it 

was enough to obtain a reasonable absorption signal from the shorter wavelengths. 

The most sensitive lines were used for almost all of the elements. The most sensitive 

line for zinc is 213.86 nm, but to make an accurate comparison with the prototype 
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Figure 4.5: Plot of replicate analyses of a 1 ng/ml solution of copper to determine 
the precision. 

Element Wavelength Order X position Y position 
Zn 330.26 nin 102 321 98 
Cu 324.75 nm 104 175 104 
Pb 283.31 nm 119 237 164 
Co 240.73 nm 140 192 269 
Ni 232.00 nm 145 271 305 

Table 4.5: Wavelengths used to observe the multielement solution in the high reso
lution GFAAS system. 
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Stage Temperature Ramp Hold 
Dry 150°C 45 s 0 s 
Ash 550°C 15 s 0 s 
Pyrolize 700°C 10 s 0 s 
Atomize 2200°C 1 s 5 s 
Clean 2400°C — 0 s 

Table 4.6: Furnace method used for multielement atomization. 
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Figure 4.6: Plot of the absorbance profiles for Co, Ni, Cu, Zn, and Pb with the high 
resolution system. 
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system, the 330.26 mn line was used. The absorbance profiles in Figure 4.6 also 

display some significant characteristics. The zinc 330.26 nm profile has a significant 

dip at the peak maximum. This dip is due to the zinc 330.29 nm line interfering with 

the measurement of Iq value for the 330.26 nm line. This dip was not seen with the 

prototype system because the two lines were not resolved. Also, the lead 283.31 nm 

profile has a noticeable absorption at the beginning of the data acquisition. The 

volatility of lead generates a significant vapor pressure of atomized lead before the 

atomization cycle starts. 

A second series of measurements were made to correct for these problems. The 

zinc absorption spectral window was changed to the 213.86 nm line to avoid the 

interference at 330.26 nm. The furnace method was changed to prevent the premature 

evaporation of lead from the sample. The temperatures of the ashing and pyrolisis 

stages were diminished. The new furnace parameters are shown in Table 4.7. 

The absorption profiles after the modifications to the spectral windows and furnace 

program axe shown in Figure 4.7. The top graph shows the absorption profiles from 

1.0 ng each of cobalt, nickel and zinc. The bottom graph shows the absorption profiles 

from 0.1 ng of copper and lead. From the signal to noise ratio for the 1.0 ng sample 

the detection limits for cobalt, nickel and zinc were determined. From the signal 

to noise ratio for the 0.1 ng sample for lead, and the 0.001 ng sample for copper, 

their detection limits were also computed. The detection limits are summarized in 

Table 4.8. The limits of detection are given in concentration based on a 100 p.1 
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injection, and the manufacturer's listed detection limits for single element atomic 

absorption spectrometry are given for comparison. 

The detection limits for the high resolution system detecting three elements si

multaneously are comparable to single-element detection limits. The detection limits 

for the high resolution system start to degrade as the wavelength of analysis moves 

toward shorter wavelengths. This effect is caused by the increasing absorbance noise 

resulting from the decreased photon flux farther in the ultraviolet. Although it is not 

possible to separate the source output from the spectrometer throughput, the xenon 

arc lamp has been shown to lose intensity beyond 280 nm, and poorer detection limits 

for the far ultraviolet have been realized[35]. 

4.3 Conclusions 

The inclusion of the high resolution echelle spectrometer increased the system 

throughput in the ultraviolet, allowing for many more elements to be detected by 

the instrument. The new echelle provides better wavelength coverage and utilizes 

the full photoactive area of the charge injection device. The result is that the high 

resolution system detecting several elements simultaneously has comparable detection 

limits to single-element atomic absorption spectrometry for wavelengths near the 

visible spectrum. As the wavelength of interest moves farther into the ultraviolet, 

the detection limits become progressively higher due to low source intensity. The 
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Figure 4.7: Plot of the absorbance profiles for Co, Ni, and, Zn (top), and Cu and Pb 
(bottom) with the high resolution system. 
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worst detection limit measured for zinc at 213.86 nm which is a factor of 30 worse 

than single-element graphite furnace atomic absorption spectrometry. 

The high resolution echelle eliminated one of the deficiencies, allowing a wider 

range of elements to be detected. The light scatter inside the spectrometer still 

caused a negative deviation in the calibration curve, resulting in low linear dynamic 

range. The source intensity was still not sufficient for good detection limits in the far 

ultraviolet. These problems will be addressed in the future directions in Chapter 5. 
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Stage Temperature Ramp Hold 
Dry 150°C 45 s 0 s 
Ash 450°C 15 s 0 s 
Pyrolize 550°C 15 s 0 s 
Atomize 2150°C 1 s 4 s 
Clean 2250°C — 0 s 

Table 4.7: Modified furnace method used for multielement atomization. 

Detection Limit Detection Limit 
Element Wavelength High Res. CTF-188 

Cu 324.75 mn 0.009 ppb (3) 0.005 ppb 
Pb 283.31 mn 0.08 ppb (3) 0.04 ppb 
Co 240.73 nm 0.9 ppb (3) 0.08 ppb 
Ni 232.00 nm 0.6 ppb (3) 0.05 ppb 
Zn 213.86 nm 0.03 ppb (3) 0.001 ppb 

Table 4.8: Summary of detection limits comparing high resolution system to standard 
single-element system. 
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CHAPTER 5 

Conclusions 

The results of the dissertation research are summarized here. First, a review of the 

prior state of the art for multielement atomic absorption spectrometry is presented to 

show the reasons for the construction of the continuum source, multielement GFAA 

spectrometer, and to highlight the choices made in the instrumental design. Second, 

the design and construction of the prototype system for continuum source, multi

element GFAAS with echelle/CID detection are summarized, and the results of the 

characterization of the system are reviewed. The results of the prototype system 

are used to explain the reasons behind the construction of a second generation sys

tem, and the improvements achieved by the high resolution system are discussed. 

The current state of the instrument is compared to analogous techniques in atomic 

spectrometry. Finally, many possible future directions of the project are explored. 

5.1 Project Summary 

Graphite furnace atomic absorption spectrometry is one of the most popular tech

niques for routine elemental analysis due to the combination of high sensitivity and 
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low detection limits, and the ability to accept a wide range of liquid and solid sam

ples with little sample preparation. The only drawbacks to GFAAS are the matrix 

interferences and the low sample throughput due to single-element detection. The 

matrix interferences have been largely addressed by background correction methods, 

and recently, multielement techniques for atomic absorption have begun to improve 

sample throughput. 

5.1.1 Previous Multielement Atomic Absorption Spectrometers 

Many instrumental designs have been pursued in an attempt to provide simulta

neous multielement analysis in atomic absorption spectrometry[21,23]. Initially, the 

investigations centered axound the use of multielement HCLs as a simple replacement 

for the standard, single-element source. They demonstrated the ability to simulta

neously determine up to four elements, but also highlighted several problems with 

multielement HCLs. The cathodes can only be constructed of elements with similar 

properties and the lamps cannot provide the same stability and sensitivity of single 

element HCLs. 

In the last ten years commercial AAS systems with multielement capabilities have 

begun to appear[23,61]. These systems are generally based on the use of single-

element or multielement HCLs, or combinations of the two. The commercial instru

ments are capable of simultaneously determining at most six elements, but sometimes 

only two. The detection Umits for these systems are generally within an order of 
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magnitude of single-element instruments[61]. The main drawback of this approach 

to multielement detection is in the selection of the elements to be determined. Many 

of the systems are restricted to a small set of elements and lines, and all of the sys

tems require a change of lamps and recalibration of the optics when a different set of 

elements is to be determined. 

A large library of hollow cathode lamps is not required if a continuum source is 

used. In addition to multielement capability with backgroimd correction, a continuum 

source has the advantages of lower expense and ease of operation relative to hollow 

cathode lamps. Some of the research system were capable of detecting a wide range 

of elements with simultaneous background correction, limited only by the number 

of detectors used by the direct reader. The detection limits were comparable to 

single-element techniques, except for lines with a wavelength shorter than 280 nm 

which were worse due to the decreasing output of the continuum source[27]. Also, 

changing the set of elements examined required repositioning and optimizing the 

detector positions which decreased the sample throughput advantage. 

The introduction of multichannel detectors such as the linear photodiode array 

provided a means to simplify the detection of multiple elements. As the source did 

not provide wavelength resolution, a high resolution spectrometer was coupled to 

the multichannel detector. The combination of the high resolution required and the 

small size of the linear array severely limited the wavelength coverage and therefore 

the number of elements that could be determined. 
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The problem of wavelength coverage was also experienced in atomic emission spec

trometry [5]. In the late 80's this problem was addressed by combining a high res

olution echelle spectrometer with a two dimensional charge injection device array 

detector[43,48]. The echelle provided continuous coverage over a broad wavelength 

range, from 800 - 200 nm, in a two dimensional format suitable for array detection. 

The random access and nondestructive read abilities of the CID allowed simultaneous 

multielement detection of dozens of emission lines with extended dynamic range[56]. 

The echelle/CID detection provided many advantages of previous slew-scan and di

rect reader systems for atomic emission[43,48,49]. 

5.1.2 Design and Characterization of the Prototype System 

From the literature describing previous instruments, a specific instrumental de

sign was chosen with particular emphasis on the source and detection units. The 

continuum source was chosen for its continuous wavelength coverage, simultaneous 

background correction, and simple optical requirements. The echelle/CID detection 

system was chosen for its ability to provide continuous coverage of a broad wave

length range. The use of the CID to observe the static atomic emission spectrum 

did not translate to the rapid signal monitoring required for graphite furnace atomic 

absorption. However, specialized CID imagers had been used for high speed imaging 

in missile guidance systems[47], showing that it may be possible to perform rapid, 

continuous signal monitoring. 
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The latest generation of CID, the CID 38SG, was acquired along with readout 

electronics from CID Technologies (Liverpool, NY). A camera head was specially de

signed to mount the device in a cryogenic dewar and to provide the proper connections 

to interface the device with the readout electronics. A complete characterization of 

the device and readout electronics was performed to determine the optical properties 

and noise characteristics of the camera system. The readout electronics for the CID 

were not designed to rapidly monitor several signals simultaneously. The ROM kernel 

code was rewritten to allow many spectral windows(see Chapter 3) to be rapidly and 

continuously monitored. The camera system utilizing the modified ROM code was 

capable of monitoring up to eight spectral windows while retaining a minimum frame 

rate of 50 Hz. 

The camera system was mounted to a prototype echelle spectrometer from Thermo 

Jarrell Ash Corporation (Franklin, MA), and the position was adjusted to focus the 

exit plane of the echelle on the device. Using several HCLs as elemental line sources, 

the correspondence between the wavelength position on the echelle focal plane and the 

horizontal and vertical location on the device was established. This correspondence 

allowed the precise positioning of spectral windows to observe the elemental absorp

tion lines. An optical rail was designed and coupled to the echelle to allow translation 

of optical components along the optical axis. Special stages were created to mount 

the xenon arc lamp, graphite furnace assembly, and the focusing lens on the optical 
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rail. These elements were then positioned to focus the maximum radiant intensity-

through the furnace and onto the entrance aperture of the echelle spectrometer. 

The furnace assembly was adapted from a standard graphite furnace controller, the 

CTF 188(Thermo Jarrell Ash Corp., Franklin, MA). The furnace head was intended 

to be coupled to a flame atomic absorption spectrometer, and required modifications 

to mount in the optical train. Computer control of the furnace was achieved by 

programming a special interface to communicate with the furnace control system. 

In order to utilize the prototype system for atomic absorption spectrometry, a 

protocol for data acquisition and analysis had to be established. The operation of 

the furnace system and camera system were integrated under computer control. The 

furnace is programmed according to the elements and the matrix of the sample. The 

camera system is programmed according to the wavelengths of the elements to be 

determined. The data acquisition of the camera system is synchronized with the 

atomization step of the furnace program. The data is stored for later analysis. The 

data analysis program extracts the absorbance signal for each of the spectral windows 

and computes the height and area of each absorbance peak. 

The initial characterization of the prototype system was performed by analyzing 

the absorbance signals of copper standard solutions. The copper absorbance calibra

tion showed that prototype system had detection limits comparable to state of the 

art single-element atomic absorption techniques. A multielement solution of cobalt, 

nickel, copper, zinc, and lead was then analyzed. The prototype system was able to 
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detect three of the constituents, cobalt, copper, and zinc, due to the wavelengths of 

lines observed. The data showed that the throughput of the echelle was not suffi

cient beyond 300 nm to make absorbance measurements. The echelle showed a sharp 

decline in throughput throughout the ultraviolet, which created a dynamic range 

problem for the detector, limiting the wavelength coverage to ~ 100 nm. Further in

vestigation revealed that light scatter inside the spectrometer caused the absorbance 

signal to degrade as the number of spectral windows increased due to slower read 

speed. 

5.1.3 Design and Characterization of the High Resolution System 

The prototype echelle, while adequately demonstrating multielement detection, 

was not properly suited to continuum source atomic absorption spectrometry. The 

low ultraviolet throughput £ind dynamic range problems severely limited its analytical 

utility. Based on these findings, a new echelle spectrometer from Thermo Jarrell 

Ash Corporation(Franldin, MA) was incorporated into the instrument to replace the 

prototype echelle. A high resolution grating and prism were installed into the new 

echelle due to their better ultraviolet performance. The wavelength calibration for 

the high resolution spectrometer was established in the same way as the calibration 

for the prototype echelle. Comparison of the throughput of the high resolution echelle 

to the prototype echelle showed that the new echelle had much greater throughput 

in the far ultraviolet and a more even response across the full wavelength range. 
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The high resolution system was characterized in the same manner as the prototype 

system. The analysis of the copper standard solution showed that the detection 

limits for the high resolution system were comparable to the prototype system in 

the near ultraviolet. The analysis of the multielement standard showed that the 

increased throughput was sufficient to determine all of the constituents. However, 

the intensity difference between the near and far ultraviolet was still too great to 

allow simultaneous determination of all of the elements. Two runs were required, 

one to measure the lines above 250 nm and one to measure the lines below 250 nm. 

Like the SIMAAC system of Harnly et. al.[27], the detection limits are comparable 

to single-element atomic absorption spectrometry for elements above 280 nm. Below 

280 nm, the detection limits become increasingly worse as the lines move farther into 

the ultraviolet. This is due to the decreased output of the xenon arc lamp in the far 

ultraviolet. 

The incorporation of the high resolution echelle into the system significantly im

proved the analytical performance. The useable wavelength range was extended 

farther into the ultraviolet, and the wavelength range for simultaneous analysis was 

increased. The limiting optical factor was the decreasing output of the xenon arc 

lamp in the far ultraviolet. 

The current state of the research has shown many important improvements over 

previous systems. The use of the continuum source allows for many more elements to 
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be detennined than with line sources, and provides simultaneous background correc

tion to remove matrix interferences. The echelle spectrometer offers a broad wave

length coverage, and the CID is capable of measuring up to eight elements simulta

neously over a much broader range than is possible with linear array detectors. The 

future directions of the project will discuss the remaining challenges of improving 

detection limits in the far ultraviolet and observing more elements over the full range 

of the atomic absorption spectrum. 

5.2 Comparison of the CS-ME Graphite Furnace Atomic Absorption 

Spectrometer to other Atomic Spectrometric Techniques 

Analytical atomic spectrometry has two instrumental methods which provide sim

ilar information to the continuum source, multielement graphite furnace atomic ab

sorption spectrometer. AES and AAS are commonly used in analytical laboratories 

for trace elemental analysis. The analytical utility of the CS-ME GFAAS instru

ment described here is compared to the two most applicable techniques in atomic 

spectrometry; single-element graphite furnace AAS, and inductively coupled plasma 

AES[18,61]. Typical detection limits for these systems for several elements are given 

in Table 5.1. 
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5.2.1 CS-ME GFAAS versus single-element GFAAS 

Graphite furnace atomic absorption is the most sensitive atomic spectrometric 

technique commercially available. The detection limits for single-element GFAAS are 

typically in the pg/ml range(see Table 5.1). The sampling method used has several 

advantages. The graphite furnace can directly accept liquid and solid samples and 

slurries. The size of the sample is also quite small, 1-100 /il , so scarce and precious 

samples can easily be determined. 

One major drawback of GFAAS in analysis is sample throughput. Although much 

time is saved due to the elimination/reduction of sample preparation, the analysis 

of the sample requires several minutes per element. Each sample must be dried and 

ashed in the furnace before atomization, and since the instrument is only capable 

of analyzing one element at a time, the complete analysis of a sample can require a 

considerable amount of time. 

The only other major drawback of GFAAS is in the analysis of complex sam

ples. The high sensitivity of GFAAS also means that both spectral and chemical 

interferences can greatly affect the analytical signal. The species in the sample ma

trix can change the vaporization of the analyte. The matrix can also generate both 

broad and narrow emission and absorption, hindering the accurate measurement of 

the absorption signal. 

The continuum source multielement technique eliminates many of the problems 

associated with GFAAS while still retaining the sampling and sensitivity advantages. 
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The continuum source multielement technique analyzes many elements simultane

ously, greatly reducing the time required the analysis of the sample. The use of a 

continuum source and a high resolution echelle spectrometer enables the identifica

tion of spectral interferences, and can be used to automatically correct for virtually 

all spectral interferences. Nonspectral interferences are generally a product of the 

furnace design, and continuum source multielement GFAAS can use any of the fur

nace designs available to single element GFAAS for reducing matrix effects. The 

continuum source technique is also capable of using some furnace designs which, due 

to their affect on the absorption lineshape, cannot be used in single element furnace 

atomic absorption spectrometry[61]. 

The only major drawback to continuum source multielement GFAAS is reduced 

sensitivity for some elements. The xenon arc used as a continuum source has a 

decreasing spectral output in the far ultraviolet. The echelle spectrometer has a 

lower collection efficiency that the standard monochromator. The slit height of an 

echelle spectrometer is generally limited to 50 - 500 //m, while the monochromator 

can have a slit height in excess of 1 cm. The lower collection efficiency is generally 

compensated by the higher throughput of the spectrometer and the brilliance of the 

arc lamp. This deficiency is only important in the far ultraviolet where the arc lamp 

is no longer brighter than the hollow cathode lamp. Some possibilities for improving 

the source intensity are discussed in Section 5.3.1. 
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5.2.2 GFAAS versus ICP-AES 

Recently, the use of the inductively coupled plasma atomic emission spectrometer 

has grown to the point that now, the sales of ICP-AES instruments have eclipsed 

AAS[18]. The main reason for this dramatic increase in the interest in ICPs is due 

to the development of powerful simultaneous multielement detection for the plasma 

source. The combination of echelle spectrometers and array detectors, especially 

the CID, have allowed the simultaneous examination of dozens of lines. The linear 

working curves for emission lines have dynamic ranges of 4 - 8 orders of magnitude, 

permitting detection of a wide range of concentrations without diluting the sample. 

The power of the plasma excitation also allows for the detection of some nonmetals 

and reduces the effects of the sample matrix. 

The major limitation of ICP-AES is spectral interferences. The high power of the 

plasma produces complex emission spectra, and can ionize a portion of the sample 

generating additional ionic spectra. A significant challenge in the analysis of a sample 

can be the selection of analytical lines free of spectral interferences. The plasma 

itself generates a significant radiation background which limits the sensitivity of the 

technique[65]. ICP-AES generally has much higher limits of detection than furnace 

AAS as shown in Table 5.1. The sensitivity of ICP-AES is further hampered by the 

sample introduction technique. The efficiency of the sample nebulization is generally 

less than 1%, losing the majority of the analyte to waste[20]. 
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The continuum source multielement GFAAS system has incorporated the multiele

ment advantage of ICP-AES into AAS. The ICP-AES system is capable of detecting 

many more elements simultaneously than the CS-ME GFAAS system, and can be 

used for qualitative identification of sample coustituents where the CS-ME GFAAS 

system cannot. The CS-ME GFAAS system does have much lower detection limits 

for all of the elements examined. The CS-ME GFAAS system also uses much less 

sample than the ICP-AES system. 

5.3 Future Directions 

The stated goal of determining the feasibility of using a continuum source and 

an echelle spectrometer with CID detection for simultaneous multielement graphite 

furnace atomic absorption spectrometry has been manifestly demonstrated. The 

development of the technique is, however, by no means at its fruition. There are 

several deficiencies which can be addressed in subsequent studies. Some possible 

directions for future investigations will be discussed here. 

5.3.1 Improving Continuum Source Intensity 

The xenon arc lamp source has many useful characteristics that recommend it for 

use in continuum source atomic absorption spectrometry. It has a broad flat spectral 

output throughout the ultraviolet and visible regions. With lamp powers on the 

order of hundreds of Watts, the output is quite intense, which is necessary for atomic 
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absorption analysis as the absorbance noise is inversely proportional to the intensity 

at that wavelength. The combination of broad spectral coverage and high intensity 

output are nearly ideal for continuum source atomic absorption spectrometry. 

The only serious drawback to the xenon arc lamp for atomic absorption analysis 

is the decreased intensity in the far ultraviolet. At 250 nm the spectral irradiance is 

an order of magnitude less than at 400 nm, and by 200 nm the intensity has dropped 

another order of magnitude. The spectral region from 190-250 nm contains many 

of the most sensitive absorption lines for several important elements as shown in 

Table 5.2. The detection limits achievable with the continuum source degrade in the 

far ultraviolet (see the detection limits for the CS-ME GFAAS in Table 5.1). 

There are several possible means of improving the throughput in the far ultravi

olet. Moulton, O'Haver, and Harnly have shown that pulsing the lamp power can 

increase the intensity in the far ultraviolet with a minimal reduction in the lifetime of 

the lamp[66]. Schmidt, Becker-Ross, and Florek have also shown that an opthamo-

logical flash lamp can be modified to provide an intense pulsed continuum suitable 

for atomic absorption analysis[34]. Rozsa has proposed the use of hollow cathode 

laser technology to produce a superluminous deuterium source which could produce 

a collimated, continuous beam with the spectral coverage of a standard deuterium 

lamp and the spectral power of a xenon arc[67]. 

The substitution of one of these sources for the current xenon short arc lamp used 

would not only benefit the detection limits for elements in the far ultraviolet, but 
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Element Wavelength 
Detection Limits (in ng/ml) 

Element Wavelength CS-ME GFAAS LS-GFAAS ICP-AES 
A1 309.27 nm 0.03'' 0.01 4" 
Cu 324.75 nm 0.003 0.005 2 
Pb 217.00 nm 0.03^= 0.007 30" 
Co 240.73 nm 0.09 0.008 3^ 
Ni 232.00 nm 0.6 0.05 5^ 
Zn 213.86 nm 0.03 0.001 2 

"Al 396.15 nm line. 
'Al 167.08 nm line. 
"^Pb 283.31 nm line. 
''Pb 220.35 nm line. 
®Co 238.89 nm line. 
^Ni 221.65 nm line. 

Table 5.1: Comparison of the detection limits of continuum source multielement 
spectrometer(CS-ME GFAAS) to conventional graphite furnace AAS and to ICP-
AES. 

Element Symbol Most Sensitive Line 
Antimony Sb 217.6 nm 
Arsenic As 193.7 nm 
Cadmiuni Cd 228.8 nm 
Lead Pb 217.0 nm 
Selenium Se 196.0 nm 
Tellurium T1 214.3 nm 
Zinc Zn 213.9 nm 

Table 5.2: Important elements for which the most sensitive absorption wavelength is 
in the far ultraviolet. 
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would also increase the spectral coverage for simultaneous analysis by decreasing the 

intensity difference between the near and far ultraviolet regions. The use of pulsed 

sources would require modification of the data acquisition to synchronize the camera 

readout to the source modulation. The superluminous deuterium source requires 

further investigation before a working source could be produced. 

5.3.2 Advances in CID Detector Technology 

The SCM5000E camera control unit is unique in that it is the only commercially 

available camera controller which is specifically designed to take advantage of the 

special abilities of the charge injection device. The pseudo-random access permits 

the examination of multiple spectral windows for multielement detection. The com

bination of nondestructive readout and global injection allow continuous monitoring 

of the spectral windows for extended periods of time. With the modifications to 

the macro code, the SCM5000E is capable of continuously monitoring eight spectral 

windows with a sufficient readout rate for GFAAS. 

However, due to the limitations of the camera control unit and the CID 38, eight 

is the maximum number of elements that can be examined. Also, the signal to 

noise ratio for the detection of multiple elements depends on the number of spectral 

windows, decreasing with an increasing number of spectral windows. The CID 38 
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does not have bi-directional pixel scanners, which prevents the examination of verti

cally overlapping spectral windows, effectively limiting multielement detection to one 

spectral window per echelle order. 

The CID 38 is capable of selectively injecting individual spectral windows, but 

the operation required as much time as reading the subarray, effectively halving the 

readout rate. Global injection of the device was used because it did not substantially 

affect the readout rate. This choice did, however, limit the spectral range that could 

be examined simultaneously. The integration time allowed before an injection was 

determined by the brightest spectral window, and only the spectral windows which 

had collected a significant signal by that time could be accurately monitored. Thus, 

the spectral range available for simultaneous monitoring of spectral windows was 

limited by the ratio of the brightest to dimmest windows. 

A new CID is currently being developed with capabilities far beyond that of the 

CID 38. The RACID (random access CID) class of CIDs incorporates an address 

decoder on the device instead of a scan register. Thus, a RACID can in the time of 

one pixel clock move from any pixel to any other pixel on the device. The address 

decoder also gives the RACID collective read ability. Collective reading in a CID 

is analogous to biiming in a CCD. The charge from multiple pixels is measured in 

one read, with the read noise of a single read instead of the combined read noise of 

each pixel. The RACID will also be capable of faster read rates and have a larger 

photoactive area than the CID 38. 
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The new capabilities of the RACID device will have a major impact on the abilities 

of the CS-ME GFAAS instrument. The true random access of the RACID will 

allow the arbitrary selection of spectral windows. The spectral windows can also be 

monitored at their own individual read rates and with selective pixel reset, so the 

full spectral coverage can be used for simultaneous monitoring of multiple spectral 

windows. 

The collective read ability of the RACID will allow for the determination of I and 

Iq in many fewer reads than is currently possible. Therefore, more spectral windows 

can be monitored in the same time frame. The collective read ability can also be 

combined with random access to provide a correction for light scattering inside the 

spectrometer. Regions above and below the spectral window in between the echelle 

orders can be read out at the same time as the I and Iq regions. This type of cor

rection (although not simultaneous) has been shown to improve the sensitivity and 

linear dynamic range of continuum source atomic absorption spectrometry [68]. The 

collective readout of all of these regions is diagrammed in Figure 5.1. Table 5.3 sum

marizes the improvements of the RACID device, showing the expected performance 

of a RACID equipped CS-ME GFAAS instrument. 

The ability to monitor over several hundred spectral windows simultaneously 

opens many new avenues of investigation for the CS-ME GFAAS instrument. A 

spectral window can be dedicated to the most sensitive lines of all of the elements 



196 

cm 38 RACID RACED 
Feature system system w/scatter corr. 
Reads 64 3 5 
Pixel Clock 33 kHz 100 kHz 100 kHz 
Spectral Windows 
(@ 50 Hz) 8 667 400 

Table 5.3: Comparison of the abilities of the CID 38 and the RACID. 

Scatter 
Correction 

Figure 5.1: Diagram of the collective readout of a spectral window with scatter 
correction. 
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detectable by atomic absorption spectrometry and less sensitive lines of the impor

tant elements could also be monitored to extend the dj^amic range. This ability 

would provide for the first time a kind of qualitative analysis for GFAAS, which has 

never before been even conceivable. When combined with a continuum source with 

extended spectral range, the system would represent the closest to the ideal graphite 

furnace atomic absorption spectrometer ever designed. 
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Incorporating Pre-amp per Row Architecture 

J. Bruce True, Quentin S. Hanley, and M. Bonner Denton 
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For Submission to Optical Engineering 

Abstract 

Charge Injection Devices axe available in a wide variety of formats ranging from 

video imaging to scientific grade devices. Scientific grade CIDs have an on-chip FET 

pre-amplifier which reduces the read noise of the device by roughly an order of mag

nitude over previous devices. This pre-amp-per-row architecture is included in the 

CID 17PPRA, a 388 x 256 pixel device with 24 x 28 micron pixels, and the CID 38SG, 
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a 512 X 512 pixel device with 28 x 28 micron pixels. These devices are available com

mercially and were designed for scientific optical imaging. Characterizations of these 

devices are presented. 

The devices typically have peak quantimi efficiencies near 60% in the visible. 

Ultraviolet performance can be enhanced by coating with a suitable down converter 

resulting in a 5-10% increase in the far UV quantum efficiency. The read noise of the 

scientific systems varies by device and controller, but is approximately 140 e~ for the 

CID 17PPRA, and 180 e~ for the CID 38SG. These values can be reduced to lower 

than 10 e" through the use of multiple nondestructive reads. Both devices have large 

full well capacities; 1.0 x 10® carriers per pixel for the CID38 SG and 0.7 x 10® carriers 

per pixel for the CID 17PPRA, and are highly resistant to charge blooming. The 

devices suffer from a nonlinear photometric response which grows worse as exposures 

approach the full well capacity. The problems of spatial pixel cross-talk and "fat 

zero", associated with previous generations of CIDs have been greatly reduced. 

A.l Introduction 

A. 1.1 Charge Injection Devices And Pre-amp per Row Architecture 

Charge Injection Devices (CIDs) have been available commercially since 1974. 

Initially, they were manufactured by General Electric, but are currently available 

through CID Technologies Inc., a wholly owned subsidiary of Thermo Jarrell .A.sh 

Corporation. Since their introduction a variety of formats have become available 
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ranging from single pixel devices of 1 x 2 mm (CID 75B) to 786 x 512 pixel devices 

(CID 22). Uses of these devices range from detectors in commercial atomic emission 

spectrometers (CID 17PPRA and CID 38SG) to video imaging in high radiation 

environments (CID 22). Two devices, the CID 17PPRA and the CID 38SG, are 

characterized here. Both the CID 17PPRA and the CID 38SG incorporate an on 

chip FET pre-amp for each row of the device and are designed for scientific imaging 

applications. The pre-amp per row architecture has been found to be useful for 

reducing device read noise by almost a factor of 10, hence its incorporation into 

scientific grade devices where low read noise is desirable [54]. 

The CID architecture provides for many different modes of readout. This flexibility 

has given rise to several different systems of nomenclature. CID Technologies refers 

to Row and Column electrodes. Before the incorporation of preamp-per-row, these 

names were ambiguous, and could be interchanged. Even now, the term preamp-per-

row is somewhat arbitrary. In this paper we will use the terms drive and sense in 

order to emphasize the way in which the CID is read out. In the pre-amp per row 

devices, row and sense will always be the same. Charge collection can been done 

with either electrode, and in earlier devices readout was not restricted to the row 

electrode. 

A CID is two dimensional array of pixels where each pixel consists a pair of crossed 

polysilicon electrodes[40]. These electrodes cover a Si02 insulating layer, which is de

posited over an n-doped layer of epitaxial silicon. The epitaxial layer is approximately 
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20 microns thick and is grown on a p-doped substrate. Surrounding each pixel is a 

field implant oxide which prevents photo-generated charge from transferring between 

pixels, making CIDs highly resistant to charge blooming. All pixels on a row have 

one electrode coimected by an aluminum strap across the row. The column electrodes 

are connected to all pixels in the column by a conducting strap. The electrodes are 

negatively biased relative to the epitaxial layer such that photo-generated charge is 

collected in the form of holes. By varying the voltages to the two electrodes, photo-

generated charge may be collected in one electrode (store), transferred to the other 

electrode (slosh), or released into the substrate (inject). Individual pixels are ad

dressed by select registers on the ends of the rows and columns. In the PPR class 

of CIDs, the select registers can slew unidirectionally to any pixel position on the 

device, and can be individually reset. These processes provide the PPR CID with 

pseudo-random access. 

Figure A.l contains a diagram which illustrates the possible states of the drive 

and sense electrodes. The SiCAM camera controller allows the electrodes to be set 

to an arbitrary voltage from OV to -12V relative to the epitaxial layer. With the 

sense electrode negatively biased and the drive electrode near the potential of the 

epitaxial layer, all charge generated in the pixel collects under the sense electrode 

(a). When the sense electrode is disconnected from its reference potential, then the 

voltage on the electrode will change depending on the amount of charge under the 

electrode and the capacitance of the electrode (b). Sensing this voltage is the first 
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paxt of the read cycle. The drive electrode is then set more negative than the sense 

electrode, and all charge migrates from the sense to the drive (c). Now the voltage 

of the sense electrode can be measured again, and the difference between the two 

voltages is proportional to the number of carriers in the pixel. The electrode voltages 

can be reset to the initial state by collapsing the drive potential, and now the pixel 

can be read again if desired. None of these steps prevent the imager from collecting 

charge. The clearing of accumulated charge is accomplished by setting the potentials 

of both electrodes near that of the epitaxial layer (d) causing all charge in the pixel 

to diffuse into the substrate. 

The inclusion of an on chip preamplifier, while substantially lowering device read 

noise, presents a unique set of problems not found in previously characterized charge 

injection devices. Variation in the pre-amplifier fabrication process results in an 

additional source of fixed pattern noise, and the FET amplifier has a temperature 

dependent offset and output non-linearity. The additional fixed pattern noise due to 

the output pre-amplifier is restricted to row to row variation. This source of noise can 

be compensated by electronically adjusting individual pre-amplifier offsets, or with 

software adjustment. The FET amplifier shows a temperature dependence which 

requires adjustment of the coaxse preamplifier offset after the device has stabilized 

at the temperature at which it will be used. Finally, characterization of the devices 

needs to address the possibility of row to row variation in device sensitivity. 
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A.1.2 Spectroscopic and X-ray Applications 

For this study the CID 38SG and the CED 17PPRA devices were characterized. 

Device information for each of these CIDs is presented in table A.l. The CID 38SG 

is a more recent device which has found use in atomic emission spectroscopy[69]. Use 

of the 38SG for this purpose is recommended by its large full well and resistance 

to charge blooming. In this application, however, heavy demands are placed on the 

detector in the upper end of its photometric response where CIDs with the pre-amp-

per-row architecture behave in a non-linear fashion. The characterizations here place 

particular emphasis on the behavior of the device under these conditions. The CID 

17PPRA device is an older device with a smaller format which has recently become 

of interest for direct detection of x-rays[70,71]. Since the use of the CID 17PPRA for 

direct detection of x-rays is taking place in a several labs which do not have ready 

access to instrumentation for the characterization of these devices, a special effort 

has been made to examine the CID 17PPRA here. 

One of the attractions of the CID is its inherent radiation tolerance due to the 

lower requirements for charge transfer efficiency relative to a CCD. This characteristic 

has led to interest in using these devices for imaging applications in space, direct x-

ray detection, and nuclear imaging systems. All of these applications will be aided by 

knowledge of the optical properties and the noise characteristics of the new generation 

of CID devices. This has led to a renewed interest in publishing characterizations of 

these devices. 
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A.1.3 The SiCAM Camera System 

The SiCAM readout electronics have been described elsewhere[53]. In contrast to 

previous commercial CID camera systems[55], this system allows for multiple NDROs, 

pseudo-random pixel address, and responds from 1000-200 nm. The device is enclosed 

in a cryogenic dewar system attached to a video amplifier which is in turn connected 

to the SiCAM camera controller. The controller is connected by a digital interface 

to a PC compatible computer for image processing and data analysis. For extended 

operation in the UV region, Metachrome coatings may be applied and these are 

tested here for comparison. The CID 17PPRA was tested in a camera head designed 

and constructed at the University of Arizona mounted in a cryogenic dewar (Infrared 

Laboratories, Tucson AZ). The CID 38SG was housed in a camera system supplied 

by CID Technologies (Liverpool NY). 

A.2 Determination of System Gain and Read Noise 

A.2.1 System Gain 

The technique of mean variance described by Mortara and Fowler[60] is commonly 

used for the determination of system gain and noise characteristics in solid state 

photometric detectors. The technique, as implemented here, is based on the following 

assumptions. Each photon detected by the CID array generates a single carrier per 

absorbed photon. The spatial distribution of photons is then assumed to be governed 

by a Poisson distribution. The photon generated charge is read using an analog to 
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digital converter and the mean signal S is reported in ADUs. The shot noise a of the 

charge separation events is dependent only on the number of carriers q in individual 

pixels and can be predicted to be 

a^ = q (A.l) 

The measured signal is related to the number of carriers by the system gain (G). 

S = Gq (A.2) 

The measured variance, A, in the determination of S is similarly related to the 

number of photons as shown by equation A.3. 

A = (A.3) 

By substituting A.2 into A.3 and rearranging the standard mean variance expression 

is produced. With inclusion of the read noise of the device the system gain can be 

measured by determining the slope of a plot of mean signal against the variance of 

the signal, as given by equation A.4. 

A = GS + N^G^ (A.4) 

One of the problems in measuring good mean variance data is implementing the 

technique experimentally so as to best eliminate other sources of error. With a 

CID it is particularly important to isolate the carrier shot noise due to the spatial 

distribution of photons from fixed pattern noise and row crosstalk. This paper uses an 

exposure sequence described by Sims[55] which removes fixed pattern noise from the 
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determination of the variance by computing the variance on a difference image from 

a matched pair of exposures. A subarray is illimiinated twice for the same period 

of time, and the two images are averaged together to determine the mean signal. 

The second image is subtracted from the first to determine the variance. Since the 

fixed pattern is temporally and photometrically invariant, subtraction completely 

removes it from the image. The only disadvantage of this method is that noise 

can be introduced based on the reproducibility of the illumination. All the data 

presented here were checked during acquisition to assure that both exposures received 

equivalent illumination. The apparatus used to make these determinations is shown 

in Figure A.2. In this scheme, the system gain is determined by the slope of the 

mean variance plot. The mean variance plot is determined over a range including 

only the lower 25% of the device full well capacity to minimize the influence of device 

non-linearity. The difference between the two subarrays is taken pixel by pixel and 

the variance of the difference array is computed. Since a difference has been taken, 

the computed variance is twice the variance of a single read. Figure A.3 shows a 

typical mean variance plot for each of the devices examined. Figure A.4 summarizes 

data for both the CID 38SG and the CID 17PPRA devices as a function of CID pixel 

frequency. 
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A.2.2 Read Noise 

To measure the read noise of the device a set of paired reads at zero illiunination 

were used, similar to the method described for Mean-Variance. Mean variance plots 

often do not allow good estimates of the system read noise to be determined due to a 

tendency of the plot to show a foot in the relationship. If the intercept is then used to 

determine read noise this will result in an underestimate of the system read noise. To 

avoid this a set of paired reads at zero illumination was used to compute the system 

read noise. Some hysteresis has been observed that is believed to be due to charge 

trap sites in the Si/Si02 interface. To eliminate inequivalence between subsequent 

reads of the device following injection the measurements presented here were obtained 

following a set of 100 dummy reads of the subarray prior to the determination of the 

read noise of each device. Figure A.5 shows a plot of system read noise measured in 

this fashion for each of the devices. 

In the current generation of readout electronics, each of 256 or 512 (for the 

17PPRA or the 38SG devices respectively) offset voltages are generated and then 

applied to the preamplifiers during readout. This correction is called OFFP cor

rection by the manufacturer. Since it is prohibitive to maintain this many voltages 

individually in the driver electronics this function is performed using a single 12 bit 

D/A converter. Application of this correction, while lowering fixed pattern noise 
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somewhat, in practice results in a higher device read noise due to instability intro

duced by the rapid variation of D/A voltages during readout. The data presented in 

Figure A.5 were measured with the OFFP correction disabled. 

A.2.3 Inject Noise 

The injection process depends on the voltages applied to the drive and sense 

electrodes during charge clearing. These voltages are controlled by an on board D/A 

converter which is dedicated to producing these voltages. If the level of this voltage 

is unstable or the extent to which charge is cleared varies from injection to injection, 

this will appear as an additional noise source in the readout of the device. To assess 

the extent of this noise an inject cycle was added between a set of paired reads. The 

variance of the difference array was computed and the total noise was computed. The 

measured variance represents the sum of the vaxiance from reading the device and 

the variance injecting the device. Using cooled devices, inject noise was not found to 

be significantly greater than the standard read noise of the device. 

In practice, after exposure to bright sources, several longer injections must be 

performed before the device reaches a stable value. At cryogenic temperatures, the 

diffusion of photo-generated charge into the substrate is relatively slow and may 

require several seconds to migrate out of the pixel[55,71]. 
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A.2.4 Noise Reduction through Nondestructive Readout 

The read noise of a CID device can be reduced by repeatedly reading out the 

device and averaging the results. The noise should be reduced by a factor of the 

square root of the number of reads. For applications where time and data storage 

permit, the signal can be measured to a level where the read noise is no longer a 

significant factor. 

Cooled CID 38SG imagers were repeatedly read and the signal in ADU converted 

to carriers using the system gain parameter. A single pixel was read 1000 times. The 

first 3-5 reads were removed as they showed high variability, probably due to trapped 

charge being released into the pixel. The results were averaged over the number of 

reads and the standard error of the mean reported in carriers. The results of the 

experiment are shown in Figure A. 6. The experimental points follow the theoretical 

curve quite closely. After 7 nondestructive read operations, the read noise has fallen 

below 100 e-s, and after 486 NDROs, the read noise is below 10 e~s. 

A.2.5 Spatial Pixel Crosstalk 

The effects of spatial pixel crosstalk in CIDs were first described by Sims and Den-

ton[59] in their characterization of the CID IlUA camera. The two types of crosstalk, 

row-column and column-column, were caused by capacitive coupling between driven 

collect (row) electrodes and unselected sense (column) electrodes. In row-column 
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crosstalk, the charge distributed along a row gave rise to a higher potential than cor

responded to the actual charge in the pixel. This made the signal uniformly higher 

over the entire row. The column-column crosstalk occurred when some pixels on the 

selected column were saturated and caused a higher signal in pixels on the column 

than corresponded to the actual charge in the pixels. This also affected the pixels 

uniformly on a column. 

However, we have observed a previously undescribed form of spatial pixel crosstalk. 

It's effects are similar to row-column crosstalk in that it changes the signal level evenly 

across a row, but it does not have a significant effect until some pixels on the row 

are near saturation. When some pixels near saturation, the average unilluminated 

row signal tends to decrease as the amount of charge in the exposed region increases. 

After saturation, another effect takes over, and the signal deviation becomes positive. 

This particular form of crosstalk is not currently understood, but is most certainly 

linked to the changing row capacitance as photogenerated charge is accumulated. 

The magnitude of the crosstalk depends upon the total charge on the row, but can 

be removed in software on a row by row basis as described by Sims and Denton[59]. 

The effects of the crosstalk may be greatly reduced by performing a global knockdown 

before readout. While this technique may not suitable for quantitative measurement, 

it is easily applicable to and sufficient for general imaging. 

Figure A.7 shows the deviation caused by the crosstalk. The crosstalk data was 

generated by imaging a small spot, approximately 200 micron diameter, on the CID 
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and examining the full frame. The unilluminated portion of the row and column 

containing the brightest pixel were averaged to give the individual points of the row 

crosstalk and column crosstalk graphs respectively. The column crosstalk graph is 

presented as a reference as it shows no deviations. 

A.3 Fixed Pattern Noise 

Charge transfer devices all suffer from pixel to pixel variations. Variations may 

be the result of small variations in the size of the pixel and associated architecture, 

defects, and other fixed sources of noise. This noise has a pattern that is fixed and 

the effects can often be corrected through the use of flat field techniques. In CIDs, 

sources of pattern noise include h/2 noise introduced during manufacturing, varia

tion in row preamplifier offsets, and other non-uniformities in the column dimension. 

While variation in the preamplifier offsets appears to be the largest source of pattern 

noise, variation in the size of pixels along a row results in variation in the total ca

pacitance along a row. Since the magnitude of the signal out of the device depends 

fundamentally on the movement of charge into and out of a capacitor, variations in 

row capacitance result in pattern noise. This type of noise will manifest itself in 

variations in the relative response of the device from row to row. These sum of these 

sources of pattern noise combine to give a device with a relatively large fixed pattern 

noise. Each source of pattern noise will be treated to determine the contribution of 



212 

each source and then find the total "correctable" pattern noise in the device. 

^total ^OJI ^row ^pixel ^read (•^•5) 

The fixed pattern noise is due to a combination of 

A.3.1 Even and Odd Row Pattern Noise 

One of the largest sources of noise is variation in the baseline signal response 

between even and odd rows. This variation is readily seen in Figure A.8. In the 

current electronics this pattern is minimized by the use of a dedicated 12 bit D/A 

converter that generates a signal to null the mean even and odd row offset in the off 

chip row post-amplifiers. These voltages are referred to as OFFE and OFFO by the 

manufacturer. Due to limitations in the 12 bit D/A converter this method appears 

to have a limit of approximately 15-20 ADU difference in the mean signals from the 

even and odd rows. The even/odd noise is the result of h/2 noise in the fabrication 

of the CID. 

A.3.2 Row Pattern Noise 

There is a remaining source of row pattern noise that manifests itself as a gradual 

change in offset along the row dimension. The offset generally is lowest near the 

top and bottom of the device and highest in the center of the device. As discussed 

previously, electronic removal of this source of pattern noise is done partially by the 

OFFE and OFFO D/As. A second 12 bit D/A converter provides a row by row 
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correction which is designated OFFP by the manufacturer. This results in slightly 

diminished pattern noise, but a slight increase in read noise due to instability in the 

D/A converter. This type of noise is better compensated for in software by adjusting 

the measured pixel values by the corresponding row offset means. To measure the 

total amount of pattern noise from row to row variation a 100 x 100 subarray is 

read after injection and the mean and variance of the 100 x 100 region is computed. 

The total noise is computed from the measured variance and the system gain. The 

raw data from the 100 x 100 subarray is then adjusted by subtracting the row mean 

from each pixel of a given row. The noise is then computed from the variance of the 

resulting data. The results of these measurements are found in table A.3. 

A.3.3 Column Pattern Noise 

An additional source of pattern noise is found in column variations. This pattern 

noise source is larger when compared to the sources along the row dimension. The 

extent of column variations can be assessed in a fashion exactly analogous to that 

used for row variations. To measure the amount of pattern noise from this source a 

100 X 100 subarray is read after injection and the mean and variance of the 100 x 100 

region is computed. The total noise is computed from the measured variance and 

the system gain. The raw data from the 100 x 100 subarray is then adjusted by 

subtracting the column mean from each pixel of a given column. The noise is then 
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computed from the variance of the resulting data. The results of these measurements 

are found in table A. 3. 

A.3.4 Pixel Pattern Noise 

The remaining source of correctable pattern noise is from pixel variations. Pixel 

pattern noise is a major component in both of the devices studied. The extent of 

pixel variations can be assessed by reading a 100 x 100 subarray after injection and 

then computing the mean and variance of the 100 x 100 region. The total noise is 

computed from the measured variance and the system gain. The row and column 

noise components are computed using equation A.5. The remainder is taken to be 

pixel pattern noise. The results of these measurements are found in table A.3. 

A.3.5 Total Correctable Pattern Noise 

The extent to which pattern noise can be corrected is assessed by removing each of 

the pattern noise sources discussed above from a set of reads of a 100 x 100 subarray. 

If all the pattern noise sources have been eliminated the noise after compensating for 

each of the sources should be equal to the read noise of the device. This remaining 

pattern noise may be eliminated by the use of bias images or stored images for 

the correction of fixed pattern. The results of these measurements are presented in 

Table A.3. These measurements indicate that for best analytical measurements a 

bias image must be subtracted. 
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A.3.6 Relative Response 

Variation in the capacitance from row to row will result in row to row variations 

in measured signal for a given integrated photon flux. This is due to the readout 

being dependent on the total row capacitajice, rather than on the uniformity of a 

given pixel. Two sources of variations exist. Ffrst, if the row capacitance is variable 

from row to row the resultant signal from the device will van*^ as well. Second if the 

gains of the FET preamplifiers vary from row to row this will result in a variable 

response to an equivalent number of photons. In either case, both effects would be 

expected to be simply a proportionality constant related to either the FET gain or 

the capacitance of the row. 

The relative response of adjacent rows of the device can be assessed by exposing 

the device to even illumination and measuring the resultant photogenerated charge 

in different rows or regions of the device. The CID 17PPRA had a relative response 

factor of 0.991. In all cases response uniformity was very good. 

A.4 Temporal Noise 

Temporal noise is noise generated due to processes that evolve over time. This 

can be created by dark current and charge trap hysteresis. The present generation 

of CIDs are surface channel devices. The sources of charge trap hysteresis in CIDs 

have been discussed previously by Sims[55]. 
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A.4.1 Dark Current 

In all silicon electronic devices, a percentage of the charge carriers exist in the 

conduction band due to thermal energy. At room temperatirre the percentage can be 

significant, and they give rise to a current even when there is no light impinging on 

the deAace. This current is termed dark current and is a source of shot noise. Cooling 

the device lowers the population of charge carriers promoted to the conduction band 

by thermal energy. Since CIDs are integrating detectors, the amount of dark current 

also depends on the integration time. Therefore, reducing the temperature of the 

device or lowering the time of integration will result in lower dark current and its 

associated shot noise. 

A CID 38SG was installed in a dewar attached to a refrigeration unit (FTS Sys

tems; Stone Ridge, NY) which had the ability to hold the imager at a set temperature 

between 40°C and — 100°C. Dark current measurements were made over the range 0 

to —90°C on a 100 subarray using a CID 38SG. Integration times varied from 1200 to 

48,000 seconds depending on the rate of thermal charge generation. The same total 

number of reads were employed in each case. 

The slope of the log-linear plot indicated a factor of 1.7 decrease in dark current 

for each 10 degree decrease in temperature. This plot is shown in figure A.9. 
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A.4.2 Nondestructive Readout Noise 

The use of the non-destructive readout of the device is a possible additional source 

of noise. If the readout of the device is slightly destructive this will appear as either a 

trend in a series of NDROs or an increase in the apparent noise of these measurements. 

Additionally, repeated reading of a single pixel could result is artificial generation of 

charge and/or depletion of trap sites. To assess the effects of this possible noise source 

a series of 1000 reads of a single pixel are made. The variance of the 1000 reads is 

computed and the read noise computed. In practice, the first 3 reads have much 

greater variance than subsequent reads; again, this effect is thought to be due to 

trapping or release of charge during readout. These first three reads were eliminated 

from the computation. It should be noted that this measurement is distinct from the 

ability to decrease the error in the determination of signal levels though the use of 

multiple re- reads. This noise is termed "NDRO" noise in table A.2. It was found to 

be only slightly greater than the standard read noise of the device. This increase is 

not believed to be significant and amounts to less than a 10 percent increase. Any 

increase is easily offset by the benefit obtained by the use of signal averaging on 

multiple rereads. This technique can also be used if desired to determine the read 

noise of a single pixel. 
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A.5 Photometric Response 

The photometric response function may show up to three distinct regions; an initial 

insensitive region, known as the foot, a region of response to light and a saturation 

region at the maximum capacity of the potential well. It is important to know where 

and how the CID responds to light and to know if there is an unresponsive region 

which requires a "Fat Zero" (similar to prefogging in film) where the imager is exposed 

to light until the response is linear. 

Charge generated by light or heat collects under the column/row gate, starting at 

the surface and extending through a depletion zone in the epitaxial layer under the 

electrodes. Trap sites exist at the surface of the CID which can hold charge in one 

location. This means the charge does not move between electrodes during readout 

and is not registered. This phenomenon is the cause of the initial unresponsiveness 

or "foot". Once these trap sites are filled, the device responds to photogenerated 

charge. Once the charge has filled the epitaxial layer under the pixel, further charge 

generation spills into the substrate layer and is lost. The maximum number of charge 

carriers that can fit in the depletion zone under the pbcel is known as the full well 

capacity or charge capacity of the device. 

Since the CID is able to address any portion of the image without disturbing 

the charge in the rest of the device, it is important to ascertain if the rest of the 

image, outside the region of interest, affects the charge inside the subarray being 

interrogated. Such interferences would arise from cross-talk among the pixels, and 



219 

can be eliminated by removing the charge from all parts of the device outside of the 

region of interest. Any other device behavior must be inherent to the photometric 

response or to the signal readout electronics. 

A.5.1 Photometric Response Function 

Both devices were exposed to a source of even illumination using either the shutter 

or the LED flash ring. A subarray in the center of the CID is then read out to 

determine the average pixel intensity. The length of exposure is increased linearly, 

and the readout is repeated. Figures A. 10 and A. 11 show the response function of 

the CID 38SG and the CID 17PPRA devices. 

The response function displayed complex behavior in relation to the total amount 

of charge collected along the row of the device. The CID 38SG was studied in more 

detail to determine the extent of hysteresis from charge in pixels along the same row. 

In order to ascertain the possible effects of row crosstalk, the experiment is performed 

two separate ways. In the first method, the flat field image is unaltered before the 

region of interest is examined. Therefore, there is a large quantity of charge along the 

rows of the device outside of the region of interest. The second method eliminates this 

unimaged charge by injecting all charge from the rows of the subarray region, except 

for the charge in the subarray itself. This is accomplished by injecting two subarrays; 

the first one starts at column 0 and goes to starting column of the subarray, and the 

second one goes from the end of the subarray to the last column of the device (387 
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or 511). The average pixel value from the subarray of interest is plotted against the 

exposure length (arbitrary units). 

Figure A. 10 shows response curves for the CID 38SG under varying injection 

schemes. The device exhibits an initial insensitive region, or foot. This region is 

small and does not generally affect the devices imaging capabilities except in low 

light level experiments. The devices appear to respond fairly linearly in a limited 

region after the few initial trap sites are filled. However, to accurately determine the 

true linearity of the device, it is necessary to look at the derivative of the photometric 

response function. For a linear device, the first derivative should appear as a box 

function; the foot will show up as an initial region of zero change, then the graph 

will step up to the level that indicates the slope of the linear response region, then 

the graph will step back down to zero when the device is saturated. 

As can be seen from figures A.12 and A.13, the devices do not exhibit a truly linear 

response anywhere along the photometric response curve. The initial insensitive 

region is only barely noticeable as a minor jump from the initial pixel value. The 

pseudo-derivative of the photometric response then has a noticeable downward slope 

indicating a nonlinear response to light. Eventually the full well capacity is reached, 

and the derivative falls to zero. A slight rollover can be noticed in the curve without 

crosstalk, and the rollover is much more pronounced in the curve with crosstalk. 

The photometric response curves of the PPR class of CIDs exhibit no region of 

linear response to even illumination. The initial "foot" of the response still exists 
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but is too small to generally affect the performance of the device except for very low 

light level imaging. The nonlinearity over the majority of the response curve is most 

likely due to nonlinear response from the row preamplifiers. A further nonlinearity 

is introduced to the detector response by crosstalk among the pixels along a row. 

The crosstalk is the most difficult problem in the photometric response to correct 

because it depends on charge from the image outside of the region of interest. Any 

application in which the detector is only exposed in small, particular positions and 

includes a dark background correction, such as in echelle spectrometry, will be largely 

unaffected by such crosstalk. However, for true imaging where the full dynamic range 

of the device is used and the image covers all of the detector, crosstalk will degrade 

the apparent charge capacity of the detector and alter the response of each row to a 

different extent. 

A.5.2 Full Well Capacity 

The full well capacity describes the maximum number of charge carriers that can 

be collected in a single pixel and determines the dynamic range of the device. It 

depends on the depth of the depletion zone, the size of the pixel, and the potential 

applied to the collecting gate. From the photometric response function, the exposure 

level at which the signal no longer increases indicates the maximum capacity of the 

well. 
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Figures A. 10 and A. 11 show typical curves used to determine the full well capacity 

of a CID 38SG and a CID 17PPRA. The full well capacity for the Safeguard was 

calculated to be 1.1x106 carriers. The corresponding value for the CID 17PPRA is 

0.7x106 carriers. 

The literal use of the full well capacity should be avoided since the non-linearity 

of the device near saturation prevents an accurate determination of the number of 

carriers. In addition these measurements reflect the conditions used for its determi

nation. The size of the full well depends on the applied voltages and will change with 

change in applied voltage. 

A.6 Quantum Efficiency 

If the system gain for a CID imager is known and it is assumed that only one 

carrier is generated for each photon absorbed, then the number of photons detected 

by the imager may be calculated. Using a calibrated light source, the number of 

carriers generated per incident photon can be computed. The ratio of the number 

of incident photons to the number of carriers generated is reported as the quantum 

efficiency of the imager. 

The CID imagers were installed as indicated in part 1. The apparatus for mea

suring the quantum efficiency consisted of a dual tungsten/deuterium lamp (Heath, 

Benton Harbor, MI) to provide illumination from the ultraviolet to the near infrared 

and a monochromator (Heath, Benton Harbor, MI) to select the wavelength to be 
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measured. The output passed through an aperture to set the spot size. The inten

sity of the photons exiting the monochromator was measiired using a NIST-traceable 

photodiode (EG& G UV 444BQ). 

The photodiode was affixed to the aperture at the exit slit of the monochroma

tor. The spot generated by the aperture was much smaller than the active area of 

the photodiode so that the photodiode measured the full photon flux exiting the 

monochromator. The photodiode current was measured with an electrometer (Pa

cific Precision Instruments, Concord, CA). To minimize the effects of source drift, 

the camera dewax was affixed to the aperture immediately following the measurement 

of the photodiode current at a particular wavelength. The CID dewar incorporated 

a shutter to control the integration time of the detector, which ranged from 0.1-5 

seconds depending on the wavelength. To determine the total collected charge in the 

CID, a full frame was read out, and, after subtracting a bias image, the signal was 

summed and converted to total integrated charge using the system gain determined 

in sectionA.2.1. 

The quantum efficiency curves for the two devices, and a third device, a Meta-

chrome II coated CID 38SG can be seen in figures A.14 and A.15. The peak quan

tum efficiency of the uncoated device occurs at 500 nm, where it is ~ 55%. The 

Metachrome II coated device has a peak quantum efficiency of ~ 52%, occurring at 

600 nm. The fluorophore reduces the QE in the green due to weak absorbance, but 

it also reduces the reflectivity and may yield greater than 50% due to the shape that 
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the crystals form when deposited on the device[72]. The relatively high QE of a front 

side illuminated device can be attributed to the simple and sparse gate structure of 

the cm. 

A. 7 Conclusions 

The CID has many unique aspects which give it a special applicability to a wide 

range of imaging problems. It is capable of detecting photons from the near infrared 

to x-ray regions with a quantum efficiency exceeding that of frontside illuminated 

CCD's. Its most valuable characteristic is its flexible readout architecture which 

provides for pseudo-random pixel addressing, nondestructive pixel readout, and in

dividual control of pixel knockdown or reset. The large full well capacity yields a 

high dynamic range. The absence of inter-pixel transfer means that it is essentially 

non-blooming and free of charge transfer efficiency constants. 

The CID does however have several limitations which require special consideration 

before it can successfully be applied to scientific imaging. The most severe problem 

with the CID is the nonlinear photometric response. For applications where the image 

consists of many small bright spots on a uniform background (as in astronomy or 

atomic emission spectrometry), then a simple polynomial linearization is sufficient. 

In situations where the brightness varies greatly and randomly along a row, then 

quantitation of charge in pixels which are near full well may not be possible. The 

spatial crosstalk must also be considered when portions of the image are going to be 
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illuminated beyond saturation. Judicious use of the global knockdown ability of the 

device may remove the crosstalk without disturbing the rest of the image. When the 

CID is operated at liquid nitrogen temperature, care must be taken to ensure that 

no residual charge remains from the previous image after global injection. 
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Figure A.l: Diagram of the readout mechanism for the CID. (a) charge generation, 
collection, and storage, (b) charge transfer or slosh, (c) charge sense, (d) charge 
injection. 

Feature CID 38SG CID 17PPRA 
Active area 2.05 cm^ 6.395 x 9.120 mm 
Pixel Size 28 x 28 mm 28 x 24 mm 
Device Format 512 x 512 256 x 388 
Si resistivity 5f2/cm Sfi/cm 
Epitaxial Thickness 16 - 23 /xm 16 - 23 fj,m 
Architecture pre amp per row pre amp per row 

Table A.l: Device feature summary for the CID 17PPRA and the CID 38SG 
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Gain 
Parameter 

Pixel 
Frequency 

(kHz) 

CID 38SG CID 17PPRA 
Gain Read Noise Gain Read Ni 

(e-/ADU) (e-) (e'/ADU) (e") 
0 100.00 362 

10 71.43 309 
20 55.56 194 
30 45.45 143 
40 38.46 160 112 
50 33.33 138 200 105 237 
60 29.41 118 182 83.2 160 
70 26.32 105 175 74.9 158 
80 23.81 92.8 170 66.7 157 
90 21.74 84.9 171 59.6 157 

100 20.00 81.1 175 54.5 156 
110 18.52 74.2 177 49.5 156 
120 17.24 68.8 175 46.9 157 
130 16.13 64.2 176 43.4 158 
140 15.15 60.3 180 40.4 158 
150 14.29 56.9 174 37.9 161 
160 13.51 53.9 177 36.0 162 
170 12.82 50.7 178 33.7 166 
180 12.20 48.0 181 32.3 164 
190 11.63 45.7 187 29.9 168 
200 11.11 43.5 177 28.7 171 
210 10.64 41.1 180 27.6 174 
220 10.20 38.4 178 26.5 178 
230 9.80 37.2 182 25.4 180 
240 9.43 36.5 194 24.3 179 

Table A.2: Device read noise for both the CID 38SG and the CID 17PPRA 

Noise Source CID 38SG" CID 17PPRA'' 
Total Noise 4827 7326 
Row Preamplifiers 988 3714 
Column to column variation 1241 5055 
pixel to pixel variation 4554 3782 
Read Noise*^ 220 133 

®CID38 SG measurements were done at a gain parameter of 100. 
''CID 17PPRA measurements were done at a gain parameter of 160 
"^Measured Read noise in these devices shows a board set dependence. The readnoise reported 

here reflects the boardset used to make the measiu-ements reported in this table. 

Table A.3: Sources of Fixed Pattern variation in the CID 38SG and the CID 17PPRA 
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Figure A.2: Block diagram of the apparatus used for Mean Variance analysis. A light 
source is used illuminate an integrating sphere. The inside is coated with Eastman 
White Reflectance Paint ^6080. The entrance to the integrating sphere is shuttered 
for timing of the paired exposures. The CID, held at cryogenic temperature inside of 
a vacuum dewar, is exposed through a CaF2 window. 
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Figure A.3: 100 point mean variance plot for the CID 17PPRA device. The data 
set was taken at a CID gain parameter of 130 which corresponds to a read rate of 
16.13 kHz. 
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Figure A.4: Plot of system gain against the CID gain parameter for the CID 38SG 
device(filled squares) and for the CID 17PPRA device(filled diamonds). A CID gain 
parameter of 0 corresponds to a read frequency of 99 kHz. each increment corresponds 
to 0.4 usee integration time in the correlated double sample. 
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Figure A.5: Plot of the SiCAM camera system read noise against the CID gain param
eter for the CID 38SG device(filled squares) and for the CID 17PPRA device(filled 
diamonds). As indicated in the caption to figure 4, a CID gain parameter of 0 cor
responds to a read frequency of 99 kHz. each increment corresponds to 0.4 msec 
integration time in the correlated double sample. The values presented for this com
bination of noise sources were obtained by repeating a set of read and inject cycles 
until no more than a 20 ADU mean difference between the two averaged subarrays 
was observed. 
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Figure A.6: Plot of the read noise as a function of the number of nondestructive 
read operations. The filled diamonds represent experimental data, and the dashed 
line is the theoretical curve. The data follows the square root dependence for signal 
averaging very closely. 
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Figure A.7: Graph of crosstalk for the CID 38SG. The vertical axis represents the 
average signal along the unexposed portion of a row or column in arbitrary units. 
The horizontal axis is an estimate of the exposure given as a percentage of the full 
well capacity. 
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Figure A.8: The row mean offset plotted as a function of row position in the CID 
38SG. This fixed pattern is device specific and can be corrected in software. Addi
tional sources of fixed pattern noise in these devices usually require collection of a 
bias image for subtraction from the exposed image when best results are needed. 
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Figure A.9: Log-linear plot of the dark current for the CID 38SG at various temper
atures. 
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Figure A.IO: The photometric response function of the CID 38SG. The uncorrected 
curve shows the response when the full photoactive area is evenly illuminated. The 
crosstalk corrected curve shows the response when only a small region of the device 
is illuminated. The ideal curve is a straight line with the same initial slope as the 
other curves. 
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Figure A.ll: Photometric response function of the CID 17PPRA. Figure was ob
tained during even illumination. 
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Figure A.12: Pseudo-derivative of the photometric response function for the CID 
38SG. This graph shows clearly that the CID does not respond linearly to any range 
of illumination. The uncorrected curve shows an even more pronounced deviation. 
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Figure A.13: Pseudo-derivative plot of the CID 17PPRA photometric response func
tion. 
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Figure A. 14: Quantum efficiency curves for the CID 38SG. Filled squares are for the 
uncoated device. Filled diamonds are for a device coated with Metachrome. QE is 
represented as the percentage of incident radiation that is collected and sensed. 
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Figure A.15: Quantum eflBciency curves for the CID 117PPRA. QE is represented as 
the percentage of incident radiation that is collected and sensed. 
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Appendix B 

Special Readout Mode 

Some applications may require the CID to operate in a manner that is not directly 

supported by the software. In these cases, the macro code can be changed and 

loaded on to the camera control unit [73]. If, for example, the data acquisition is time 

critical, then it is faster to have the camera controller execute a predefined series of 

commands than to have the host computer send each command individually to the 

camera controller. 

Adding commands to the macro code requires programming both the camera 

control unit and the host computer. The camera control unit must be programmed 

to accept the command and its arguments, execute the proper camera operations, and 

return the correct information. Table B.l contains a list of the standard commands 

and their description. With these commands the user can perform normal camera 

operations, such as defining and reading a subarray image or setting the exposure 

length. The host computer must be programmed with the proper code and arguments 

to send to the camera controller, and it must be set up to receive the correct amount 
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of data and to correctly interpret it. This section will demonstrate modifying the 

macro code to add a special readout mode. 

B.l Standard Implementatioii of Multiple Nondestructive Reads 

The implementation of multiple nondestructive reads in the SCM5000E is opti

mized for static imaging. The software assumes that the exposure is complete and 

that the multiple nondestructive reads are strictly for noise reduction. The standard 

method starts by slewing to the starting location of the subarray and reads the first 

pixel as many times as dictated by the reads_per_plxel variable. This method uses 

the fewest horizontal and vertical scanner clocks and is the fast way to read a static 

image multiple times. 

If the image is not static, but changes during the course of the readout, then the 

standard method will not properly record the image. Although the method does read 

each pixel many times, each pixel is only examined for one brief time interval. For 

example, if the pixel read rate is set to 20 kHz, and the number of reads_per_pixel is 

set to 100, then the first pixel of the subarray will be read in the first 5 ms, and the 

second pixel in the next 5 ms, et cetera. 

There are two other problems with the standard implementation of multiple 

nondestructive reads when imaging dynamic processes. The maximum number of 

reads_per_pixel is set at 128 by the logic cell array. If more reads_per_pixel are needed, 

then the horizontal and vertical scanners must be reset and another read operation 
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Command Hex Code Args Description 

System Definitions 
LDGP 0x8041 (gain) Load gain parameter 
LDSTART 0x8042 (X,Y) Load subarray start point 
LDSIZE 0x8043 (W,H) Load subarray dimensions 
LDNDRO 0x8044 (reads) Load number of read cycles 

Global Operations 
GK 0x8020 0 Global knockdown 
GI 0x8021 0 Global injection 

Subarray Operations 
SK 0x8022 0 Subarray knockdown 
SI 0x8023 0 Subarray injection 
RN 0x8025 0 Read subarray OFFP corrected 
RC 0x8026 0 Read subarray without OFFP 

Digital I/O 
ORPORT 0x8030 (mask) OR bit mask to output port 
ANDPORT 0x8031 (mask) AND bit mask to output port 
INPORT 0x8032 0 Read input port 

System Operations 
FLED 0x8033 0 Flash LED control 
TCP 0x8034 (mode) Temp diode control 
SHUTTER 0x8035 (mode) Shutter control 
GEToutPORT 0x8036 0 Read output port status 
CONFIG 0x8045 (file) Configure LCA 
DLOAD 0x8046 (file) Download code/data 
RSTLCA 0x8050 0 Reset LCA device 
RAUX 0x8060 (channel) Read auxiliary A/D channel 
WAUX 0x8061 (channel,value) Write auxiliary D/A channel 
RSTSTAT 0x8100 0 Reset status register 
MARKER 0x8101 (mode) Update marker in status register 
SETVAL 0x8102 (channel,value) Set output D/A value 
SETBIT 0x8103 (value) Set bit on output port 
RSTBIT 0x8104 (value) Reset bit on output port 

Timer Control 
RDTIME 0x8105 0 Return current timer contents 
RSTTIME 0x8106 0 Reset current timer contents 
LDTIME 0x8107 0 Load timer parameters 
RDtSTAMP 0x8108 0 Read Time Stamp Value 
STARTTIME 0x8109 0 Start Timer 

Table B.l: Host commands for the SCM5000E 
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initiated. Also, the macro code has no functions for defining more than one subarray 

at a time. The examination of many subarrays in one image must be controlled by 

the host computer. 

B.2 Special Readout 

In order to use the CID's multiple nondestructive read capability to image dynamic 

processes, the subarray must be read out in a frame by frame manner, as in video 

imaging applications. This may be accomplished by circumventing the reads-per_pixel 

variable at the host computer level, and simply creating a loop which repeatedly 

commands the camera controller to read the subarray. Unfortunately, this method 

cannot achieve respectable frame rates due to the large processing overhead incurred 

when communicating with the camera controller. 

To achieve the frame rates required for monitoring absorbance transients, the 

readout must be controlled at the level of the camera control unit. Using the CCU 

to control the way in which subarrays are read out removes the overhead associated 

with the host computer. The 128 reads_per_pixel limit set by the LCA can also be 

circumvented to allow up to 65,536 (unsigned word) reads of each pixel. To achieve 

this increase in the maximum number of reads of a subarray at one time, the macro 

code must be modified to include a new command and a new variable for the number 

of reads. 
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B.2.1 Sequential Frame Readout 

The implementation of frame by frame is quite straight forward. The original 

routine for reading a subarray is used, except that the number of reads_per_pixel is set 

to one to prevent the LCA from rereading pixels before finishing the entire subarray. 

The entire subarray read routine is placed inside a loop which iterates rereads times 

and resets the horizontal and vertical scanners after each iteration. In this way, the 

subarray is read out from the upper left pixel to the lower right pixel then reset to 

scan to the upper left pixel where it is read again, etc. rereads times. 

The data containing all of the reads of the subarray is sent from the camera control 

unit directly to the memory of the host computer. The host computer will be unable 

to access this data until the CCU has sent the entirety of the subarray data. The 

exposure is then complete, and the host computer is free to manipulate the subarray 

data without concern for overhead, as it no longer needs to converse with the camera 

control unit. The data sent from the camera control unit will be in memory as a 

single one dimensional data stream. The host computer must extract the frame by 

frame information based on the size of the subarray and the number of rereads. For 

example, the data from n reads of a 16 x 4 subarray will start with the upper left pixel 

of the subarray, followed by the remaining pixels in the top subarray row, then all of 

the pixels in the second row from left to right, etc. The second read of the subarray 

will begin immediately after the last pixel of the first read, or 64 pixels (16 x 4) after 

the first pixel, and so on up to n x 64 pixels. 
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B.2.2 Multiple Subarrays 

The same basic commands which are used to read a single subarray can be modified 

and expanded to read multiple subarrays. In addition to supplying the CCU with the 

size of the subarray(W, H) and the number of times to read the subarray (rereads), 

the number of subarrays (numsub) and the locations of each subarray (coord$[X,Y]) 

must be passed to the camera control unit. The operation would be similar to the 

reading a single subarray many times. Another loop needs to be incorporated to 

incrementally read all of the subarrays before starting the next read. The outermost 

loop would control the number of rereads, the next in loop would control the number 

of subarrays and their locations, and the innermost loop would read the pixels of 

each subarray. 

The subarray data received from the CCU will also require more complex manip

ulation to extract the correct information. In addition to the number of rereads and 

the size of the subarray, the number of subarrays used must be considered. Each 

subarray can be located by using the number of subarrays, the size of the subarrays, 

the subarray number, and the read number. 

B.2.3 Timing 

Once the ability to read many subarrays in a sequential frame manner is achieved, 

the next consideration is the accurate timing of the subarray reads. There are two 

approaches to the timing of the subarray reads. The first method is to set the 
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frequency of the readout by placing a delay in the rereads loop. A timer is started at 

the beginning of each set of subarray reads, and once the subarrays have been read, 

the routine waits until the timer reaches a certain value before beginning the next 

read. The second method is to allow the subarrays to be read as fast as possible, 

but to read the timer before each subarray read and add a time stamp to each 

subarray. The set frequency method allows the integration time for each subarray to 

be predefined, while the time stamp method provides the maximum time resolution. 

Both methods are equally valid. 

B.2.4 Variable Integration 

The final consideration for sequential frame readout is the dynamic range of the 

exposure. If during the course of an exposure the detector becomes saturated, then all 

of the remaining reads will be useless. To continuously acquire data indefinitely, there 

must a provision for resetting the detector elements before they become saturated. 

The CID is capable of selectively injecting specific subarray or simultaneously 

injecting the entire device[53]. In practice, the subarray injection method injects 

each pixel in the subarray one at a time which takes longer than globally injecting 

the entire array, and global injection is chosen for experiments requiring rapid readout 

rates. The simplest method for determining when to globally inject is to set a counter 

which resets the detector after a certain number of reads. For example, a subarray 

that saturates after 10 reads could be read indefinitely if the array is injected after 
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every 8 reads. This method is valid only if the radiant flux is roughly constant over 

the course of the exposure. 

The commands added to the macro code to achieve the readout modes discussed 

in this appendix are summarized in Table B.2. The new commands allow the CID 

to read one or many subarrays in a frame by frame manner. A time stamp can be 

incorporated into the subarray data stream to show the readout rate. The subarray 

readout can also be set to a fixed frequency. Finally, the inclusion of periodic detector 

reset allows the CID to monitor the subarrys for an extended period of time. 
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Command Hex Code Args Description 

Subarray Operations 
RSF 0x8400 0 Read Sequential Frame Mode 
RTS 0x8401 0 Read Frames with Time Stamp 
RMST 0x8402 0 Read Many Subs with Time Stamp 
RMSW 0x8403 0 Read Many Subs at 50Hz 

System Definitions 
LDRREAD 0x8404 (rereads) Load # of rereads 
LDCOORD 0x8405 (numsub) 

(XI ,Yl , . . . )  
Load # of subarrays and 
coordinate data 

LDRDSPINJ 0x8406 (rdsperinj) Load # of reads per inject 

Table B.2: Additions to the SCM5000E host commands for specialized readout modes 
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