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ABSTRACI' 

A unique echelle spectrometer system employing charge injection device (CID) array detectors 

for use in inductively coupled plasma atomic emission spectroscopy (ICP-AES) is described. The 

echelle spectrometer described offers numerous advantages over previous systems including improved 

light throughput and extended wavelength coverage including the vacuum-ultraviolet (VUV) down 

to 165 nm. Several improvements in CID array detector technology are also described. Low 

exposure level linearity is improved and full well capacity is increased by fabricating the ClDs with 

< 100> silicon as opposed to < 111> silicon. Low sensitivity in the far-ultraviolet (far-UV) has been 

considered a major disadvantage when using silicon based detectors due to absorbance in the 

overlying gate structure of the devices. The problem has been circumvented by utilizing a wavelength 

conversion phosphor to improve the effective sensitivity in the far-UV. The read noise of the cm 

has been reduced by Ii factor of 3 by utilizing a preamplifier on every row of the device. 

Utilization of this system for ICP-AES yields numerous advantages over conventional 

photomultiplier tube (PMT) based systems. Elemental detection limits comparable to or better than 

those obtained on PMT based instrumentation are achieved in the UV and visible regions. 

Sensitivities at wavelength less than 200 nm are degraded by a factor of 5 relative to PMT based 

systems due to decreased echelle grating efficiency in that wavelength region. In most cases, the 

advantages of continuous wavelength coverage provided by CID array detectors outweighs any loss 

in sensitivity. Operating parameters including precision, resolution and background correction are 

also discussed. Analysis of both the National Institute of Standards and Technology (NIST) Standard 

Reference Materials (SRM) 1643b and 1646 demonstrates that the system is capable of the 

simultaneous determination of a large number of elements at a large number of wavelengths with 

a high degree of accuracy even in spectrally complex matrices. 
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CHAPTER 1 

ATOMIC EMISSION SPECfROSCOPY: 

AN INSTRUMENTAL REVIEW 

Atomic transitions were rust observed as absorbance lines in continuum solar radiation by 

Franhoffer in 1814.1 Bunsen and Kirchoff performed the rust atomic emission experiments which 

lead to the discovery of two new atoms: cesium, and rubidium.2 In 1913, Bohr provided the 

quantum explanation for the discrete spectra observed in atomic spectroscopy. Given this 

foundation, atomic physicists and spectroscopists have gained an understanding of selection rules, 

state energy levels, and transition probabilities for atomic transitions.3-6 By the 1920s, atomic 

spectroscopy was being utilized in the mineralogical and metallurgical industries.' 

Modern analytical atomic spectroscopy can be divided into three categories: atomic 

absorption (AA) where high intensity narrow bandwidth sources provide photons which are absorbed 

by analyte atomsj8 atomic fluorescence (AP) where analyte atoms or ions are excited to a higher 

energy state by a high intensity source and the fluorescent decay of the analyte atom or ion is 

monitoredj9,lO and atomic emission where the emission decay of an analyte atom or ion in an excited 

state in the high temperature environment of a flame or plasma is observed. Atomic emission 

spectroscopy (AES) is the most simplistic technique of the three from an instrumental standpoint, 

and with the advent of modern plasma sources, it has received much attention in recent years.ll 

An atomic emission instrument consists of a high temperature luminous source, a 

spectrograph for dispersing source emission into its component wavelengths, and a detector for 

observing the intensity of the source emission at various wavelengths. Atomic emission sources can 

be divided into two classes: flames and plasmas. Flames utilize the oxidation of a fuel in the 
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presence of an oxidant. Analyte solutions aspirated into a flam.e are dcsolvated, converted to atomic 

vapor, and excited to upper energy levels by the high temperature, reducing environment of the 

flame, e.g., an oxygen-acetylene flame has a temperature of 3373 K. Due to the introduction of 

higher temperature plasma sources like direct current plasmas (DCP) and inductively coupled 

plasmas (ICP), the use of flames for AES is limited.H 

The majority of modern AES systems utilize high temperature plasma sources. A plasma is 

any luminous gas in which a significant fraction (> 1%) of the constituent atoms or molecules are 

ionized. There is a large variety of plasma sources ranging from DC and AC arc and spark sources 

for sampling solids and viscous solutions12 to argon DCPs and ICPs for solution sampling.ll,l3-16 

Helium microwave induced plasmas (MIPs) have been utilized to monitor the effluent from gas 

chromatographs.17,18 Plasmas have a temperature range from 6000 K for DC arc plasmas to in 

excess of 40000 K for spark spectroscopy. Argon ICPs have been extensively utilized for several 

reasons. They allow for direct aspiration of solvated samples. Their applicability extends to nearly 

the entire periodic table including nonmetals.n,19-27 The excitation mechanisms in an ICP are not 

well understood. Local thermodynamic equilibrium (LTE) conditions are not achieved in ICPs 

operated at atmospheric pressure and calculated excitation temperatures vary from element to 

element and even from transition to transition in the same element. Nevertheless, the approximated 

excitation temperatures in an ICP are quite high relative to those of flames and are on the order of 

5000 to 10000 K. 28-34 The high temperature, inert environment allo,,~ for efficient desolvation, 

conversion to atomic vapor, and excitation of analyte atoms or ions. The higher temperature 

environment also aUows for freedom from the matrix effects observed with lower temperature 

sources.3S,36 F'maUy, they exhibit significantly lower scurce fluctuation nlJise than less stable sources 

like flames.37,38 

A variety of spectrometer-detector configurations have been utilized for AES. A slew-scan 
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monochromator system utilizes a single channel detector, typically a photomultiplier tube (PMT), 

and a rotating dispersive optical element e.g., a ruled grating, which provides for wavelength 

selection. The typical instrument utilizes a high speed slew to a desired wavelength region and a low 

speed scan over the wavelength region of interest. This allows for higher speed given the single 

channel capability of the detector. The instrument has the advantage of being a mechanicaUy simple 

and inexpensive instrument with excellent wavelength selection flexibility. However, the analysis time 

per sample is quite high when the sample is thoroughly qualitatively analyzed. This renders the 

system susceptible to source fluctuation noise for quantitative analysis since there tends to be longer 

time intervals between the analysis of samples and standards. In addition, the mechanical stability 

requirements of the instrument are stringent, since grating rotation must be precisely controlled to 

arrive at the exact wavelength of maximum emission intensity for any transition. 39 

It has been shown that multiple detector systems provide an improved signal to noise ratio 

(SNR) over single channel systems like the slew-scan monochromator for a fIXed analysis time.40 

As with all other spectroscopic methods there are three cases to consider: the SNR is detector noise 

limited (noise = constant), the SNR is photon shot noise limited (noise oc [signal]~), and the SNR 

is sowce fluctuation noise limited (noise oc signal). Table 1 describes the SNR advantages that can 

be achieved with multichannel detection. Multiplexed methods like Fourier transform spectroscopy 

are not considered since in methods like AES where the emission intensity varies greatly from one 

region to another in the spectral region investigated, the photon shot noise from the more intense 

regions is spread throughout the entire spectrum resulting in a significant degradation in SNR in the 

less intense regions. 

An example illustrates how Table 1 is constructed. Suppose it is desirable to monitor N 

individual atomic emission lines. With a slew-scan instrument, each individual line can be monitored 

for a time tiN where t is the tota! analysis time. With a multichannel detection system consisting 
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of N channels, all N atomic emission lines can be monitored for the total analysis time t. If all of 

the emission lines are of the same intensity, with the slew scan system the signal on all lines will be 

S, and with the multichannel system the signal on aU of the N lines wiD be NS since each line will 

be monitored for N times as long as with the slew-scan system.(l) If it is assumed that the noise 

in the measurement is dominated by the statistical variation in photon arrival rate at the detector 

(photon shot noise), then Equation 1 describes the noise in the measurement.(2) 

where Ns 

11 

r/J = 

h 

v 

k 

T = 

ehv/kT 
N, = (11 r/J ehv/kT _ 1 t)li = ctli Eq. 1 

source photon shot noise 

detector quantum yield which is the fraction of incident photons 
which interact with the detector to produce signal 

mean photon flux (hv Is) 

6.626 x 10-34 (J s) 
Planck's constant 

transition frequency (s-l) 

1.381 x 10-23 (J /K) 
Boltzmann's constant 

absolute temperature (K) 

analysis time (s). 

Equation 1 shows that in the case where noise is dominated by photon shot noise, noise is 

proportional to tli. Therefore, Equation 2 gives the ratio of the SNR of the multichannel system 

with respect to the SNR for the slew-scan system. 

(l)Assuming the detector is an integrating detector e.g., a photon counting PMT or a charge 
transfer device (CfD). 

(2)Por source conditions commonly encountered in AES photon shot noise foUows Poisson 
statistics. 



Table 1: Signal to Noise Ratio Comparison of 
Multichannel Versus Single Channel Methods. 

type of dominant 
SNRtr;,mr S~,cro 

noise source SNRsc,mr SNRsc,cro 

detector noise ll N!J N 
(noise = constant) 

photon shot noise N!J N!J 
(noise oc [signal]!J) 

source fluctuation 1 1 
noiseb 

(noise oc signal) 

MC = multichannel, SC = single channel, N = number 
of channels, PMT = photomultiplier tube, CTD = solid 
state integrating detectors like charge transfer 
devices (CTD) and photodiode arrays (PDA). 

IIDetector noise in PMTs and photoconductors is 
dominated by dark current shot noise which has a 
square root dependence on time. Detector noise in 
CTDs and PDAs is associated with the read process 
and is independent of time, thus the difference in 
results when detector noise dominates. 

bIn some cases, a multichannel advantage exists in 
source fluctuation noise limited systems. To 
achieve the same SNR, measurement time can be 
reduced by a factor of N for multichannel systems. 
The measurement bandwidth is then shifted to higher 
frequencies. Fluctuation noise is less significant 
at higher frequencies because of its approximate 
proportional i ty to 1/ f • 40 
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SNRMC _ [(NSll(ct~ 
SNRSC - [S/(c(t/N) ] 

= N~ 
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Eq.2 

A multichannel system with N channels win yield a SNR improvement of a factor of N~ when the 

noise is dominated by photon shot noise for a flXed analysis time. 

Whether the SNR for AES ,systems is detector noise limited, photon shot noise limited, or 

source fluctuation noise limited is dependent on the instrumental configuration utilized. For 

example, in a DCP-echelle spectrometer-charge injection device system described previously, the 

sensitivities of the vast majority of atomic emission lines observed were limited by source fluctuation 

noise when extended integration times (120 seconds) were used.14,41 However, if an ICP is utilized 

more of the lines would be limited by photon shot noise, since with a DCP the observation zone is 

in a low plasma background intensity region unlike an ICP where the observation zone is in a 

relatively high intensity background region.42 If the ICP is utilized for emissions in the far-UV ( < 

225 om) and vacuum-UV (VUV) « 190 nm), the SNR might become limited by detector noise 

since this region of the spectrum has a low background emission intensity and the ICP is a stable 

source (i.e., source fluctuation noise is minimal).37,38 Table 1 shows that in both the case where the 

SNR is detector noise limited and the case where the SNR is photon shot noise limited, there is an 

advantage to using multichannel systems. 

Direct reading polychromators were developed for a variety of reasons including the SNR 

advantage mentioned above. Figure 1 depicts a direct reading polychromator where mUltiple PMTs 

are laboriously positioned on a focal plane behind exit slits at wavelengths of analytical interest.43 

In most commercial instruments a refractor plate is utilized to obtain background emission intensity 

on either side of the wavelength of interest.44 In addition to an imprOVed SNR for a given analysis 
, , . 

time relative to a slew-scan instrument, a direct reader can provide increased analysic; speed which 

reduces sensitivity to source fluctnation noise and increaGes sample throughput. However, the 
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instrument is inflexible since movement of exit slits and PMTs to alternate wavelengths is not easily 

implemented. 

The ideal spectrometer-detector system would have the wavelength selection flexibility of the 

slew scan monochromator combined with the reduced analysis time afforded by the multichannel 

direct reader systems. The requirements for such a system are stringent since AES can result in 

extremely complex emission spectra requiring that the system have continuous wavelength coverage 

so that any emission might be selected to avoid spectral interference. The continuous wavelength 

coverage must extend over a broad wavelength region. Atomic emission spectroscopy has been 

utilized at wavelengths as low as 130 nm in the VUV (oxygen triplet centered at 130.44 nm)19 and 

at wavelengths as high as the I 1123.66 nm emission in the near IR.4S A wavelength coverage from 

130 nm to 1130 nm with a resolution of 0,01 nm would require 100000 detector channels. 

A detection system capable of such broad continuous wavelength coverage is a photographic 

emulsions where the discrete PMTs of a direct reader are replaced with a continuous photographic 

emulsion providing a continuous spectrum as displayed in Figure 2. Photographic emulsions provide 

high spatial resolution i.e., they provide a "detector element" for each wavelength interval. Since 

background and signal values are obtained simultaneously, no refractor plate is required. 

Photographic emulsions are integrating detectors, so SNRs are less susceptible to higher frequency 

source fluctuation noise. However, photographic emulsions suffer from several severe limitations 

which have limited their use in AES. The dyna~ic range (ratio of the highest observable signal to 

the lowest observable signal) is only two orders of magnitude. The response to exposure is nonlinear 

and of low sensitivity. In addition, the response of emulsions varies greatly from batch to batch. 

Most importantly, development and analysis of the emulsion is labor and time intensive.46 

An ideal detector for AES would be an electronic equivalent of a photographic emulsion, 

where each individual resolution element is independently electronically accessible. The charge 
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injection device (CID) is a two dimensional solid state integrating detector where individual 

resolution elements (detector elements or pixels) are independently electronically accessible.47•SO 

They have high spatial resolution similar to photographic emulsions (typical detector elements are 

on the order of 20 pm square) and there are a large number of detector elements (-100000 for a 

CI01?). They have a simple dynamic range of 3.5 orders of magnitude. In addition, individual 

detector elements are randomly accessible and the photogenerated charge can be nondestructively 

interrogated so the integration time can be varied from detector element to detector element 

depending on the experimentally observed photon flux at any given wavelength. This allows for an 

extension of the dynamic range to over 7 orders of magnitude i.e., 3.5 orders of magnitude simple 

dynamic range in addition to at least 4 orders of magnitude variation in integration time. Charge 

injection devices have ,a high sensitivity (quantum efficiency or OE) over a wide wavelength range, 

and they are especially sensitive to UV radiation which is the spectral region where AES is most 

commonly employed. They have relatively low read noise and a reproducible, linear response. 

When cryogenically cooled to liquid nitrogen temperatures, CIDs exhibit no measurable dark current. 

Therefore, detector sensitivity is not limited by dark current shot noise as is the case with PMTs.S1 

Emission wavelength intensity and background intensity can be obtained simultaneously, or 

alternatively, the sample and blank signals can both be recorded and digitally subtracted resulting 

in vastly simplified spectra. Charge injection devices provide high geometric accuracy which yields 

precise wavelength reproducibility. rmally, CIDs are capable of observing low intensity spectral 

features in close proximity to high intensity features since they are resistant to blooming, i.e., excess 

charge from overexposed detector elements does not spill over into adjacent detector elements as 

can occur with charge coupled devices (CCDs).14,41,52 For these reasons, the CIO is an ideal 

detector for AES. 
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REVIEW OF THE UACID17 PlASMA EMISSION SPECTROMETER SYSTEM 

Charge injection devices have been utilized for AES in two previous systems.13,14,41,53,54 The 

most recent of the two is the UACID17 Plasma Emission Spectrometer System described in Figure 

3. The source used is a 3 electrode argon DCP from Beckman Instruments utilizing a standard 

crossed flow nebulizer. The plasma is operated with a total current of 14 amps (7 amps through 

each of the two arms of the DCP) at a potential of 60 volts resulting in an overall source power of 

840 Watts.13,14,41 

The optics utilized in the echelle spectrometer are depicted in Figure 4. The collimating 

mirror is a 750 mm focal length f/13 mirror. The quartz prism cross disperser is mounted in Iittrow. 

High dispersion is provided by a commercially available 79 groove/mm, 63° 26' echelle grating. 

Image reduction is performed by a 100 mm focal length off axis Schmidt camera providing for a 

magnification of 0.133. All transmission optics are anti-reflection (AR) coated for optimum 

transmission at 300 nm. The transmission of the system is significantly degraded below 250 nm. The 

light throughput of the system is significantly lower than would be expected given the f/13 

collimating mirror. The limiting aperture is the Schmidt camera, not the collimating mirror. Light 

throughput is dependent upon wavelength and is estimated to be about f/90 at 254 run.13,41 

The UACID17 camera detector system is a custom built slow scan (30 kHz detector element 

read rate) scientific imaging camera. The camera possesses all of the advantages which can be 

achieved with CID detection as discussed above. The characteristics of the UACID17 camera system 

have been described in detail previously41 and are reviewed in Chapter 2. 

The UACID17 Plasma Emission Spectrometer System provides a multitude of advantages 

over conventional PMT based systems. The system provides extensive, continuous wavelength 

coverage from 225 run to 515 nm. The system has sensitivities comparable to or better than 
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sensitivities for conventional PMT based instrumentation. Typical detection limits for first row 

transition metals are 1 to 10 ng/mL. Since it allows for the observation of multiple emission lines 

per element, error free qualitative analysis is possible. In addition, the wavelength selection flCDbility 

allows for the selection of the best lines for analysis i.e., those lines which are most intense and free 

of spectral interference. The accuracy and precision of the system are similar to that obtained with 

conventional instrumentation.13,14,41 

The UACID17 Plasma Emission Spechometer System is a major advancement in 

instrumentation for AES. Nevertheless, there are several areas in which it can be improved. The 

DCP source is a lower power (840 W), lower temperature (3000-5000 K) source than an ICP with 

typical operating po~ers between 1000 and 2000 Wand temperatures on the order of 10000 K. 28-34 

For this reason, DCPs are more susceptible to matrix effects, and they are not as sensitive for the 

analysis of metalloids and nonmetals as ICPs. In addition, DCPs have been shown to be less stable 

than ICPs, i.e., the source fluctuation noise is significant.ll,l5-17 

The UACID17 Echelle Spectrometer has extremely low light throughput (f/9O at 254 nm).13,41 

Typical slew-scan and direct reader systems have spectroscopic speeds of f/l0 to f/'liJ. Since the 

transmission optics of the system are AR coated for optimum transmission at 300 nm, the far-UV 

and VUV transmission is low. Therefore, the sensitivity of the system on those elements having their 

most sensitive emissions in this region is poor. For this reason, the system is not utilized at 

wavelengths shorter than 225 nm. Finally, the Schmidt camera transmission plate depicted in Figure 

4 is difficult to manufacture and cannot be replicated. 

The CID17B (CIDTEC, Liverpool, NY) is arguably the best detector available for AES. 

However, it can be improved upon in several regards. The CIDl7B <111> Silicon device described 

previously exhibits a nonlinear response at low exposure levels.41 While the problem can be 

circumvented by pre-biasing (auto-bias or fat zero),13,14 it limits the dynamic range oCthe device and 
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impairs the ability to observe transient events like chromatographic peaks.IB The CID17B has 

excellent UV quantum efficiency (30% at 300 nm). However, the OE degrades significantly below 

300 nm. At 200 nm, the OE is only 7% and by 180 run the device will have near 0% response due 

to an absorbing silicon dioxide layer on the device.48-SO Many sensitive transitions for the metalloids 

and nonmetals occur in this wavelength region.ll,I9-27 Finally, the detector read noise of the CID 

is high relative to typical CCDs.40,41,52,5S,56 If a transition in a low background intensity region is 

being observed (i.e., noise is not dominated by photon shot noise or source fluctuation noise), the 

high read noise requires that extensive integration times be utilized to provide a signal large enough 

to be observed over the detector noise. 

SCOPE OF THE PROJECT 

The goal of this project is the development of an ICP-AES system capable of the 

simultaneous determination of a large number of elements utilizing the continuous wavelength 

coverage provided by a CID array detector-echelle spectrometer system on a performance level 

comparable to or better than that provided by conventional slew-scan and direct reader systems. 

This requires an improved optical system over the UACID17 EchelleSpectrometer to allow for 

higher throughput and improved far-UV and VUV transmission. This allows for the optimum utility 

of an ICP, since it is often utilized in this spectral region. It also requires improved far-UV and 

YUV CID response. 

Chapter 2 discusses the characterization of improved CID17 devices. A review of the 

optoelectronic characteristics of the CID17B < 111> Silicon device is given. Linearity and dynamic 

range improvements with the C1D17B <100> Silicon device are discussed. Far-UV and VUV 

response improvements utilizing a wavelength conversion phosphor are also discussed. Finally, the 

reduction in read noise provided by the CID17PPRA is descn'bed. Chapter 3 is an evaluation of an 
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improved array detector based echelle spectrometer for ICP-AES. Relevant AES parameters such 

as sensitivity, precision, resistance to matrix effects, and accuracy are discussed. Chapter 4 discusses 

the use of the aforementioned echeUe spectrometer system in the far-UV and VUV for the analysis 

of metaUoids and nonmetals. Chapter 5 is a review of the important accomplishments of this project 

and a discussion of the future applications of the system including arc and spark spectroscopy, 

element selective chromatographic detection, and continuum AA. 
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CHAPTER 2 

CHARGE INJECfION DEVICE CHARACI'ERIZATION 

As stated in Chapter 1, there are several reasons for utilizing CIDs in AES. When combined 

with an echelle spectrometer, continuous wavelength coverage can be attained similar to 

photographic emulsions.13,14,41 However, unlike a photographic emulsion, each wavelcngth interval 

is independently electronically accessible thereby providing the electronic advantages of PMT 

detection. Charge injection devices also provide advantages over CCDs for AES. Most importantly, 

CIDs are resistant to blooming which is necessary in AES as it is often necessary to read out low 

intensity spectral features in close spatial proximity to high intensity spectral features.52 In addition, 

the random accessibility of CIDs combined with the nondestructive read out (NDRO) capability 

allows for variation in integration time depending on the spectral intensity of the feature being 

observed (random access integration or RAJ).14 

Two different types of CIDs . have been evaluated in slow scan scientific cameras. The 

CIDllB, a 244 (horizontal) by 248 (vertical) detector element 11.5 mm by 8.6 mm photoactive area 

CID, was evaluated by Sims and Denton.53,54,57,5S The CID17B manufactured with < 111> silicon 

was evaluated by Bilhorn and Denton.13,14,41 The CIDllB exhibited several problems, most 

important of which was column cross talk.S3,54,57,5S The evaluation of the CIDI7B < 111> Silicon 

device is reviewed below. 

REVIEW OF THE CIDI7B <111> SILICON DEVICE OPTOELECfRONIC 
CHARACfERISTICS 

The CIDI7B is a silicon based solid state array detector consisting of 388 23.3 J,&m wide 
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detector element columns by 244 27.2 J..I.m tall detector element rows. rJgUres 5 and 6 illustrate the 

architecture of a 2 by 2 detector element area on the device. The substrate consists of silicon in a 

< 111> crystal formation. The epitaxial layer is the same < 111> Si matrix n doped with 

phosphorous. An insulating silicon oxide layer is incorporated between the epitaxial region and the 

column polysilicon strips. The oxide layer is thick between detector elements (field oxide) and thin 

oxide in the region where the row and column polysilicon intersect, i.e., at the detector element site. 

The row and column polysilicon strips are insulated from each other by a oxide layer.47-SO 

Figure 7 describes the electronic configuration of the device. Individual detector clements are 

accessed through the independent clocking action of the individual horizontal (driven by H~I, H¢2, 

HR1, HR2, and HD) and vertical (driven by V~I, V~2, V~3, and YO) scanners allowing for 

independent access of any desired x,y detector clement. In addition to the horizontal and vertical 

scanners there is a deselect scanner which connects aU rows other than the one being interrogated 

to a reference voltage (RE) which eliminates the column cross talk experienced with earlier CIO 

imagers.41,57 The set of metal oxide semiconductor field effect transistors (MOS-FET) at the end 

of the columns allow for the global establishment of the column normal potential (for collecting 

photogenerated charge) and column injection potential (for clearing out photogenerated charge) by 

the action of CVG and CYO. The row potential (10) is established by the action of IG prior to the 

read out of any detector element. Photogenerated charge is transferred between the row and column 

by the action of HE. 

Table 2 describes the 12 independent voltage levels required to operate the CIOI7B <111> 

Silicon imager. The upper clock voltage is the deselect voltage for the MOS-FEr gates (H~I, H~2, 

HR1, HR2, HD, V¢I, V~2, V4>3, YD, and cyG). The upper IG voltage was decreased to 0.00 V 

because ofthe lower capacitance and therefore, lower noise provided by the reduced voltage between 

the gate (IG) and source (row electrode) of the MOS-FET.59 The lower clock voltage is 
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Table 2: Voltage Levels Required for the Operation of 
a ClD17B <111> silicon Device. 

Description 

upper clock voltage 

upper lG voltage 

lower clock voltage 

column normal or 
lower CVD voltage 

column charge transfer 
voltage 

column injection or 
upper CVD voltage 

row normal, lD, and 
lower RE voltage 

row injection or upper 
RE voltage 

positive power supply 
or Vss 

negative power supply 
or Vdd 

epitaxial or epi voltage 

substrate voltage 

Level 

+ 5.00 V 

0.00 V 

-11.50 V 

- 6.50 V 

+ 5.00 V 

+ 6.40 V 

0.00 V 

+ 6.40 V 

+ 5.00 V 

-16.50 V 

+ 6.50 V 

+ 5.00 V 
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the select voltage for the MOS·FET gates (H~l, H~2, HRl, HR2, HD, V~l, V~2, V~3, VD, IG, 

and eVG). Power for the operation of the device is provided by Vss and Vdd. 

The column and row voltages are used to establish potential wells for integration of 
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photogenerated charge and to read out a detector element as described by FJgUI'e 8. A photon is 

absorbed by the epitaxial layer thereby promoting an electron into the conduction band of the silicon 

i.e., an electron-hole pair is created. Photogenerated charge is collected under the column electrode 

as holes as illustrated in Figure SA. The row is allowed to float and the voltage on the row is 

interrogated (Figure 88). The photogene rated charge (dO) is then transferred to the row by 

collapsing the well under the column i.e., by driving the column voltage to + 5.00 V (Figure 8C). The 

row potential is then interrogated for the second time where the change in voltage (dV) the row 

experiences due to the charge transfer is dV = dO/C where C is the capacitance of the MOS 

capacitor forme.d by the row electrode i.e., the change in voltage (dV) is proportional to the amount 

of photogenerated charge (dO). Since the read out process did not destroy the photogenerated 

charge, the column and row can be returned to the potentials depicted in Figure SA and 

photogenerated charge can continue to accumulate (nondestructive read out or NDRO). 

Alternatively, the potential wells under both the column and row can be collapsed as described in 

Figure 80, thereby causing electron-hole pair recombination and elimination of charge from the 

detector element (destructive read out or ORO). 

The optoelectronic characteristics of the CID178 < 111> Silicon device are described in Table 

3. The quantum efficiency of the CID178 <111> Silicon device and a PMT photocathode 

commonly utilized in AES from 200 nm to 1000 om are depicted in Figure 9. The read noise, full 

well capacity, dynamic range, and dark current were determined by establishing the camera system 

gain in electrons per analog to digital unit (ADU) using a mean-variance method.41,58,60,61 The dark 

current with the device cooled with liquid nitrogen (operating temperature ~ 135 K) was 

immeasurable within the limits of experimental uncertainty and must be 1essthan 0.008 electrons per 

second.41 

The CID178 <111> Silicon device has proven to be an excellent detector for AES with a 
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Table 3: Summary of the optoelectronic Characteristics 
of the CID17B <111> Silicon Device as Operated in the 
UACID17 Camera System. 41 

Peak Quantum Efficiency 

Read Noise (Nr ) 

Full Well Capacity (Q) 

Log of Dynamic Range 
log (Q/2Nr ) 

Dark Current 

42% at 500 nm 

160 e- with 
100 NDROs 
25 kHz data rate 

540000 e-

3.23 
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direct current plasma (DCP) source.13,14,5Z,6Z However, the detector could be improved upon in 

several regards. While it has a peak quantum efficiency that is superior to PMT photocathode 

efficiencies, the efficiencies of some photocathodes are superior to that of the CIDI7B at 

wavelengths below 250 nm (see Figure 9). At 200 nm, the QE of the CID17B is less than 10% and 

by 180 nm the QE will be near zero due to the insulating silicon oxide layer on the device.48-SO 

While the minimum detectable signal is comparable for a CID and a PMT depending on wavelength, 

the minimum detectable signal for a charge coupled device (CCD) is lower due to its superior read 

noise (less than 20 electrons).40,41,5Z,5S,56 The CI017B has sufficiently low read noise that with an 

ICP source at wavelengths above 220 run the sensitivities of most atomic emission lines are source 

photon shot noise limited. However, at lower wavelengths sensitivity could be improved by a lower 

detector read noise. Finally, the CIDI7B < 111> Silicon device exhibits a nonlinear response at low 

exposure levels. The nonlinearity occurs because the first holes created fill surface trap sites 
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(approximately 4600 electrons per detector element) and are not subject to charge transfer and read 

out.63,64 While this problem can be corrected by utilizing a pre_bias,13,41 it limits the dynamic range 

of the device. Additionally, it impairs the observation of transient events e.g., chromatographic peaks, 

due to the necessity of injecting and pre-biasing the device once the full well capacity has been 

reached. IS All of these disadvantages are addressed in this project. 

CIDI7B <100> SILICON DEVICE 

In the past, < 100 > silicon has exhibited a factor of 4 less surface trapping sites in eros than 

< 111 > silicon.59 Therefore, it was postulated that manufacturing ClOs with < 100> silicon would 

reduce the magnitude nonlinear response at low exposure levels, thereby eliminating the need for 

a pre-bias or fat zero13,41 and increasing the dynamic range. 

The CIDI7B < 100 > Silicon device has the same architecture as the CIDI7B < 111 > Si device 

with the exception that the epitaxial layer is fabricated on a substrate of < 100 > silicon. When the 

operating voltages described in Table 2 were used with the < 100> Si devices, two problems were 

encountered. A column blooming problem was experienced as shown in Figure 10. In addition, 

collapsing the potential wells as depicted in Figure 8D did not cause the recombination of all 

photogene rated electron-hole pairs, i.e., the charge did not completely inject. The cause of the 

column blooming problem has not been determined. However, it has been postulated that the 

operating voltages used on the <111> Si devices (see Table 2) were too extreme for the <100> Si 

devices. For this reason, a CID17 Voltage Controlled Camera was designed. Precise circuit 

diagrams for this camera are beyond the scope of this discussion. However, the Voltage Controlled 

Camera has essentially the same architecture as the UACID17 camera system described previously,41 

with the exception that instead of using fIXed voltage regulators for all of the voltages described in 

Table 2, each voltage can be varied independently under computer control through the use of 12 
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individual digital to analog converters (DACs). 

The CID17 Voltage Controlled Camera was used to determine that if the voltages were varied 

to the levels depicted in Table 4, both the injection problem, and the column blooming problem 

could be eliminated. However, the problems are eliminated with a cost in full well capacity. The 

full well capacity is only 500000 electrons under these circumstances, since the column normal 

voltage is only -6.50 V with respect to the epi voltage (-2.00 V - 4.50 V) as opposed to -13.0 V with 

respect to the epi voltage for the voltages depicted in Table 2. The column normal voltage has the 

most substantial effect on the column blooming. Therefore, it has been postulated that the extreme 

negative values in column normal voltage result in a breakdown in the potential barrier created by 

the field oxide between detector clements in the same column. It has been suggested that inverting 

the manner in which photogenerated charge is collected and transferred as shown in Figure 11 might 

avert the breakdown in the potential barrier. Collecting charge under the row by holding the column 

normal voltage at a positive level and transferring the charge under the column with an extreme 

negative voltage only for a short time interval ( -10 I's) might not allow sufficient time for potential 

barrier breakdown to occur.6S The resulting voltage change on the row electrode is then dV = 

-dO/C as opposed to dV = dOIC for operation in the normal mode. Therefore, the voltages 

depicted in Table 5, allow for the operation of a CID17B <100> Si device with no observable 

column blooming or injection problem while achieving a full well capacity of 1000000 electrons. 

The CID17 Voltage Controlled Camera allowed for the variation in the lower clock and Vdd 

voltages. Previously, these voltages were more extreme as Table 5 shows, since in the mode the 

CID17B <111> Silicon devices were operated, Vdd could not be increased above -14.00 V without 

device malfunction, i.e., with Vdd above -14.00 V the device would not respond to light. The reason 

for the malfunction is uncertain since the manufacturer (CIDTEC, Liverpoo~ NY) recommends that 

Vdd should not exceed -18.00 V with respect epi.6S The CID17B <111> Silicon devices are 



Table 4: Voltage Levels Required for the Operation of 
a ClD17B <100> Silicon Device Compared to Those Required 
for a ClD17B <111> Silicon Device. 

ClD17B 
<111> si 

Description Level 

upper clock voltage + 5.00 V 

upper lG voltage 0.00 V 

lower clock voltage -11.50 V 

column normal or - 6.50 V 
lower CVD voltage 

column charge transfer + 5.00 V 
voltage 

column injection or + 6.40 V 
upper CVD voltage 

row normal, lD, and 0.00 V 
lower RE voltage 

row injection or upper + 6.40 V 
RE voltage 

positive power supply + 5.00 V 
or Vss 

negative power supply -16.50 V 
or Vdd 

epitaxial or epi voltage + 6.50 V 

substrate voltage + 5.00 V 

ClD17B 
<100> si 

Level 

+ 3.00 V 

+ 3.00 V 

- 9.00 V 

- 2.00 V 

+ 3.00 V 

+ 4.40 V 

0.00 V 

+ 4.40 V 

+ 3.00 V 

-14.50 V 

+ 4.50 V 

+ 3.00 V 
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operated with Vdd at -23 V with respect to epi as Table 2 shows. However, in the inverted mode 

with a CIDI7B <100> Silicon device, Vdd can be increased to -18 V with respect to epi thereby 
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Table 5: Voltage Levels Required for the operation of 
a CID17B <100> Silicon Device in the Inverted Mode 
Compared to Those Required for a CID17B <111> Silicon 
Device. 

Description 

upper clock voltage 

upper IG voltage 

lower clock voltage 

column normal or 
lower CVD voltage 

column charge transfer 
voltage 

column injection or 
upper CVD voltage 

row normal, ID, and 
lower RE voltage 

row injection or upper 
RE voltage 

positive power supply 
or Vss 

negative power supply 
or Vdd 

CID17B 
<111> si 

Level 

+ 5.00 V 

0.00 V 

-11. 50 V 

- 6.50 V 

+ 5.00 V 

+ 6.40 V 

0.00 V 

+ 6.40 V 

+ 5.00 V 

-16.50 V 

epitaxial or epi voltage + 6.50 V 

substrate voltage + 5.00 V 

moving Vdd to within the range recommended by the manufacturer. 

CID17B 
<100> si 

Level 

+ 5.00 V 

+ 5.00 V 

- 9.00 V 

+ 5.00 V 

- 5.25 V 

+ 6.35 V 

0.00 V 

+ 6.35 V 

+ 5.00 V 

-12.00 V 

+ 6.50 V 

+ 5.00 V 
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Linearity. The UACID17 Camera System block diagram is depicted in Figure 12 and has 

been described previously.41 The same system was used for these experiments with the exception 

that the operating voltages were altered to those values described in Table 5. Linearity, mean

variance, dark current, and injection efficiency experiments were performed on a CID camera test 

stand depicted in Figure 13.41 Flashing the LED source causes a small circular region in the center 

of the sensor to be illuminated with approximately collimated light. The linearity experiment is 

performed by flashing the array with the LED to a desired incremental increase in illumination level. 

The resulting photogenerated charge is read with 10 NDROs from a 10 by 10 detector element 

subarray and the average value of the 100 detector clements is utilized. The sensor is then exposed 

(without injecting the previously collected photogenerated charge) to another incremental series of 

flashes from the LED and the photogenerated charge is then read nondestructively again. The 

process is continued for the desired number of increments. 

A linearity plot (signal in electrons versus exposure level) is shown in Figure 14 for both a 

CID 17B < 111 > Silicon and a CID 17B < 100 > Silicon device. The CID 17B < 100 > Silicon device 

exhibits a full well capacity of 1070000 electrons as opposed to the 540000 electrons attained with 

a CIDl7B <111> Silicon device. Figure 15 depicts first derivative plots of the plots in Figure 14. 

The rrrst derivative plots show that CIDs suffer a nonlinear response i.e., there is a negative slope 

in the derivative plot. As more charge is transferred to the row electrode, capacitance decreases. 

As a result, the voltage change induced by the charge transfer is reduced when more charge is stored 

in a detector element.66 However, the response of the device is reproducible and if precise 

calibration is required the linearity curve can be fit to a second order polynomial. Figure 16 is a low 

exposure level linearity plot of a CIDl7B <100> Silicon device compared to a CIDl7B <111> 

Silicon device. Note that at low exposure levels the response of the CIDl7B < 111 > Silicon device 

is nonlinear due to the effects of surface states mentioned previously.63,64 However, there are only 
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about 1200 surface trapping sites per detector element for a < 100 > silicon device as opposed to the 

4600 sites per detector element for the <111> silicon device since the effect is minimal for <100> 

silicon. Therefore, the need for a fat zero or pre-biasing has been eliminated .13.41 

Quantum EfficienC)'. Quantum efficiency (QE) measurements with respect to wavelength 

have been made with the instrument depicted in Figure 17. The apparatus Ius been descn"bed in 

detail previously.41 Calibration is provided by a photodiode with QE calibration traceable to the 

National Institute of Standards and Technology (EGG Model UV-444BQ, Salem, MA). An 8 by 8 

detector clement area on the CID is interrogated and an average signal level in ADUs (a~alog to 

digital units) per second per detector element at the various wavelengths investigated is obtained. 

Using the calibrated photodiode, the photon flux in photons per second per 5quare meter at the 

wavelengths investigated can be established. Given the precise geometry of a detector element (23.3 

I'm by 272 I'm for a CIDI7B) and the precise gain of the camera system in electrons per ADU, 

the OE of the CID can then be calculated in units of electron-hole pairs created per incident photon 

at the wavelengths investigated. 

The Q E as a function of wavelength for the CID 17B < 100 > Silicon device from 200 to 1000 

nm compared to that of the CIDI7B < 111> Silicon device is shown in Figure 18. The device used 

for this investigation has a peak QE of 80% at 550 nm in the visible region of sp:ctrum. Therefore, 

the device shows a 38% improvement in peak OE over the CID17B <111> Silicon device. The 

improvement in the 500 to 1000 nm region is possibly due to an increa;ed epitaxial layer 

thickness.67-69 However, it should be noted that batch to batch QE may vary as much as 20% at all 

wavelengths with CIDs.6S 

Noise Characterization. It can be shown that since root mean square (rms) photon shot noise 

is nearly equal to the square root of the total photon flux, Equation 3 describes the van"ance (signal 

standard deviation squared) with respect to signal level in ADUs for any array detector 
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camera system.41,5B,60,61 

Equation 3 

where 0 = signal standard deviation (ADU) 
S = signal level (ADU) 
o = camera system gain (electrons/ADU) 
Nr = camera system read noise (electrons) 

57 

Therefore, a plot of variance (c?) versus signal (S) will yield a slope of 1/0 and an intercept of 

N?/02. Since 0 can be calculated from the slope, the read noise Nr can be calculated from the 

intercept. 

The mean-variance experiment is performed on the em camera test stand depicted in Figure 

13. A small circular region in the center of the array is illuminated to a desired level. One hundred 

NDROs are then taken on a 4 by 4 detector clement array in the center of the i~luminated region. 

The array is cleared of charge by a ORO and then re-exposed to the same level as the first exposure. 

Using 100 NDROs again, the signal level from the second exposure is recorded for the same 4 by 

4 detector element array. For sufficiently high exposure levels, detector element to detector element 

variations between the two exposures will be due to a combination of system read noise and photon 

shot noise. Subtraction of the two exposures results in values near zero. Any non-reproducibility 

in illumination level due to nonuniform LED flashing is removed by adjusting the mean of the two 

exposures to the same value, i.e., the mean value of the difference array is adjusted to zero by adding 

a constant to every value in the 4 by 4 array. Summing the squares of the deviations from zero in 

the difference array and dividing by 16 (the number of detector elements in the array) results in the 

variance per detector element (c?) due to photon shot noise and read noise. This value is then 

divided by two to account for the fact that two exposures were made. The mean signal value (S) is 

calculated from the average of the signals in the first exposure array prior to subtraction of the 

second exposure. This procedure is repeated 100 times for each of 10 different exposure levels (S). 
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Figure 19 is a Olean-variance plot for the CIDI7B < 100> Silicon devi~ operated in the 

inverted mode. The slope of the plot yields a system gain of 99.5 electrons per ADU at a data rate 

of 25 kHz (40 J.&s/detector element). It has been shown that both the system gain (G) and read 

noise (Nr) are dependent on the data rate.41 In order to make comparisons between the different 

devices evaluated in this project, all mean-variance information was obtained at a data rate of 25 

kHz. 

Once the gain (G) of the system is known, the read noise can be determined from the 

intercept of the Olean-variance plot (N/ /G2). Averaging successive NDROs of the photogenerated 

charge stored in a detector clement reduces the random noise in the overall system read noise. The 

test stand LED is used to illuminate a 5 by 5 detector element array up to an arbitrary level 

(-5()()()()() electrons). The 5 by 5 detector element array is read mUltiple times nondestructively and 

the average values are stored. The array is then read a second time with the same number of 

NDROs and the average values are again stored. Since the same signal level was read both times, 

subtraction of the two arrays will result in values near zero. Since photon shot noise is removed by 

the subtraction, the only remaining variance must be due to system read noise. Any variance in the 

difference of the two arrays divided by two (two readings were taken) is due to read noise. Knowing 

the gain of the system, the variance in ADU2 can be converted to a variance in electrons2, and the 

read noise can be expressed in terms of rms read noise in electrons. III order to obtain statistically 

valid information, the process is repeated 20 times and the average variance value is utilized to 

calculate read noise. 

Figure 20 is a plot of read noise versus the square root of the number of NDROs for the 

CIDI7B < 100> Silicon device operated in the inverted mode (Figure 11) compared to that for the 

CIDI7B <111> Silicon device operated in the normal mode (Figure 8). The white noise 
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components of the system read noise should be reduced as the square root of the number of 

NDROs, i.e., read noise is proportional to the inverse of the square root of the number of NDROs. 

Figure 20 shows that this relationship is followed closely by this detector system. The read noise of 

the system can be reduced to 99 electrons with 100 NDROs for the CIDI7B <100> Silicon device 

operated in the inverted mode. Note that there is no significant difference in the read noise plots 

of the CIDI7B < 100> Silicon device operated in the inverted mode and the CIDI7B <111> Silicon 

device operated in the normal mode. The CID17B < 100> Silicon device operated in the inverted 

mode has slightly lower read noise regardless of the number of NDROs, but it is less than a factor 

of ,two reduction. 

Dark Current. Dark current is the rate at which charge separation events occur due to 

thermal and other processes rather than the absorption of a photon. The imager is exposed to an 

arbitrary signal level using the test stand depicted in Figure 13. An 8 by 8 detector element array 

is read using 100 NDROs and the average signal level on tbe 64 detector elements is computed and 

stored. After a time interval of 5 minutes another reading is taken as above. This process is 

repeated at 5 minute intervals for 3 bours. The slope of the average signal level versus time after 

initiation of the experiment is the dark current in ADUs per unit time. Knowledge of the system 

gain yields the dark current in units of electrons per second. As with the CIDI7B <111> Silicon 

device operated in the normal mode (Figure 8), the CIDl7B < 100> Silicon device operated in the 

inverted mode (Figure 11) has an immeasurable dark current within the limits of experimental 

uncertainty (less than 0.008 electrons/second) when cooled to liquid nitrogen temperatures as 

described previously.41 

Injection Efficiency. As stated previously, when the operating voltages descn'bed in Table 2 

were used with the CID17B <100> Silicon devices, collapsing the potential wells as depicted in 

Figure 8D did not result in the recombination of all photogenerated electron-hole pairs, i.e., the 
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charge did not completely inject. This problem is illustrated in Figure 21. Figure 21A shows the 

pattern on the CID17B <100> Silicon device created by the test stand depicted in Figure 13 when 

the LED is flashed long enough to saturate the CID detector elements which are illuminated by the 

LED. Figure 21B shows the pattern obtained after the wells are collapsed as shown in Figure 80. 

Figure 21 shows that a perceptible level of charge remains in the detector elements even-after 

injection (4% of full well capacity or 40000 electrons per detector element). 

The voltage causing this problem is the upper IG voltage. This voltage was lowered to 0.00 

V as opposed to the 5.00 V used for all other upper PET gate voltages in order to reduce read noise 

as discussed on page 34.59 However, witb the CID17B < 100> Silicon device it has been found that 

0.00 V is insufficient to deselect the FET connecting 10 to tbe rows. Therefore, the well under the 

row electrode never completely collapses and photogenerated charge remains under the r~w during 

the injection procedure. Figure 22 demonstrates that raising the upper IG voltage up to + 5.00 V 

as with all other upper gate voltages results in complete injection of charge. As Figure 20 

demonstrates, raising upper IG to + 5.00 V results in no significant increase in camera read noise. 

In fact, the read noise of the CID17B < 100 > Silicon device operated with upper IG at + 5.00 V is 

slightly less than the read noise ofthe CID17B <111> Silicon device operated with upper IG at 0.00 

V. 

The injection or ORO cycle (Figure 80 or 110) is maintained for 2 milliseconds on the 

UACID17 Camera System. The efficiency of the injection procedure is tested by exposing the array 

to an arbitrary level once, measuring the average signal level on a 10 by 10 detector element array 

using 100 NOROs, injecting the array once, measuring the signal level again, and continuing to 

alternately inject and read the signal level. Figure 23 shows that when tbe CIDI7B <100> Silicon 

device is operated with upper IG at a minimum of + 4.00 V, all photogenerated charge can be 

removed with one injection cycle. However, with upper IG at + 3.00 V one injection cycle does not 
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the Injection 
Experienced with the CID17B <100> Silicon 
Device with the operating Voltages Depicted 
in Table 2. (A) Test pattern created by the 
test stand with the LED flashed for a 
duration long enough to saturate the array. 
(B) Pattern observed after one injection 
cycle shows that residual charge remains in 
the array after injection. 
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Illustration of the Complete Injection of the 
CID17B <100> Silicon Device when the Upper IG 
Voltage is Increased to + 5.00 V. (A) Test 
pattern created by the test stand with the 
LED flashed for a duration long enough to 
saturate the array. (B) Pattern observed 
after one injection cycle illustrating 
complete recombination of all photogenerated 
charge. 
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remove 100% of the photogenerated charge. 

Conclusion. Table 6 summarizes the optoelectronic characteristics of the CIDI7B < 100> 

Silicon device as operated in the inverted mode. The major advantage of the CIDI7B < 100> Silicon 

device over the CIDI7B <111> Silicon device is that nonlinearity at low exposure levels has been 

virtually eliminated due to the reduction in surface trapping sites when < 100> silicon is uscd.63,64 

This eliminates the need for a fat zero or pre-biasing of the device in order to raise the device 

response up to a linear level .13,41 In addition, the CIDI7B < 100> Silicon device allows for an 

improvement in simple dynamic range from 3.23 orders of magnitude for the CIDI7B <111> Silicon 

device to 3.73 orders of magnitude for the CIDI7B <100> Silicon device. 

METACHROME II WAVELENGTH CONVERSION PHOSPHOR 

Figure 18 shows that the QE of the CID17B <111> Silicon device is decreasing rapidly below 

275 nm. The QE is less than 10% at 200 nm and is ncar zero by 180 nm due to absorbance in the 

insulating silicon dioxide layer on the CID.48-50 Inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) is often utilized in the far-UV region below 275 om. For example, arsenic 

and sulfur determinations are routinely performed utilizing the 193.70 nm As emission and 180.73 

om S emission respectively. Therefore, the QE of the CID in the far-UV must be improved by some 

method in order for it to be routinely utilized for ICP-AES. Several methods for improving the far

UV sensitivity of charge transfer devices (CTD) have been implemented. In general, the QE of 

CTDs in the UV and visible can be enhanced at any particular wavelength by using anti-reflection 

(AR) coatings.70,71 The cause of the rapid decline of the QE of CTDs in the UV is absorbance in 

the overlying gate structure and insulating oxide layers. This problem can be reduced by illuminating 

the backside of the device. This requires that the substrate layer underneath the epitaxial layer be 

thinned so that photons can be absorbed in the epitaxial layer where the corresponding 



Table 6: Summary of the optoelectronic Characteristics 
of the CID17B <100> Silicon Device as Operated in the 
Inverted Mode. 

Peak Quantum Efficiency 

Read Noise (Nr ) 

Full Well Capacity (Q) 

Log of Dynamic Range 
log (Q/2Nr ) 

Dark Current 

80% at 600 run 

99 e- with 
100 NDROs 
25 kHz data rate 

1070000 e-

3.73 
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photogenerated charge may be collected. Unfortunately, this thinning process requires chemical 

etching which is difficult to implement making such devices relatively expcnsive.68,72-7S The method 

chosen to increase the QE of the CID in the far-UV in this case is a UV to visible wavelength 

conversion phosphor.68,76.77 This limits the ultimate QE of the coated device to less than 50% (a 

fluorescent photon has an equal chance of emitting away from the device as it does of emitting 

toward the device), but as Figure 9 demonstrates, a QE of 25% is comparable to peak QEs of PMT 

photocathode materials. 

Metachrome II is a UV to visible wavelength conversion phosphor developed by Photometries 

Ltd. (Tucson, AZ). The precise structure of the organic dye and the coating process are proprietary. 

In general, Metachrome II is a 2, 2' substituted napthalazine which is highly absorbent below 475 nm 

and has a peak fluorescence maxima at 525 nm. As Figure 18 shows this fluorescence maxima is 

near the peak QE of the CIDI7B. Figure 24 shows how the QE of a Thomson CSF CCD coated 

with Metachrome II is improved to 25% at 250 nm.68 
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Quantum Efficien£)'. Quantum efficiency (QE) measurements with respect to wavelength 

have been made with the instrument depicted in Figure 17. The apparatus has been described in 

detail previously.41 Calibration is provided by a photodiode with QE calibration traceable to the 

National Institute of Standards and Technology (EGG Model UV-444BQ, Salem, MA). An 8 by 8 

detector element area on the CID is interrogated and an average signal level in ADUs per second 

per detector element at the various wavelengths investigated is obtained. Using the calibrated 

photodiode, the photon flux in photons per second per square meter at the wa\'e.lengths investigated 

can be established. Given the precise geometry of a detector element (23.3 pm by 27.2 JJm for a 

CID17B) and the precise gain of the camera system in electrons per ADU, the QE of the CID can 

then be calculated in units of electron-hole pairs created per incident photon at the wavelengths 

investigated. 

The QE as a function of wavelength for the CID17B <100> Silicon device coated with 

Metachrome II from 200 to 1000 nm compared to that of an uncoated CID17B <100> Silicon device 

is depicted in Figure 25. The phosphor provides for a 35% QE at 200 om as opposed to the 29% 

QE at 200 run with an uncoated device. Note that since Metachrome II absorbs below 475 nm, the 

QE of the coated device is lower than that of the uncoated device in the wavelength region from 475 

to 350 nm. However, below 225 nm which is a region of major interest for ICP-AES, the QE of the 

coated device is increased with respect to the uncoated device. The instrumentation depicted in 

Figure 17 does not provide for vacuum operation. In addition, the photodiodc is not calibrated 

below 200 run. Therefore, the QE of the coated device below 200 nm is not known. However, M. 

Cowens has demonstrated that Metachrome II has a constant QE from 300 run down to 120 nm.78 

It is reasonable to assume that the QE of the Metachrome II coated CID17B < 100 > Silicon device 

remains at about 30% at least down to 120 nm. 

Stability. If it is to be routinely used for ICP-AES, Metachrome II mUSl be able to 
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withstand long term exposure to UV radiation without photodegrading. Figure 26 describes the 

instrumentation used to study the long term stability of Metachrome n in the presence of a high 

intensity UV source. The source is an Ultraviolet Products Model Z-800 Zinc Pen Lamp (San 

Gabriel, CA). Power is provided by an Ultraviolet Products SCf-9 Power Supply. A custom echeUe 

spectrometer is used to focus the Zn 213.86 run emission on to a CID17B <111> Silicon device 

coated with Metachrome 11. The UACID17 Camera System depicted in Figure 12 is utilized. The 

CID imager is operated in an evacuated dewar, and cryogenically cooled to below 135 K. 

The coated imager is exposed to a high photon flux at 213.86 nm by placing the Zn pen lamp 

12 em from an 85 pm diameter entrance aperture in the echelle spectrometer with the shutter open. 

The resulting aperture image falls on a 5 by 15 detector element area on the CID17B imager. At 

12 hour intervals, the 85 pm aperture is replaced with a 500 pm aperture and the Zn pen lamp is 

moved to 56 em from the entrance aperture. The resulting aperture image falls on the same section 

of the CID with the exception that the image is much larger and lower in intensity as depicted in 

Figure 27. A background corrected, 5 second integration spectrum is then recorded for the 500 pm 

aperture image. The aperture is then replaced with the 85 pm aperture and the Zn pen lamp is 

returned to 12 em from the aperture until the next 12 hour interval is reached. 

If any photodegradation of the Metachrome II occurs, the signal obtained in region A (region 

of high intensity photon flux from the 85 pm aperture) of Figure 27 will be lower than the signal 

obtained in region B (region of low intensity photon flux from the 500 pm aperture). As long as 

the signal ratio of region A to region B remains near unity, no photodegradation has occurred. 

Table 7 depicts the signal ratio of region A to region B with respect to hours of exposure to Zn pen 

lamp radiation. The data shows that no photodegradation of Mctachrome II occurs after 168 hours 

of exposure to the Zn pen lamp. The radiation from the Zn pen lamp at 213.86 om is 40 times more 

intense than an ICP with a 100 pg/mL Zn solution aspirated at 1.00 leW of forward power. If a 
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Table 7: Intensity Ratio of Region A to Region B in 
Figure 27 with Respect to Hours of Exposure to the Zn 
Pen Lamp. 

Hours of Exposure 

o 
12 
24 
36 
48 
60 
72 
84 
96 

108 
120 
132 
144 
168 

Intensity Ratio AlB 

0.998 
0.980 
1.012 
0.992 
1.007 
1.005 
0.996 
1.008 
1.015 
1.012 
1.012 
1.019 
1.007 
1.023 
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100 pgJmL Zn plating bath is monitored 300 times a day with one minute exposures, and assuming 

250 work days per year, then the coated CID imager would be exposed to 1250 hours of 100 pg/mL 

Zn 213.86 nm radiation from an ICP. Therefore, the 168 hours of exposure then correlates to -5.4 

years of monitoring the aforementioned plating bath with no observable photodegradation of the 

Metachrome II. Provided that the Metachrome II is kept in an evacuated dewar and cryogenically 

cooled, it has proven to be sufficiently stable for routine use in ICP-AES. 

CIDI7PPRA PREAMPLIFIER PER ROW 

Cbarge coupled devices (CCD) exhibit lower read noise than CIDs due to the capacitance 

noise (kTC noise) associated with the CID multiplexing circuitry depicted in Figure 7.47-SfJ,79,SO. State 

of the art skipper CCDs have a read noise of less than 1 electron, 81 while typical CCDs have a read 
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noise between 7 and 50 electrons.55 The read noise of a CIDI7B < 111> Silicon device at a detector 

element read rate of 25 kHz is 160 electrons with 100 NDROs. A CID \\ith a preamplifier on every 

row would reduce the multiplexing capacitance thereby reducing system read noise.80,82-84 

Therefore, a desired noise level performance could be achieved with a fewer number of NDROs and 

the ultimate system read noise atta.inable would be lower. From the standpoint of ICP-AES, the 

wavelength at which an analysis will become photon shot noise limited due to source continuum 

emission will be lower than the 220 nm that is achieved with a CIDI7B. 

The architecture of the CID17PPRA is similar to the structure of a CIDI7B < 100> Silicon 

device. The detector element sites (Figures 5 and 6) are identical to a ODI7B. The substrate and 

epitaxial layers consist of silicon in a < 100 > crystal structure. Therefore, the CIDI7PPRA exhibits 

the reduced nonlinearity at low exposure levels due to surface trapping sites as with the CIDI7B 

< 100 > Silicon device.63,64 Figure 28 is an electronic schematic representation of the CIDI7PPRA. 

The preamplifiers on every row are dual gated FETs. Read out of the device requires the 

establishment of a current through the source and drain of these dual gated FETs. The magnitude 

of this source-drain current depends upon the difference between the potentials on the two gates. 

One of the gates is the row select gate. When a row is selected, it is connected to the lower clock 

voltage (-9.00 V). The other gate is the row itself. Therefore, the source-drain current is dependent 

on the row potential, which changes upon charge transfer proportional to the amount of 

photogenerated charge at the detector element site. Since the row experiences a voltage change dV 

= -dO/C upon charge transfer, the source-drain current experiences a change proportional to dV. 

The majority of the read noise of a CIDI1B is due to JeTC noise where C is the capacitance 

of the row in combination with the capacitance of the multiplexing circuitry. Figure 7 shows that the 

multiplexing circuitry capacity consists of the drain capacitance of all other row select switches, the 

reset switch (IG and 10) source capacitance, and the load capacitance which is a combination of the 
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capacitance of the connection line to the first off sensor amplifier and stray package capacitance. 

This multiplexing ~apacitance is a factor of 4 or 5 larger than tbe capacitance of the row itself. The 

CID17PPRA eliminates the multiplexing capacitance. Therefore, a reduction of a factor of 4 or 5 

in read noise might be expected witb the CIDl7PPRA. 

The CIDl7PPRA is operated in a modified UACID17 Camera System (Figure 12) which has 

been described in detail previouslyP,14,41 Table 8 describes the voltage levels required for the 

operation of a CID17PPRA. Note that the voltages are identical to those used for the CIDI7B 

<100> Silicon device operated in the inverted mode. The dual gated FET source-drain current is 

established at a nominal level of 1 milliamp. 

Noise Characterization. The mean-variance experiment was performed precisely as for the 

CID17B < 100> Silicon mean-variance experiment described on pages 55-59. A mean-variance plot 

for the CIDl7PPRA is depicted in Figure 29. The slope of the plot (l/G) yields a gain (G) of 773 

electrons per ADU. 

Given the system gain (G) in electrons per ADU, system read noise is determined as 

described on page 59-62. Figure 30 is a plot of read noise versus the square root of the number of 

NDROs for the CID17PPRA in comparison to that of the CIDl7B <100> Silicon device operated 

in the inverted mode. Although the factor of 4 or 5 reduction in read noise bas not been attained, 

a significant improvement is observed. Modeling of the device shows that at the detector element 

read rates employed in the UACID17 Camera System, a significant amount of l/f noise is 

contributed by the preamplifiers.65,BO Therefore, the predicted factor of 4 or 5 reduction in read 

noise is not achieved. The read noise of the CID17PPRA can be reduced to 41 electrons with 100 

NDROs as compared to the 99 electrons with 100 NDROs for tbe CIDl7B < 100> Silicon device. 

Note that the read noise increases when more than 121 NDROs are performed (up to 55 electrons 

with 400 NDROs). The reason for this is unclear. However, it may be due to charge leaking into 



Table 8: Voltage Levels Required for the Operation of 
a CID17PPRA Compared to Those Required for a CID17B 
<100> Silicon Device Operated in the Inverted Mode. 

Description 

upper clock voltage 

upper IG voltage 

lower clock voltage 

column normal or 
lower CVD voltage 

CID17B 
<100> si 

Level 

+ 5.00 V 

+ 5.00 V 

- 9.00 V 

+ 5.00 V 

column charge transfer - 5.25 V 
voltage 

column injection or + 6.35 V 
upper CVD voltage 

row normal, ID, and 0.00 V 
lower RE voltage 

row injection or upper + 6.35 V 
RE voltage 

positive power supply + 5.00 V 
or Vss 

negative power supply -12.00 V 
or Vdd 

epitaxial or epi voltage + 6.50 V 

substrate voltage + 5.00 V 

CID17PPRA 

Level 

+ 5.00 V 

+ 5.00 V 

- 9.00 V 

+ 5.00 V 

- 5.25 V 

+ 6.35 V 

0.00 V 

+ 6.35 V 

+ 5.00 V 

-12.00 V 

+ 6.50 V 

+ 5.00 V 

78 

the detector element from the substrate or the electrodes as a result of the NDRO process. A major 
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advantage to the reduced read noise is the reduction in read out time required to achieve a desired 

noise performance level. For example, to altain 100 electrons of read noise 100 NDROs are 

required with a CID17B <100> Silicon device. For a CIDI7PPRA, only 16 NDROs are required 

to reach the same 100 electrons of read noise (an 84% reduction in read time). This is significant 

when timing is critical. 

Linearity and Dynamic Range. The linearity experiment is performed exactly as for the 

CID17B <100> Silicon device described on pages 49·55. A linearity plot (signal in electrons versus 

exposure level) for the CID17PPRA and the CIDI7B <100> Silicon device operated in the inverted 

mode is depicted in Figure 31. The full well capacity of the CID17PPRA is nearly equivalent 

(960000 electrons) to that of the CID17B < 100> Silicon device (1070000 electrons). Figure 32 

shows the first derivative of the linearity plots depicted in Figure 31. The plot shows that the 

CIDl7PPRA suffers the same nonlinear response due to decreasing capacitance of the row as more 

photogenerated charge is stored under it. However, the response of the device is reproducible and 

if precise calibration is required the linearity curve can be fit to a second order polynomial. 

Ouantum Efficiency. Quantum efficiency (QE) measurements with respect to wavelength 

were made precisely as described for the CID17B <100> Silicon device on pages 55·57. The QE 

as a function of wavelength for the CID17PPRA from 200 to 1000 nm compared to that of the 

CIDI7B <100> Silicon device is displayed in Figure 33. The peak QE of the CID17PPRA is 82% 

at 550 nm. Since the CID17PPRA and the CID17B <100> Silicon devices are constructed 

identically (with the exception of the preamp on every row), their spectral responses with respect to 

wavelength should be identical. Note that the two curves are essentially coincidental. 

Dark Current. Dark current measurements for the CID17PPRA were obtained as described 

previously for the CIDI7B <100> Silicon device. As with the CIDI7B <100> Silicon device, the 

CID17PPRA has an immeasurable dark current within the limits of experimental uncertainty (less 
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than 0.008 electrons/second) when cooled to liquid nitrogen temperatures. 

Conclusion. Table 9 describes the optoelectronic characteristics of the ClDl7PPRA. The 

read noise of the device is 41 electrons with 100 NDROs. This is a factor of 2.4 improvement over 

the CID17B <100> Silicon device and a factor of 3.9 improvement over the CIDl7B <111> Silicon 

device. In addition, fewer NDROs are required to reach a desired noise level which is important 

when time is a major consideration. The full well capacity is comparable to that of the CIDl7B 

<100> Silicon device. The simple dynamic range is improved by nearly a haH an order of 

magnitude with respect to a CID17B <100> Silicon device due to the reduction in read noise. 

CONCLUSION 

As stated previously, the CID17B < 111> Silicon device has proven to be an excellent detector 

for AES with a DCP source.13,14,52,62 However, it has been demonstrated that a CIDl7PPRA coated 

with Metachrome II is a superior detector for ICP-AES. Evaluation of the CIDl7B <100> Silicon 

device shows that by reducing the number of surface trapping sites by using < 100> silicon rather 

than < 111> silicon, the nonlinear response of the CID at low exposure levels can be nearly 

eliminated. In addition, an increase in full well capacity from 540000 to 1070000 electrons is 

observed. The combination of these two improvements results in an increase in dynamic range. The 

Metachrome n wavelength conversion phosphor increases the QE of the imager to 35% at 200 nm 

as opposed to about 28% for the uncoated device. The phosphor is sufficiently resistant to 

photodegradation for use in ICP-AES when housed in an evacuated dewar and operated at liquid 

nitrogen temperatures. The CID17PPRA shows a factor of 3.9 reduction in read noise compared 

to the CIDl7B <111> Silicon device. A read noise of 41 electrons with 100 NDROs can be 

achieved in comparison to 160 electrons with 100 NDROs with the CIDl7B <111> Silicon device. 

A ClDl7PPRA coated with Metachrome II should offer all ofthe advantages ofthe CIDl7B <100> 



Table 9: Summary of the Optoelectronic Characteristics 
of the CID17PPRA. 

Peak Quantum Efficiency 

Read Noise (Nr ) 

Full Well Capacity (Q) 

Log of Dynamic Range 
log (Q/2Nr ) 

Dark Current 

82% at 550 nm 

41 e- with 
100 NDROs 
25 kHz data 
rate 

960000 e-

4.07 
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Silicon device coated with Metachrome II along with the improved noise characteristics of the 

CIDl7PPRA. 



CHAPTER 3 

EVALUATION OF A NEW ARRAY DETECfOR ATOMIC EMISSION 

SPECfROMETER FOR ICP-AES 
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Inductively coupled plasma atomic emission spectroscopy (ICP-AES) is among the most 

utilized techniques for trace analysis due to its excellent sensitivity, reliability, and relative case of 

operation. Traditionally, ICP-AES is performed using a slew-scan instrument, or alternatively, a 

direct reading spectrograph. The slew-scan instrument has a speed disadvantage when a number of 

elements are to be determined since only one wavelength can be observed at any time. Direct 

reading instruments overcome this problem by using individual PMTs positioned on the focal plane 

of a polychromator at each of the wavelengths of analytical interest. This allows for the 

determination of a number of clements simultaneously. Unfortunately, this is not a very flexible 

instrument since movement of the PMTs to alternative wavelengths is not easily implemented. 

Numerous groups have attempted to overcome these problems with the use of a variety of 

different array detector technologies. Several systems utilizing linear photodiode arrays (PDA) 

placed at the focal plane of a scanning monochromator have been developed 8S-89 Unfortunately, 

due to the limited number of diodes in the arrays, a trade off must be made between resolution and 

wavelength coverage with these systems. Therefore, while most of the desClibed systems have high 

resolution, wavelength coverage is not sufficient for the determination of a large number of elements 

simultaneously. In addition, the read noise of an individual photodiode is extremely high compared 

to that of a PMT.40,44.54,90 Karanassios and Horlick have described an echeDe spectrometer/PDA 

system utilizing a dispersion-selection-recombination line selector in which desired narrow wavelength 

regions are selected with a mask. Several different masks allow for the determination of various 
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combinations of elements. However, continuous wavelength coverage is not available.91 

Studies have been performed demonstrating that CID array detector technology coupled with 

an echeUe spectrometer can be successfully utilized for AES using a DCP source.13,14,41,s2.62 

Although this system offers wavelength coverage that is far superior to the systems mentioned above, 

it docs not cover the far-UV, i.e., wavelengths less than 225 nm. Several important emission lines 

for ICP-AES, e.g., the Zn 213.86 nm and the As 193.70 nm emissions occur in this region. Although 

the system does provide excellent sensitivity for those elements that can be determined with a DCP 

source, the light throughput is relatively low.13,41 A spectrometer with higher light throughput can 

improve sensitivity. 

The goal of this work is the development of an ICP-AES system capable of simultaneous 

determination of a large number of elements utilizing a CID array detector on a performance level 

comparable to or better than that available with sequential and direct reader systems. There are 

numerous requirements for such a system including extensive wavelength coverage, high sensitivity, 

high resolution, large linear dynamic range, high precision, and the capability of correcting for or 

overcoming stray light and background problems. 

Phosphorous and sulfur determinations are now routinely performed using the P 178.28 nm 

emission and the S 182.04 nm emission. On the long wavelength end, potassium determinations are 

performed at 766.49 nm and 769.90 nm. Therefore, wavelength coverage from 170 om to 800 om 

is desirable. With an array detector, this wavelength coverage wiU be continuous unlike that of a 

direct reader system where PMTs are placed at discrete wavelengths. Therefore, information from 

mUltiple emissions will be available for most elements. 

Typical detection limits for ICP-AES systems utilizing PMTs are 0.1 - 1 ng/mL for group IIA 

metals, 1 - 10 og/mL for transition metals, and 10 - 100 ng/mL for metalloids and nonmetals.92-94 

10 order to attain these detection limits, the light throughput of the system must be high « C/l0), 
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and the detector must have high OE over the entire wavelength region of interest and especially in 

the far-UV. A QE of 30% or better is comparable to that of the best PMTs in this wavelength 

region (see Figure 9). 

Typical scanning instruments have a resolution of 0.02 nm at 250 nm. In order to attain a 

similar resolution with an array detector based system, a high level of image qUality is required. Due 

to the small dimensions of the individual detector elements in available array detectors, special optics 

are required to attain sufficient image quality.13,41 A large linear dynamic range (LOR) is also 

required. Typical LDRs for PMT based systems are 3 - 6 orders of magnitude.95 A precision of 

<1% relative standard deviation (RSD) at a concentration of 500 times the detection limit can be 

obtained with most commercial instruments and must be matched by the proposed system.95 Finally, 

due to the complex matrices of some samples typically determined by ICP-AES, stray light and 

background problems should be negligible or correctable.96-98 

Many of the requirements mentioned above have been met by the system described here. 

Most importantly, the performance of the system in the far-UV has proven sufficient for the 

determination of As, P, and Zn with a sensitivity comparable to conventional sequential or direct 

reader systems. 

EXPERIMENTAL SECTION 

Instrumental. Figure 34 shows a block diagram of the ICP-AES spectrometer system. The 

ICP is an ICP 2500 (Plasma Therm, Kresson, NJ) fitted with an Hildebrand grid nebulizer (Leeman 

Labs, Lowell, MA). A peristaltic pump (Rainin Instrument Co. Inc., Rabbit Peristaltic Pump, 

Boston, MA) was used for solution delivery .. Typical operating parameters for the ICP are shown 

in Table 10. 

The custom built slow scan camera employed consists of a CID17B <111> Silicon sensor 
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Table 10: Operating Parameters for the Plasma Therm Iep 
2500. 

Frequency 
Power 
Plasma Argon Flow 
Auxiliary Argon Flow 
Nebulizer Argon Flow 
Nebulizer Gas Pressure 
Pump Rate 
Observation Height 

27.2 MHz 
1. 0-1. 35 kW'" 
12 L/min. 
0.05 L/min. 
0.35 L/min. 
30 psi 
1 mL/min 
-12 mm above 
load coil 

", Varied depending upon the element being determined 
for detection limit studies. 
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(CIDTEC, Liverpoo~ NY), a preamplifier encased in a liquid nitrogen cryostat (Infrared 

Laboratories, Tucson, AZ), and a camera electronics package which further amplifies the sign~ 

removes correlated noise, and digitizes the video signal to 14 bits of precision. Dark current is 

eliminated by cooling the sensor to below 135 K which allows for several minute long exposures to 

be made without introducing large amounts of dark current shot noise." l .56 The digitized signal is 

sent to a modified Model CC183 camera controller (Photometrics Ud., Tucson, AZ) which resides 

in a multibus based Motorola 68000 computer system. The controller translates commands from the 

host computer into the clocking sequences required by the CID17B < 111> Silicon device and stores 

data from the sensor using direct memory access (DMA). A megabyte of memory is required to 

allow for storage and manipulation of full-frame images without using slower mass storage devices. 

Graphics display of processed pictures is provided through a 64O-coIumn-by-480-row graphics 

display adaptor (photometrics Ltd., ModellA). The images are displayed in 256 gray levels (8 bits) 
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with a superimposed I-bit graphics plane. Fourteen-bit image data are windowed so that the 

contrast of the image can be varied, making spectral features of differing intensities visible. Hard 

copies of images can also be produced using a 64 level thermal printer. 

Figure 35 is an optical diagram of the experimental echelle spectrometer. Echelle orders are 

dispersed along the rows of the CIDl7B < 111> Silicon sensor each containing 388 23 I-'m wide 

detector elements. The axis of low dispersion corresponds to columns which contain 244 27 I-'m taU 

detector elements. The CID has an overall photoactive area of 8.7 mm (h) by 6.6 mm (v) and a 

total of 94,672 detector elements. 

The electromechanical shutter (Modell, Ilex Optical Co., Rochester, NY) mounted between 

the objective lens and the entrance slit is under control of the computer system through the camera 

controller and camera electronics. It allows for precisely controlled exposure times. As described 

with previous instruments, four red light emitting diodes (LED) also under computer control through 

the camera controller are positioned around the camera mirror for flat field illumination of the 

sensor .13,41 

The objective lens used is a 10.2 em focal length quartz acromat lens. Due to physical 

constraints an image reduction of about 2:1 was used. Light is collimated by a 384 mm focal length 

spherical mirror. The spectrometer utilizes an 11.540 calcium fluoride prism for cross dispersion. 

A custom ruled echelle grating with 63 grooves/mm and a 19S blaze angle is employed for high 

dispersion. A toroidal camera mirror is used to focus the slit image onto the sensor. The 

spectroscopic speed of the system is fl10 with a magnification of one. 

Solutions. All solutions were prepared from 1000 or 10000 I-'g/mL stock solutions in 5% v/v 

nitric acid. The stock solutions were prepared with either the pure metal or a spectroscopic grade 

salt. 

Procedure. For detection limit studies, a full series of standards were prepared by 10:1 serial 
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dilutions from the stock solution. The system sequentially observes all of the emission lines in a user 

defmed list using nondestructive read outs (NDRO). If the amount of photogenerated charge at the 

location of the emission line being observed is sufficient to yield a high signal to noise ratio, then 

the detector elements are read, the integration time is recorded, and the emission line is removed 

from the list. If the amount of photogenerated charge is insufficient to yield a high signal to noise 

ratio, then the detector elements are returned to the integration mode and photogenerated charge 

continues to accumulate. Note that the read out process is nondestructive, i.e., reading out the 

charge in a group of detector elements does not destroy the photogenerated charge which has 

accumulated. This variation in integration time from wavelength to wavelength (random access 

integration or RAI) based on the experimentally observed emission intensity has been described 

previously.14 Detection limits were calculated using a linear background fit method where the limit 

of detection was defined as the concentration producing a signal of two times the standard deviation 

of the blank (5% v/v nitric acid) signal. The integration time was limited to a maximum of 120 

seconds. A study was also performed to determine the effect of maximum allotted integration time 

on Zn detection limits. 

System precision was determined on As, Cd, and Zn using solutions of approximately 5, 100, 

and 500 times the limit of detection in concentration. Table 11 describes the standards and 

wavelengths used for each element. Signal intensity for each standard solution was determined using 

computer controlled RAI. Ten trials were performed for each standard and blank. The average 

blank signal was then subtracted from the average standard signal. The standard deviation of the 

standard signal was then divided by the blank corrected signal to yield the RSD. 

The effect of stray light on a Mn determination was also studied. Two sets of Mn standards 

were used. One set was made from 10:1 serial dilutions of 1000 I'g/mL Mn in 5% v/v nitric acid. 

The other set was made from 10:1 serial dilutions of 1000 I'g/mL Mn in 1000 I'g/mL Ca and 5% 



95 

Table 11: Standards Used for the Precision study. 

A s Cd Zn 
228.81 nm 226.50 nm 213.86 n m 

Concentration LOD LOD LOD 
= 0.20 = 0.010 = 0.0030 

5 x LOD 1.0 JLg/mL 0.050 pg/mL 0.015 pg/ mL 

100 x LOD 20 JLg/mL 1.0 pg/mL 0.30 pg/ mL 

500 x LOD 100 JLg/mL 5.0 pg/mL 1.5 JLg/m J.J 

10D = Limit of detection in JLg/mL 

v/v nitric acid. This set served as a matrix matched standard set. Computer controlled RAJ was 

performed on the Mn emissions at 257.61, 259.37, 260.57, 261.02, 293.80, and 294.92 om emissions. 

Detection limits were calculated using a linear background fit method where the limit of detection 

was defined as the concentration producing a signal of two times the standard deviation on the signal 

of the matrix (5% v/v nitric acid for the first set of standards and 1000 Jjg/mL Ca and 5% v/v nitric 

acid for the second set). The background equivalent concentration (BEC) due to 1000 Jjg/mL Ca 

was calculated using the linear equation from the set of standards at the wavelength in question and 

the signal at that wavelength caused by 1000 Jjg/mL Ca in 5% v/v nitric acid. 

An analysis of the National Institute of Standards and Technology (NIST) Standard Reference 

Material (SRM) 1643b Trace Elements in Water was also performed. rIVe standards containing all 

elements being determined were used to establish working cwves. Computer controlled RAJ was 

used as described above. The maximum all ott cd intcgration was 120 seconds. Whenever possible, 

multiple emission lines were used for each element (see Table 19). The blank signal due to 5% v/v 

nitric acid was determined from the average of nine trials. The signal due to the standards and SRM 
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1643b were determined from the average of three trials. The calibration curves were determined 

using the linear background fit method and are described in Table 19. 

RESULTS AND DISCUSSION 

Echelle Spectrometer /CID Detector Performance. F'IgUre 36 is an echellogram of an As 

hollow cathode lamp demonstrating the wavelength coverage attainable using the calcium fluoride 

prism. Wavelength coverage is from order 56 (185.85 - 191.97 nm) to order 21 (495.60 - 511.91 nm). 

When a vacuum spectrometer is employed, this coverage is extended into the vacuum-ultraviolet 

(VUV) down to order 60 (173.46 -179.17 nm). Table 12 describes the wavelength coverage for each 

order on the CIDI7B <111> Silicon sensor. Due to the limited dimensions of the CID17B <111> 

Silicon device, certain regions of the spectrum are not covered. These regions are described in Table 

13. An algorithm which calculates the wavelength at a given detector clement or gives the x,y 

detector element given the wavelength is described in Appendix A. 

The optics were designed to yield 1:1 imaging, e.g., a 58 I'm diameter entrance aperture 

should appear as a 58 I'm diameter image on the CIDI7B < 111> Silicon sensor. With 27 by 23 I'm 

detector clements, the image should then fall on a 3 by 3 detector element area. An attempt was 

made to use a 384 mm focal length spherical camera mirror. However, when this mirror was used, 

the best image that could be achieved with the 58 I'm diameter entrance aperture was on a 5 by 10 

detector element area. When the toroidal camera mirror is used, the aperture image does fall on 

a 3 by 3 detector element area as predicted. 

Linear dispersion calculations predict that in order 42 (247.80 - 255.96 nm) a wavelength 

difference 'of 0.09 nm should be baseline resolved if a 32 I'm diameter entrance aperture is used. 

Figure 37 shows that this theoretical resolution is nearly matched in practice as the B 249.68, 249.77 

nm doublet is nearly baseline resolved using the 32 I'm diameter entrance aperture. Similar 
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Table 12: Wavelength coverage Versus Order for the 
Echelle Spectrometer/CID17B <111> silicon Device System. 

Order Wavelength coverage 

21 495.60 - 511. 91 nm 
22 473.08 - 488.64 nm 
23 452.51 - 467.40 nm 
24 433.65 - 447.92 nm 
25 416.31 - 430.01 nm 
26 400.30 - 413.47 nm 
27 385.47 - 398.15 nm 
28 371. 70 - 383.94 nm 
29 358.89 - 370.70 nm 
30 346.92 - 358.34 nm 
31 335.73 - 346.78 nm 
32 325.24 - 335.94 nm 
33 315.38 - 325.76 nm 
34 306.11 - 316.18 nm 
35 297.36 - 307.15 nm 
36 289.10 - 298.62 nm 
37 281. 29 - 290.55 nm 
38 273.88 - 282.90 nm 
39 266.86 - 275.65 nm 
40 260.19 - 268.75 nm 
41 253.85 - 262.20 nm 
42 247.80 - 255.96 nm 
43 242.04 - 250.00 nm 
44 236.54 - 244.32 nm 
45 231. 28 - 238.89 nm 
46 226.25 - 233.70 nm 
47 221. 44 - 228.73 nm 
48 216.83 - 223.96 nm 
49 212.40 - 219.39 nm 
50 208.15 - 215.00 nm 
51 204.07 - 210.79 nm 
52 200.15 - 206.73 nm 
53 196.37 202.83 nm 
54 192.74 - 199.08 nm 
55 189.23 - 195.46 nm 
56 185.85 - 191.97 nm 
57 182.59 - 188.60 nm 
58 179.44 - 185.35 run 
59 176.40 - 182.21 nm 
60 173.46 - 179.17 nm 
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Table 13: Wavelength Regions Not Covered by the Echelle 
Spectrometer/CID17B <111> Silicon System. 

Between Orders Uncovered Region 

<21 >511. 91 nm 
21-22 488.64 - 495.60 nm 
22-23 467.40 - 473.08 nm 
23-24 447.92 - 452.51 nm 
24-25 430.01 - 433.65 nm 
25-26 413.47 - 416.31 nm 
26-27 398.15 - 400.30 nm 
27-28 383.94 - 385.47 nm 
28-29 370.70 - 371. 70 nm 
29-30 358.34 - 358.89 nm 
30-30 346.78 - 346.92 nm 
>60 <173.46 nm 
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calculations in orders 21 (495.60 - 511.91 nm) and 60 (173.46 -179.17 nm) predict baseline resolutions 

of 0.2 nm and 0.06 nm respectively with a 32 pm diameter entrance aperture. 

Figure 9 shows a plot of the QE of a CIDl7B < 111 > Silicon sensor from 200 nm to 1000 nm. 

Note that at wavelengths less that 300 nm the sensitivity of the detector is rapidly falling off and that 

by 200 nm the OE is less than 10%. The sensitivity of the detector can be improved at wavelengths 

lower than 225 nm by using Photometries Ltd. (Tucson, AZ) wavelength conversion phosphor 

Metachrome II. Metachrome II absorbs at wavelengths below 475 nm and has a fluorescence 

maximum at 525 nm which is near the peak OE of the OD17B <111> Silicon sensor.76,77 Figure 

24 shows how the OE of a Thomson CSF CCD has been improved in the UV by using Metachrome 

n.68 Note that at wavelengths less than 300 nm the OE levels out to about 25%. M. Cowens has 

demonstrated that the OE of Metachrome n remains nearly constant from 300 nm down to 120 
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An echellogram of an As hollow cathode lamp was obtained on a CIDI7B <111> Silicon 

device that was half coated with Metachrome II as illustrated in Figure 38. Table 14 shows the 

intensities ofthe 193.70 nm emissions and the 228.81 nm emissions. The intensity ratio of the 193.70 

nm to 228.81 nm emission from the same hollow cathode lamp on a slew-scan instrument known to 

have high sensitivity below 200 nm was 0.60. The ratio on an uncoated CIDI7B <111> Silicon 

device was 0.23. While this is worse, by a factor of three, than that of the PMT based system, it is 

still possible to obtain fair sensitivity using an uncoated CIDI7B < 111> Silicon device at 193.70 nm. 

The ratio for the CID coated with Metachrome II is 0.53. This value is comparable to the value 

obtained on the slew-scan instrument, i.e., the systems have similar sensitivities in this wavelength 

region. 

Qualitative Analysis. Wavelength calibration routines and the procedure for qualitative 

inspection of emission spectra have been descn'bed previously for a different set of optics and a DCP 

source.13 Figure 39 shows an echellogram of a 100 jjg/mL Cr solution. The circle markers indicate 

the 10 emissions present in the Cr data base. Data bases have been created for 55 elements, and 

creation of a new data base requires only 5 - 10 minutes. Data base recalibration need not be 

performed prior to each analysis and is required only if something is done to perturb the optics to 

a great degree. In one case, the spectrometer was removed from its optical mounts and moved to 

a different building and no data base recalibration was required. At the present time, the presence 

or absence of an element is determined by visual inspection using the video monitor and markers. 

This procedure has been automated for the DCP system mentioned above, and an automated 

qualitative analysis will be implemented on this system in the near future.62 

Sensitivity. Table 15 lists detection limits obtained for several elements. The Sr 407.77 nm 

emission yields a detection limit of 39 pg/mL with a LDR of about 5~ orders of magnitude (0.039 

to 10,000 ng/mL Sr). This LDR is typical of the LDRs obtained for all of the other elements. 
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Table 14: Intensity Data for a Calibrated As Hollow 
Cathode Lamp. 

1 th Wave eng ~ t' Gra l.ng On 0 / ff Down t 'ty In ensl. 
(nm) Order Converter (ADUs) 

193.70 46 off 13871 

228.81 54 off 3169 

193.70 47 on 17515 

228.81 55 on 9340 

1193.70 nmI 1228.81 nm 

TJA Scanning Monochromator with PMT: 0.60 
0.23 
0.53 

Echelle Spectrometer/CID: 
Echelle Spectrorneter/CID with Metachrorne II: 

These detection limits compare favorably v.ith detection limits reported for most commercial ICP 

systems. Even at wavelengths less than 225 run high sensitivity is achieved, e.g., the Zn 213.86 nm 

emission yields a detection limit of 3.0 ng/mL. The sensitivities attained for the metalloids are only 

a factor of four worse than the best sensitivities reported for PMT based systems e.g., the P detection 

limit is about 200 ng/mL as opposed to the 50 ng/mL reported for some PMT based commercial 

instruments.92,93 

Figure 40 is a plot of the observed detection limit with respect to maximum allotted 

integration time for the Zn 213.86 nm emission. Note that while the best detection limit was 

obtained from a 180 second integration, reducing the integration time to 60 seconds degrades the 

sensitivity only by a factor of two. If the integration time is reduced to 30 seconds, sensitivity is only 

degraded by a factor of 5. 
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Table 15: ICP/Echelle Spectrometer/CID17 Detection 
Limits. 

Element Emission Wavelength LOD 
ng/mL 

Al 308.22 nm· 27 
309.28 nm 32 
396.15 nm 36 

As 193.70 nm 100 
197.30 nm 700 
228.81 nm 200 

Ba 389.18 nm 33 
455.40 nm 0.29 

Ca 393.37 nm 0.19 
396.85 nm 0.39 

Cd 214.44 nni 2.0 
226.50 nm 4.0 
228.80 nm 76 

Cr 283.56 nm 6.7 
284.98 nm 10 
425.44 nm 22 

Co 237.86 nm 27 
238.89 nm 9.2 

CU 324.75 nm 4.0 
327.40 nm 12 

Fe 238.20 nm 5.3 
239.56 ·nm 13 
259.84 nm 3.9 
259.94 nm 3.2 

Mg 279.55 nm 0.47 
280.27 nm 0.41 
285.21 nm 1.2 
383.83 nm 11 
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Table 15: ICP/Echelle Spectrometer/CIDDetection Limits 
(continued). 

Element Emission Wavelength LOD 
ng/mL 

Mn 256.37 nm 0.90 
257.61 nm 1.0 
259.37 nm 1.0 
260.57 nm 2.0 
293.80 nm 8.0 
294.92 nm 8.0 

Mo 202.03 nm 4.9 
281. 62 nm 0.42 

Ni 231. 60 nm 92 
341.40 nm 55 
361.94 nm 28 

P 213.55 nm 300 
213.62 nm 340 
253.40 nm 210 
253.56 nm 300 

Sc 255.24 nm 7.0 
361. 38 nm 0.49 
391.18 nm 41 

Ag 328.07 nm 6.6 
338.29 nm 4.0 

Sr 407.77 nm 0.039 
421. 55 nm 0.15 

V 292.40 nm 2.6 
309.31 nm 5.8 
310.23 nm 3.5 

Zn 202.55 nm 5.0 
206.20 nm 600 
213.86 nm 3.0 

Zr 257.14 nm 5.0 
339.20 nm 1.7 
343.82 nm 2.4 



1000TI------~----~----~~----~----~----~ 

2 r. 
E 
~ 100 .... 

&:: 
~ 

...... 
-E 
e-
..J 
&:: 
o 
~ 10+ o 

Q) ...... 
Q) 

C 

• Zn 213.86 nm Detection Limit 

.... 

• 
• 

• • + 

• 
1 I I I 

o 
Figure 40. 

30 60 90 120 150 180 
Maximum Alloted Integration lime (seconds) 

Plot of Detection Limit Versus Maximum Allotted 
Integration Time for the Zn 21.3.86 nm Emission. The 
optimum detection limit was obtained from a 1.80 second 
integration. However, reducing the integration time to 
60 seconds degrades the sensitivity only by a tactor ot 
two. .... 

o 
~ 



108 

Precision. Table 16 demonstrates the precision that can be achieved with the system. The 

data shows that the precision is about 1% RSD at a concentration level of 500 times the detection 

limit for aU three elements. 

Effect of Stray Light and Background on a Mn Determination. Table 17 describes the linear 

equations, detection limits, and BEes due to 1000 pg/mL Ca for a Mn determination. The 

information in Table 17 can be used to calculate the BEC due to 1000 pg/mL Ca. For example, 

for the 257.61 nm Mn emission: 

therefore, 

log BEe = log sea - (log-log intercept) 
(Jog-log slope) 

= 0.753 + 0.4fa = 1.15 
1.03 

BEe = 14 ng/mL. 

Eq.4 

There are two ways to avoid spectral interference problems. The first of these is to select a 

line that is not interfered with. This system is extremely flexible for choosing alternate lines since 

there is continuous wavelength coverage and access to aU of the major emissions of most elements. 

The Mn 260.57 nm emission is not significantly interfered with by 1000 pg/mL Ca. The BEe is only 

a factor of 2 greater than the detection limit (see Table 17). In addition, the sensitivity of the 

analysis does not degrade significantly since the 260.57 nm emission has a detection limit of 4.0 

ng/mL as compared to 1.7 ng/mL for the 25937 nm emission which is significantly interfered with 

(BEe = 61 ng/mL). 

The other alternative is to matrix match the standards to the sample. The interference will 

then be minimized by background subtraction. Table 18 shows that detection limits are not 

significantly degraded when matrix matching is performed except in the case of the 294.92 run 

emission which falls in close spatial proximity to the 39337 nm Ca emission on the CID, i.e., source 

fluctuation and photon shot noise limit the sensitivity of that emission. 



Table 16: System Precision Obtained for Ten Background Corrected 120 Second 
Integrations. 

element signal ± std. dey. signal ± std. dey. signal ± std. dey. 
5 x LOD 100 x LOD 500 x LOD 

(ADUs/second) (ADUs/ second) (ADUs/second) 

As 1.27 ± 0.30 41.93 ± 0.44 200.5 ± 1.7 
228.81 nm 24% RSD 1.0% RSD 0.85% RSD 

Cd 3.68 ± 0.22 55.9 ± ·2.4 281.3 ± 3.8 
226.50 nm 6.0% RSD 4.2% RSD 1.4% RSD 

Zn 1.26 ± 0.46 18.20 ± 0.44 87.99 ± 0.75 
213.86 nm 36% RSD 2.4% RSD 0.85% RSD 

LOD = limit of detection 

.... 
o 
\0 



Table 17: Lin~ar Equations for Mn in 5% v/v Nitric Acid and Background Equivalent 
concentrations due to 1000 ~g/mL Ca. 

1 1 og 1 1 og blank LOD 1 Log s BEe 
w avelength e i ept s v. (ng/ml) Ca (ng/ml) 

(1\ c) 

257.61 nm 1.03 -0.428 0.467 2.4 0.753 14 

259.37 nm 1.03 -0.544 0.250 1.7 1.30 61 

260.57 nm 1.02 -0.540 0.588 4.0 0.407 8.5 

261.02 nm 0.995 -0.621 0.683 5.8 1.52 140 

293.80 nm 0.989 -0.786 0.835 10 * --
294.92 nm 1.01 -0.670 0.380 3.5 2.43 1200 

log Sea - log of the signal produced by 1000 ~g/ml Ca at the wavelength in 
question. 

* The signal from 1000 ~g/mL Ca is less than that for the 5% v/v nitric acid. 
The wing signal used for the linear background fit is higher due to the close 
spatial proximity of the 393.37 nm Ca emission. The result is a negative 
signal. 

.... .... 
o 
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Table 18: Mn Detection Limits in 5% v/v Nitric Acid and 
1000 Jjg/mL Ca. 

Wavelength 

257.61 nm 

259.37 nm 

260.57 nm 

261. 02 nm 

293.80 nm 

294.92 nm 

Detection Limit 
(ng/ml) 

1.8 

1.9 

1.1 

4.0 

13 

390 

Analysis of NIST SRM 1643b Trace Elements in Water. Table 19 descnbes the results 

obtained. Fifteen elements were simultaneously determined using 31 emissions with a high degree 

of accuracy. In some instances, up to 70 wavelengths have been simultaneously monitored. In spite 

of the spectral complexity of the matrix (35 JJg/mL Ca, 8 JJg/mL Na, 15 JJg/mL Mg, and 3 JJg/mL 

K), accurate concentration values were obtained for bOth minor (e.g., Cu at -20 ng/mL) and major 

constituents (e.g., Mg at -10 JJg/mL). 

CONCLUSIONS 

This system offers the benefit of continuous wavelength coverage allowed by an echelle 

spectrometer/CID array detector system as well as numerous other advantages over conventional 



Table 19: Analysis of NIST SRM 1643b Trace Elements in Water. 

Ele- Wave- Slope Intercept SRM 1643b Calcu- NIST 
ment length (ADU mL / (ADU/S) Signal lated Value 

(run) ng s) (ADU/s) Cone. (ng/mL) 
(ng/mL) 

Ba 455.40 7.03 ± 0.05 23 ± 2 314 ± 1 41 ± 1 45 ± 2 

B 249.77 0.30 ± 0.01 -16 ± 1 9.6 ± 0.2 85 ± 5 96 a 

Cd 214.44 0.137 ± 0.007 0.33 ± 0.18 3.1 ± 0.2 20 ± 2 20 ± 1 
226.50 0.17 ± 0.01 - 2.4 ± 0.3 0.82 ± 0.05 19 ± 2 20 ± 1 
average --- --- --- 20 ± 2 20 ± 1 

Cr 283.56 0.36 ± 0.01 2.0 ± 0.3 9.2 ± 0.4 20 ± 2 18.9 ± 0.4 

Co 237.86 0.13 ± 0.01 0.19 ± 0.35 4.10 ± 0.08 29 ± 4 26 ± 1 
238.89 0.14 ± 0.01 1.4 ± 0.4 5.00 ± 0.03 26 ± 4 26 ± 1 
average --- --- --- 28 ± 4 26 ± 1 

CU 324.75 0.52 ± 0.07 0.14 ± 2.17 8.7 ± 1.0 16 ± 5 22.3 ± 0.4 

Fe 238.20 0.15 ± 0.01 - 4.7 ± 1.1 10 ± 1 98 ± 13 100 ± 8 
238.20 0.17 ± 0.02 - 9.2 ± 3.9 6.32 ± 0.04 91 ± 25 100 ± 8 
239.56 0.115 ± 0.006 - 3.1 ± 0.6 7.3 ± 0.1 91 ± 8 100 ± 8 
259.84 0.259 ± 0.006 - 6.7 ± 0.6 17.54 ± 0.09 94 ± 3 100 ± 8 
263.12 0.11 ± 0.02 - 5.5 ± 2.2 4.5 ± 0.1 88 ± 25 100 ± 8 
average --- --- --- 92 ± 4 100 ± 8 

.... .... 
N 



Table 19: Analysis of NIST SRM 1643b Trace Elements in Water (Continued). 

E1 e- W, wave- Sl ::;.1 ope Int t SRM 1643b Cal \.:a.1CU- NIST 
nt length (ADU mL / lated 

(nm) ng s) Conc. ( 
(ng/mL) 

Mn 257.61 1.13 ± 0.06 - 6.6 ± 2.0 23 ± 2 26 ± 3 28 ± 2 
259.37 1.1 ± 0.1 - 4.8 ± 3.3 22.2 ± 0.4 25 ± 4 28 ± 2 
260.57 0.62 ± 0.02 0.04 ± 0.53 16.5 ± 0.4 26 ± 1 28 ± 2 
261. 02 0.55 ± 0.03 - 1.1 ± 0.9 14.5 ± 0.2 28 ± 2 28 ± 2 
average --- --- --- 26 ± 1 28 ± 2 

Mo 281.62 0.31 ± 0.04 -13 ± 3 11.9 ± 0.3 78 ± 13 86 ± 3 

Ni 216.56 0.10 ± 0.03 - 1 ± 1 4.0 ± 0.1 50 ± 20 50 ± 3 
221. 65 0.10 ± 0.01 - 1.2 ± 0.5 3.5 ± 0.1 46 ± 7 50 ± 3 
average --- --- --- 48 ± 14 50 ± 3 

V 292.40 0.26 ± 0.09 0.58 ± 3.47 11.2 ± 0.4 40 ± 20 46.0 ± O. 
309.31 2.3 ± 0.1 -23 ± 4 45.0 ± 0.6 30 ± 2 46.0 ± O. 
310.23 1.2 ± 0.2 17 ± 6 63 ± 1 38 ± 7 46.0 ± O. 
average --- --- --- 36 ± 6 46.0 ± O. 

Zn 202.55 0.35 ± 0.05 - 9 ± 3 8.41 ± 0.08 51 ± 12 66 ± 2 
213.86 0.09 ± 0.02 - 2 ± 1 3.6 ± 0.1 60 ± 16 66 ± 2 
"'~SH:; 0.09 ± 0.01 - 1.5 ± 0.7 4.4 ± 0.2 63 ± 10 66 ± 2 
average --- --- --- 58 ± 6 166 ± 2 

4 
4 
4 
4 

~ 
~ 
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Table 19: Analysis of NIST SRM 1643b Trace Elements in Water (Continued). 

Ele- Wave- Slope Intercept 
ment length (ADU mL / (ADU/s) 

(nm) ng s) 

Sr 407.77 20.8 ± 0.6 -200 ±140 
421.55 10.6 ± 0.2 40 ± 50 
average --- ---

Na 330.22 1.2 ± 0.1 6 ± 3 

Mg 279.55 4.9 ± 0.4 b 5.3± 6.2 b 
280.27 3.1 ± 0.1 b 2.6± 2.4 b 
average --- ---

a = value not certified by NIST 
b = multiply by 103 

SRM 1643b Calculated NIST 
Signal Cone. Value 

(ADU/s) (ng/mL) (ng/mL) 

4.19 ± 0.04 b 211 ± 9 231 ±6 
2.32 ± 0.01 b 215 ± 6 231 ±6 --- 213 ± 8 231 ±6 

18.1 ± 0.5 10 ± 3 b 8 a,b 

48.0 ± 0.1 b 9 :t 1. b 1.5 a,b 
29.46 ± 0.09 b 9 ± 1 b 15 a,b --- 9 ± 1 b 15 a,b 

.... .... 
~ 
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instrumentation. The advantages of continuous wavelength coverage are numerous. Any 

combination of lines in the covered wavelength region may be selected for analysis resulting in error 

free qUlllitative analysis. The speed with which a sample can be screened for a large number of 

elements is unprecedented since the entire wavelength region can be monitored in the time it takes 

a slew-scan instrument to check a single spectral line. Therefore, a complete analysis is possible with 

a limited sample volume. The complete wavelength coverage allows for the selection of the best 

lines for quantitative analysis based on the elemental composition of the sample.62 This flexibility 

is not possible with direct reading spectrographs. 

The sensitivity and precision of this system are comparable to conventional instrumentation. 

In addition, random access integration (RAI) has allowed the dynamic range of the eID to match 

the dynamic range of the ICP resulting in linear dynamic ranges (LDRs) that are comparable to 

those obtained with conventional instrumentation. rmally, stray and scattered light are not a 

significant problem in most cases as sensitivity is not degraded in spectrally complex matrices. 



'CHAPTER 4 

ARRAY DETECTOR BASED ICP·AES FOR THE DETERMINATION 

OF METALLOIDS AND NONMETALS IN THE FAR·ULTRA VIOLET 

AND VACUUM· ULTRAVIOLET REGIONS 

116 

Inductively coupled plasma atomic emission spectroscopy (ICP.AES) has been utilized 

extensively for the determination of metals in the UV and visible regions of the electromagnetic 

spectrum. Recently, a major effort has been made in using ICP·AES for the determination of 

metalloids and nonmetals by observing resonance transitions in the far·UV and vacuum·UV (VUV) 

regions.19-27,99 The optimum experimental configuration for such determinations would involve a 

vacuum polychromator configured for the simultaneous observation of all of the wavelengths of 

interest for the metalloids and nonmetals. 

This chapter describes a vacuum, echeUe spectrometer capable of observing atomic emissions 

at wavelengths as low as 165 nm by utilizing a CID array detector. While the sensitivity of the 

system is slightly degraded in comparison to PMT based systems at wavelengths less than 200 nm, 

the multichannel flexibility provided by the system is extremely advantageous. 

EXPERIMENTAL SECTION 

Instrumental. Figure 12 is a block diagram ofthe UACID17 Camera System utilized for these 

studies which has been described previously.13,14,41,l00 The em employed for these studies is a 

CIDl7B manufactured using < 100> silicon which reduces the magnitude of the nonlinear response 

at low exposure levels experienced with CIDs manufactured from <111> silicon.59 This eliminates 

the need for pre·biasing the sensor as has been described previously .13,41 The sensor is housed in 
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a liquid nitrogen cryostat and cooled to below 135 K thereby eliminating dark current and its 

associated shot noise.sS,56 The sensor is coated with Metachrome II (photometries Ltd., Tucson, 

AZ) to yield improved far-UV and VUV quantum efficiency (OE) as described in Chapter 3.100 

Figure 41 is an optical block diagram of the vacuum, echelle spectrometer. The opties within 

the vacuum chamber have been described in Chapter 3 (see Figure 35).100 The opties are housed 

in a modified slew-scan AtomScan 25 vacuum chamber (Thermo Jarrell Ash, Franklin, MA). The 

chamber is evacuated with a Speedivac 2 rough pump (Edwards High Vacuum, Crawley, England) 

which is capable of pumping the chamber down to 10-3 torr. The chamber is back filled with 1 

L/min of argon gas. Therefore, the operating pressure in the vacuum chamber is about 5 torr. 

Three vacuum feed through adjustment screws allow for focusing, x-translation, and y-translation of 

the image on the CIDl7B <100> Silicon imager. Although the LEDs are not necessary for pre

biasing the CID, they are still in place around the toroidal camera mirror as they are useful for 

detector calibration and trouble-shooting purposes. 

The optical path from the ICP to the entrance aperture is depicted in Figure 42. This 

purgable optical path (POP) is purged with an argon flow of 3.0 L/min. The 121 mm focal length 

plano convex, fused silica lens provides for approximately 1:1 imaging at 180 nm. Since the objective 

lens and the vacuum chamber entrance window material is fused silica, the lower limit on wavelength 

coverage is about 165 nm. In addition, the POP must be purged for long periods of time to remove 

enough entrained air to achieve a steady state signal at VUV wavelengths. For example, 3 hours of 

purging at 3.0 L/min are required to attain an optimum steady state signal from the AlI67.08 nm 

emission. The mercury pen lamp provides for wavelength recalibration from the Hg 253.65 run 

emission as described previously,13,41 and it may be removed from the optical path by the action of 

a pneumatic valve. The electromechanical shutter (Model I, IIex Optical Co., Rochester, NY) is 

under control of the UACID17 Camera System allowing for precisely controlled exposure times. 
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The ICP is (rom an AtomScan 25 sequential ICP unit (Thermo JarreD Ash, Franklin, MA) 

under the control of a NEC PowerMate 286 Plus computer through ThermoSPEC software (Thermo 

JarreD Ash, Franklin, MA). Typical operating parameters for the ICP are described in Table 20. 

SQlutions and Chemicals. For detection limit studies aU solution; were prepared from 1000 

or 10000 pg/mL stock solutions in 5% v/v nitric acid and trace hydrofluoric acid where necessary. 

The stock solutions were prepared with the pure element, a spectroscopic grade salt, or purchased 

from Plasmachem Associates Inc. (Bradley Beach, NJ). A full series of standards was prepared by 

10:1 serial dilutions from the stock solution. 

An analysis was also performed on the National Institute of Standards and Technology (NIST) 

Standard Reference Material (SRM) 1646 Estuarine Sediment. A multielement stock solution from 

Plasmachem Associates Inc. (Bradley Beach, NJ) described in Table 21 'IIoa5 utilized. Five standards 

were prepared from this stock solution as described in Table 21. 

Five SRM 1646 samples were prepared as fonows: The SRM 16-(6 Estuarine Sediment was 

dried in ,an oven at 110 0 C for several hours; Approximately 05 g of the material was precisely 

weighed and dissolved in a teflon bomb at 110 0 C for seven hours using a 3:1:1 mixture of nitric acid 

(CAS No.: 7697-37-2; EM Science, Cherry Hill, NJ; Lot No.: 9195), perchloric acid (CAS No.: 

7601-90-3; Baker Analyzed Reagent, J.T. Baker Inc., Phillipsburg, N1; Lot No.: B47820), and 

hydrofluoric acid (Mallinckrodt Inc., Paris, KY; Lot No.: 2640KBJN-A); The resulting solution was 

then evaporated to a slurry mixture, and then, diluted to 50.00 mL with 5% v /v nitric acid resulting 

in a solution approximately 10000 pg/mL in SRM 1646. Since several of the elements in these 

solutions were present at levels over the upper end of the linear dynami.: range of the system, 1.00 

mL of the 10000 pg/mL solutions was diluted to 100.00 mL with 5% v /\' nitric acid resulting in 100 

pg/mL solutions of SRM 1646. 

Procedure. The random access integration (RAI) algorithm performed by the UACID17 
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Table 20: operating Parameters for the Themo Jarrell 
Ash ICP Under ThermoSPEC Software Control. 

Frequency: 
Power: 
Plasma Argon Flow: 

(Torch Gas Flow) 
Auxiliary Gas Flow: 

Nebulizer Gas Pressure: 
Pump Rate: 

Observation Height: 

27.2 MHz 
1350 and 1550 W* 
High Flow 
(18.0 L/Ilin) 
Medium 
(1. 0 L/min) 
29.9 psi 
setting: 100 rpm 
(1. 0 mL/min) 
15 rom above load 

coil (AlC) 

*Power was varied depending upon the wavelength of 
the most sensitive emission for the elenent in 
question. If the wavelength was longer than 200 nm, 
then 1350 W was the forward power. If the 
wavelength was shorter than 200 nm then 1550 W was 
the forward power. 

Camera System for all quantitative studies was descn1>ed in Chapter 3 and in other 

references.13,41,lOO For these studies, an 85 micron diameter entrance aperture lt3S utilized to yield 

increased light input over the 58 micron diameter aperture used in the stu5es in Chapter 3. 

Therefore, the read out window was increased to a 13 by 5 detector element area rather than the 

13 by 3 detector element area described previously.13,41 The 13 detector elanents in the high 

dispersion (or x) direction are necessary to determine a background signal Oil either side of the 

emission. The 5 by 5 detector element area in the center of the 13 by 5 windov was used to 
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Table 21: Multielement stock Solution and Standards 
Description. 

Element Concentration Element Concentration 
ug/mL ug/mL 

Al 20.0 P 20.0 
Ca 3.00 Se 1.00 
Cr 2.00 Na 700 
Fe 10.0 S 300 
Mg 4.00 V 3.00 
Mn 10.0 Zn 5.00 

Matrix: 1% v/v nitric acid, trace hydrofluoric 
acid. 

Standards prepared as 10.00, 20.00, 30.00, 40.00, 
and 50.00 mL of the stock solution above diluted to 
100.00 mL with 5% v/v nitric acid. 

calculate the signalP) As in Chapter 3, detection limits were calculated using a linear background 

fit method where the limit of detection was defined as the concentration producing a signal of two 

times the standard deviation of the blank (5% v/v nitric acid) signal.14 •. 41,l00 The integration time 

was limited to a maximum of 120 seconds. 

The analysis of NIST SRM 1646 Estuarine Sediment was performed using RAI as described 

in Chapter 3 and in the Iiterature.14,41 Five standards containing aU of the elements of interest were 

utilized. The standards are described in Table 21. Whenever possible, mUltiple emission lines were 

utilized for each element (see Tables 24 and 25). The blank signal due to 5% v/v nitric acid was 

(3)Boron detection limits were performed using a 21 by 5 detector element area since the doublet 
nature of the boron spectrum results in the 249.68 nm emission falling directly on the detector 
elements used for background calculation of the 249.77 nm emission when a 13 by 5 detector 
element area is used. 
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determined from the average of nine trials. The signals due to the standards, 10000 IJg/mL SRM 

1646, and 100 I1g/mL SRM 1646 were determined from the average of three trials. Since the 

wavelength coverage of the system is limited (see discussion below), the analysis was performed 

twice: once with the CIDI7B < 100 > Silicon device covering wavelengths between 162.54 om and 

282.90 om (ICP power = 1550 W, observation height = 15 mm ALC), and once with the CIDI7B 

< 100> Silicon device covering wavelengths between 173.46 nm and 511.91 nm (ICP power = 1350 

W, observation height = 15 mm ALe). The calibration curves were determined using the linear 

background fit method and are described in Tables 24 and 25. 

RESULTS AND DISCUSSION 

Far-UVand VUV Echelle Spectrometer/CIDI7B <100> Silicon Detector Performance. As 

stated in Chapter 3,100 the echelle spectrometer was designed to cover from order 60 (173.46 - 179.17 

run) to order 21 (495.60 - 511.91 nm) when a calcium fluoride prism is employed as a cross disperser 

and a vacuum spectrometer is employed to allow for transmission of photons with a wavelength of 

less than 190 nm (VUV photons). Figure 43 is an echellogram of the multielement stock solution 

depicted in Table 21. Several prominent emissions have been identified in the echellogram including 

the S 180.73 nm emission and the Sc 361.38 nm emission. Allhough this echellogram demonstrates 

the desired wavelength coverage, the system allows for the adjustment of the spectrum to alternative 

positions. Figure 44 is an echellogram of the same multielement stock solution covering from order 

64 (162.54 - 167.89 nm) to order 38 (273.88 - 282.90 nm). Again, several prominent emissions have 

been identified including the AI 167.08 nm emission in orders 63 and 64 and the Mg 279.55 run 

emission in order 38. Note that by extending wavelength coverage farther into the VUV, the upper 

end of the wavelength coverage is severely limited, i.e., an extension of 11 om (173.46 om - 162.54 

run) in the VUV results in a loss of 229 nm (511.91 nm - 282.90 om) in the long wavelength end of 
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the spectrum. This is due to the increasing dispersion of the calcium fluoride prism in the VUV. 

The wavelength coverage was adjusted in this manner only to show the feasibility of using a CID17B 

< 100> Silicon device coaled with Metachrome II at such extreme wavelengths. Obviously, the opties 

would need to be redesigned to allow for more efficient use of the detector elements on a CID17B 

< 100 > Silicon device. 

Figure 45 is a close up image of the AI 167.08 nm emission in order 63 when using an 85 p.m 

diameter entrance aperture. While virtually 100% of the light falls on a 5 by 5 detector element 

array, 70% of the light falls on a 3 by 3 detector element array. The opties were designed to yield 

1:1 imaging, i.e., an 85 /-Lm diameter entrance aperture should appear as an 85 /-Lm diameter image 

on the CID17B < 100> Silicon sensor. With the 27 by 23 /-Lm detector elements of the CID17B 

< 100> Silicon device, the image should fall on a 4 by 4 detector element area. As Figure 45 

demonstrates, this theoretical imaging capability has been nearly matched in practice. As 

demonstrated in Chapter 3 by Figure 37,100 the system matches the resolution predicted by linear 

dispersion calculations for order 42 (247.80 - 255.96 nm). Similar linear dispersion calculations with 

a 32 /-Lm diameter aperture predict baseline resolutions as listed in Table 22. 

Figure 46 is a plot of the quantum efficiency (QE) of a CID17B < 100> Silicon device from 

200 nm to 1000 nm along with a plot of the QE of a CID17B < 100> Silicon device coated with 

Metachrome II (Photometries Ltd., Tucson, AZ) and a plot of a VUV sensitive photocathode 

material typically used in PMTs. Note that the QE of the device coated with Metachrome II has a 

quantum efficiency of 35% at 200 nm which is comparable to the highest QE of the PMT 

photocathode material. It has been demonstrated that Metachrome II has nearly constant QE down 

to 120 nm.78 Therefore, it is reasonable to assume that the QE of the Metachrome II coated 

CID17B <100> Silicon device is about 35% at 165 nm. 

Oualitative Analysis. Wavelength calibration routines and the procedure for qualitative 
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Table 22: Baseline Resolution Predicted by Linear 
Dispersion in Several orders 4A ~ 3.64/m nm with a 32 ~m 
Diameter Entrance Aperture 

Order (m) AA enm) Wavelengths enml 

64 0.057 162.54 - 167.89 
60 0.061 173.46 - 179.17 
42 0.087 247.80 - 255.96 
38 0.096 273.88 - 282.90 
21 0.17 495.60 - 511.91 

inspection of emission spectra have been described previously for a different set of optics and a DCP 

source .13,41 Figure 47 shows the same echeUogram depicted in Figure 44 with the circle markers 

indicating the 6 emissions present in the S data base~ The presence or absence of all element is 

determined by visual inspection of the video monitor and markers. This procedure has been 

automated for the DCP system mentioned above, and an automated qualitative analysis will be 

implemented on this system in the near future.62 

Sensitivity. Table 23 lists detection limits for the nonmetals and metalloids in the far-UV and 

VUV in comparison to detection limits obtained for a PMT based system.93 The S 180.73 nm 

emission is typical and yields a detection limit of 0.24 I'g/mL with a linear dynamic range of about 

4 orders of magnitude (0.24 to 10000 I'g/mL S). Note that detection limits are comparable (within 

a factor of 2) for the most sensitive emission of the majority of elements when that wavelength is 

longer than 200 nm. However, at wavelengths lower than 200 run detection limits are at least a 

factor of 5 greater than those obtained with PMT based systems. Since the source is identical for 

the two systems, and the detectors have comparable QE (see Figure 46), the degradation in 

sensitivity is most likely due to the optics employed. The efficiency of the echeUe grating is likely 
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Figure 47. Echellogram Illustrating the Locations of the Emissions 
in the Sulfur Data Base. Experimental conditions: 30 
second background corrected spectrum of the multielement 
stock solution described in Table 21, power = 1550 W, 15 
mm ALe, POP flow = 3.0 L/min, 85 ~m diameter entrance 
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Table 23: Detection Limits for the Metalloids and 
Nonmetals in the Far-UV and VUV. 

Element Wavelength Echelle AtomScan 25 
(nm) spectrometer/ PMT Detection 

CID Detection LOD (J,Lg/mL) 
LOD CUg/mLl 

Al 167.08 0.041 0.002 
237.31 0.43 
237.84 0.17 
256.80 0.46 
257.51 0.30 
266.04 0.61 
308.22 0.054 0.02 
309.28 0.021 
394.40 0.027 
396.15 0.052 

Sb 206.86 0.86 
217.58 0.57 
217.92 3.3 
231.15 0.45 0.03 
252.85 0.17 
259.81 0.33 
277.00 1.8 
287.79 1.3 
323.25 7.0 
326.75 1.7 

As 189.04 0.17 
193.70 0.30 0.03 
197.20 0.26 
228.81 0.16 
234.98 0.33 
278.02 0.78 

B 182.59 0.0075 
182.64 0.040 
208.89 0.12 
208.93 0.052 
249.68 0.021 
249.77 0.0077 0.004 
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Table 23: Detection Limits for the Metalloids and 
Nonmetals in the Far-UV and VUV (continued). 

Element 

C 

Ge 

I 

P 

Se 

Wavelength 
(nm) 

193.09 
247.86 

209.43 
219.87 
241. 74 
259.25 
265.13 
269.13 
270.96 
275.46 
303.91 
326.95 

173.28 
179.91 
183.04 
184.44 
206.16 

177.50 
178.28 
178.77 
203.35 
213.62 
214.91 
215.41 
253.56 
255.33 

185.52 
196.03 
203.98 
206.28 

Echelle 
Spectrometer/ 
CID Detection 

LOD (ug/mLl 

0.67 
1.5 

0.77 
0.55 
1.1 
0.24 
0.065 
0.42 
0.22 
0.34 
0.039 
1.2 

0.43 
0.39 
0.29 
1.1 
1.4 

0.30 
1.2 
1.2 
0.72 
0.15 
0.45 
4.7 
0.41 
0.56 

1.3 
0.22 
0.36 
2.1 

AtomScan 25 
PMT Detection 

LOD (J'g/mL) 

1.0 

0.05 

0.05 

0.05 

0.03 
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Table 23: Detection Limits for the Metalloids and 
Nonmetals in the Far-UV and VUV (continued). 

Element 

si 

S 

Te 

Wavelength 
(nm) 

184.75 
185.07 
212.41 
221. 67 
250.69 
251. 63 
251. 92 
252.41 
252.85 

180.73 
182.03 
182.62 

208.12 
214.28 
214.72 
225.90 
238.33 
238.58 

Echelle 
Spectrometer/ 
CID Detection 

LOD (<<g/mLl 

0.63 
0.25 
0.19 
0.16 
0.14 
0.016 
0.11 
0.064 
0.094 

0.24 
0.52 
0.68 

8.6 
0.50 
4.9 
1.8 
1.2 
0.93 

AtomScan 25 
PMT Detection 

LOD (l-'g/mL) 

0.01 

0.05 

0.03 

to be degraded in the far-UV and VUV as has been observed previously.102 

Analysis of NIST SRM 1646 Estuarine Sediment. Table 24 describes the results obtained 

on metalloids and nonmetals in the analysis of SRM 1646 Estuarine Sediment. The three elements 

were determined to be present at the level specified by NIST within the limits of experimental 

uncertainty. Table 25 describes similar data obtained simultaneously "lth the data in Table 24 on 

the metals present in the sample. In order to cover the wavelength range necessary to observe all 
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of the emissions depicted in Tables 24 and 25, it was necessary to run the analysis once with the 

wavelength coverage as depicted in Figure 44 and once as depicted in F"1gUI'e 43. Note that in the 

analysis with the wavelength coverage as depicted in Figure 44, 28 wavelengths were simultaneously 

monitored and with the wavelength coverage as depicted in Figure 43, 43 wavelengths were 

simultaneously monitored. 

CONCLUSION 

This system offers the benefit of continuous wavelength coverage allowed by a vacuum, 

echelle spectrometer/Cm array detector system albeit at a factor of 5 loss in sensitivity in the VUV 

with respect to PMT based systems. The advantages of continuous wavelength coverage outweighs 

the loss in sensitivity in most cases. Any combination of lines in the covered wavelength region may 

be selected for analysis resulting in error free qualitative analysis. The speed with which a sample 

can be screened for a large number of metalloids and nonmetals as well as metals is unprecedented 

since the entire wavelength region can be monitored in the time it takes a slew-scan instrument to 

check a single spectral line. Therefore, a complete analysis is possible with a limited sample volume. 

The complete wavelength coverage allows for the selection of the best lines for quantitative analysis 

based on the elemental composition of the sample.62 This flexibility is not possible with a direct 

reading spectrograph. 

A redesign of the optics to allow for increased grating efficiency in the VUV will improve 

the system's sensitivity when determining metalloids and nonmetals. Furthermore, the improvement 

in grating efficiency combined with a more efficient use of the detector elements at VUV 

wavelengths could allow for the simultaneous determination of the important elements in organic 

compounds, e.g., 0 at 130.49 nm, Nat 149.28 nm, Cl at 134.72 nm, Br at 153.17 nm and C at 193.09 

nm. It has been demonstrated that such a system could be utilized for the determination of 



Table 24: Results on Metalloids and Nonmetals in the Analysis of SRM 1646. 

le- wave- slope inter- SRM sample conc. conc. NIST 
ent length cept 1646 signal in SRM value m 

[ADU mL/ conc. soln. 1646 
[nm] p.g s] [ADU/s] [p.g/mL] [ADU/s] [p.g/mL] [%] 

Al 167.08 14.67 -15.66 100.5 73.63 6.09 6.06 6.25 
± ± ± ± ± ± 

0.95 6.02 2.07 0.14 0.14 0.20 
237.31 2.970 -1. 080 100.5 16.11 5.79 5.76 6.25 

± ± ± ± ± ± 
0.021 0.135 0.50 0.17 0.17 0.20 

308.22 30.21 -14.18 100.5 163.3 5.87 5.85 6.25 
± ± ± ± ± ± 

0.52 3.29 2.7 0.09 0.09 0.20 
394.40 38.23 -11.10 100.5 226.4 6.21 6.18 6.25 

± ± ± ± ± ± 
0.81 5.15 2.8 0.·07 0.07 0.20 

396.15 71.99 -30.91 100.5 399.3 5.98 5.95 6.25 
± ± ± ± ± ± 

1.58 10.01 11. 7 0.16 0.16 0.20 

average 5.96 6.25 
± ± 

0.15 0.20 

p 177.50 2.639 -2.637 10050 11.99 5.54 0.0551 0.054 
± ± ± ± ± ± 

0.174 1.103 0.58 0.22 0.0022 0.005 

~ 
w 
U1 



Table 24: Results on Metalloids, Nonmetals in the Analysis of SRM 1646 (Cont.). 
i 

eJ.e- wave- sJ.ope inter- SRM sampJ.e conc. conc. N! 
ment length cept 1646 signal in SRM va 

1 S 

[ADU mL/ conc. ao1n. 1646 
[nm] p.g s] [ADU/s] [p.g/mL] [ADU/s] [p.g/mL] [%] 

p 178.28 1.848 - 1.951 10050 7.637 5.19 0.0516 0.054 
± ± ± ± ± ± 

0.087 0.552 0.647 0.35 0.0035 0.005 
213.62 3.827 - 1. 079 10050 23.06 6.31 0.0628 0.054 

± ± ± ± ± ± 
0.050 0.314 0.79 0.21 0.0021 0.005 

average 0.0565 0.054 
± ± 

0.0047 0.005 

S ·180.73 -1 10050 ·250.4 99.0 0.96 
± ± a 

9.4 3.5 
180.73 - 10050 123.7 99.5 0.96 

± ± a 
4.6 3.5 

182.03 - 10050 150.6 96.6 0.96 
± ± a 

5.3 3.3 
182.03 - 10050 67.63 95.8 0.96 

± ± a 
0.0140 1.333 ... .,,, 2.38 ., ... 3.2 0.032 

... 
w 
0\ 



Table 24: 
(Cont.). 

Results on Metalloids and Nonmetals in the Analysis of SRM 1646 

1 e- wave- s~ope l.nter- SRM samp~e conc. conc. N~~·l.· 

nt length cept 1646 signal in SRM value 
[ADU mLI conc. soln. 1646 

[nm] #-,g s] [ADU/s] [#-,g/mL] [ADU/s] [#-,g/mL] [%] 

S 182.62 0.6070 -2.046 10050 55.16 94.2 0.938 0.96 
± ± ± ± ± a 

0.0089 0.843 1.92 3.2 0.032 
182.62 0.4750 -1.618 10050 43.16 94.3 0.938 0.96 

± ± ± ± ± a 
0.0092 0.874 1.65 3.5 0.035 

average 0.961 0.96 
± a 

0.021 

a = value not certified by NIST 

.... 
to) 

....:J 



Table 25: Results on Metallic Constituents in the Analysis of SRM 1646. 

e.Le- wave- sl.ope inter- SRM sample conc. conc. NIST 
ment length cept 1646 signal in SRM value 

[ADU mLj conc. soln. 1646 
[run] J,£g s] [ADUjs] [J,£gjmL] [ADUjs] [J,£gjmL] [%] 

Ca 315.89 123.1 - 5.782 100.5 94.47 0.814 0.810 0.83 
± ± ± ± ± ± 

4.7 4.466 1.54 0.012 0.013 0.03 
317.93 236.5 - 11. 41 100.5 189.7 0.851 0.847 0.83 

± ± ± ± ± ± 
8.2 7.76 1.5 0.006 0.007 0.03 

373.69 114.0 - 7.021 100.5 93.36 0.881 0.876 0.83 
± ± ± ± ± ± 

11.4 10.855 1.25 0.011 0.011 0.03 
393.37 19779 - 98.04 100.5 16561 0.842 0.838 0.83 

± ± ± ± ± ± 
872 827.49 181 0.009 0.009 0.03 

396.85 8822 -163.3 100.5 7236 0.839 0.835 0.83 
± ± ± ± ± ± 

312 295.8 79 0.009 0.009 0.03 

average 0.841 0.83 
± ± 

0.021 0.03 

Cr 267.72 97.86 - 0.039 10050 181.1 1.85 184 b 76 b 
± ± ± ± ± ± 

2.84 1.798 7.3 0.07 7 3 

... 
w 
Q) 



Table 25: Results on Metallic Constituents in the Analysis of SRM 1646 (Cont.). 
a 

ele- wave- slope inter- SRM 
ment length cept 1646 

[ADU mLj conc. 
[nm] J,Lg s] [ADUjs] [J,LgjmL] 

Cr 283.56 229.3 - 6.035 10050 
± ± 

5.4 3.395 
286.51 11.04 1.398 10050 

± ± 
0.91 0.574 

average 

Fe 238.20 137.0 - 2.436 100.5 
± ± 

3.3 10.297 
238.20 86.34 4.800 100.5 

± ± 
2.79 8.814 

239.56 101.0 - 2.074 100.5 
± ± 

2.4 7.517 
259.94 129.2 - 5.320 100.5 

± ± 
3.4 10.780 

sample conc. 
signal in 

soln. 
[ADUjs] [J,LgjmL] 

307.5 1.37 
± ± 

11.5 0.05 
4.613 0.291 
± ± 

0.298 0.027 

451.3 3.31 
± ± 

4.0 0.03 
294.3 3.35 

± ± 
2.2 0.03 

335.9 3.35 
± ± 

2.7 0.03 
418.2 3.35 

± ± 
2.7 0.03 

conc. 
SRM 

1646 
[%] 

136 b 
± 

5 
29.0 b 

± 
2.7 

116 b 
± 

65 

3.30 
± 

0.03 
3.34 

± 
0.03 
3.33 
± 

0.03 
3.26 
± 

0.03 

NIST 
value 

76 b 
± 

3 
76 b 

± 
3 

76 b 
± 

3 

3.3 
± 

0.1 
3.3 
± 

0.1 
3.3 
± 

0.1 
3.3 

± 
0.1 

5 

o 
5 

o 
5 

o 
5 

o 

..., 
to) 

\D 



Table 25: Results on Metallic Constituents in the Analysis of SRM 1646 (Cont.). 
i 

le- wave- slope inter- SRM sample conc. conc. NIST 
ent length cept 1646 signal in SRM value 

[ADU mL/ conc. soln. 1646 
m 

[nm] J.£9 s] [ADU/s] [J.£9/mL] [ADU/s] [J.£g/mL] [%] 

Fe 261.19 50.88 1.903 100.5 180.7 3.51 3.50 3.35 
± ± ± ± ± ± 

1.67 5.285 1.2 0.02 0.02 0.10 
263.12 81.62 - 6.923 100.5 232.1 2.93 2.91 3.35 

± ± ± ± ± ± 
2.16 6.830 2.2 0.03 0.03 0.10 

274.95 42.27 - 0.329 100.5 139.9 3.32 3.30 3.35 
± ± ± ± ± ± 

1.57 4.955 1.0 0.02 0.03 0.10 
275.57 44.77 0.055 100.5 151.7 3.39 3.37 3.35 

± ± ± ± ± ± 
1.30 4.108 1.1 0.02 0.03 0.10 

average 3.29 3.35 
± ± 

0.16 0.10 

Mg 279.08 25.10 - 1.368 100.5 27.10 1.13 1.13 1.09 
± ± ± ± ± ± 

0.40 0.501 0.53 0.02 0.02 0.08 
279.55 7966 47.20 100.5 8786 1.10 1.09 1.09 

± ± ± ± ± ± 
300 379.21 65 0.01 0.01 0.08 

.... 

.eo. 
o 



Table 25: Results on Metallic constituents in the Analysis of SRM 1646 (Cont.} • 
• 

1 e- wave- 1 sloope . .t ~nt:er- SRM ::;l{M 1 samploe conc. conc. NIST 
m nt length cept 1646 signal in SRM v 

[ADU mL/ conc. soln. 1646 
[nm] J.l.g s] [ADU/s] [J.l.g/mL] [ADU/s] [J-,g/mL] [%] 

Mg 280.27 3950 - 55.63 100.5 4302 1.10 1.10 1.09 
± ± ± ± ± ± 

131 165.20 31 0.01 0.01 0.08 
285.21 388.3 - 15.19 100.5 402.7 1.08 1.07 1.09 -

± ± ± ± ± ± 
9.1 11.53 5.7 0.01 0.01 0.08 

average 1.10 1.09 
± ± 

0.02 0.08 

Mn 259.37 742.6- - 59.02 10050 2398 3.31 329 b 375 b 
± ± ± ± ± ± 

11.1 34.95 99 0.13 13 20 
293.93 219.9 - 15.65 10050 688.4 3.20 319 b 375 b 

± ± ± ± ± ± 
2.8 8.96 28.4 0.13 13 20 

average 324 b 375 b 
± ± 

13 20 

f-I 
~ 
f-I 



Table 25: Results on Metallic Constituents in the Analysis of SRM 1646 (Cont.). 
i 

ele- wave- slope inter- SRM sample conc. conc. NIS'l ment length cept 1646 signal in SRM valUE 
[ADU mL/ conc. soln. 1646 

[nm] p.g s] [ADU/s] [p.g/mL] [ADU/s] [p.g/mL] [%] 

Sc 357.25 1552 -15.00 10050 293.5 0.199 19.8 b 10.S 
± ± ± ± ± a,b 

63 20.02 12.7 0.008 0.8 
361. 38 2318 -45.40 10050 56.52 0.0440 4.38 b 10.S 

± ± ± ± ± a,b 
32 10.20 4.49 0.0019 0.19 

357.64 707.6 -12.62 10050 116.4 0.182 18.1 b 10.S 
± ± ± ± ± a,b 

8.2 2.59 4.3 0.006 0.6 
335.37 695.2 -12.05 10050 101.2 0.163 16.2 b 10.S 

± ± ± ± ± a,b 
14.5 4.59 

I 
2.5 0.004 0.4 

average 14.6 b 10.S 
± a,b 

6.1 

Na 330.22 0.8944 - 5.663 10050 202.5 233 2.32 2. 
± ± ± ± ± a 

0.0151 3.349 8.0 9 0.09 

o 

V 311. 07 329.3 - 5.858 10050 325.5 1.01 100 b 94 
± ± ± ± ± ± 

5.8 5.544 7.8 0.02 2 1 

b 

.... 
~ 
l\) 



Table 25: Results on Metallic Constituents in the Analysis of SRM 1646 (Cont.). , 
le- wave- slope inter-

m ent length cept 
[ADU mL/ 

[nm] /.1g s] [ADU/s] 

Zn 206.20 96.19 -0.770 
± ± 

1.30 2.053 
206.20 50.98 0.144 

± ± 
0.81 1.276 

213.86 127.9 0.179 
± ± 

1.7 2.709 
213.86 80.22 -1.595 

± ± 
1.00 1.579 

average 

---- ----- -_ .. _--- --- ---- -

a = value not certified by NIST. 
b = concentration value in /.1g/g. 

SRM 
1646 
conc. 

[/.1g/mL] 

10050 

10050 

10050 

10050 

sample conc. conc. NIST 
signal in SRM value 

soln. 1646 
[ADU/s] [/.1g/mL] [%] 

118.4 1.24 123 b 138 b 
± ± ± ± 

6.8 0.07 7 6 
63.98 1.25 125 b 138 b 

± ± ± ± 
3.62 0.07 7 6 

156.7 1.22 122 b 138 b 
± ± ± ± 

9.5 0.07 7 6 
88.59- 1.12 112 b 138 b 

± ± ± ± 
5.76 0.07 7 6 

120 b 138 b 
± ± 

5 6 
- 1 __ - ___ ------

.... 
,c:.. 
w 
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empirical formulas using ICP-AES element selective detection for gas chromatograpby.19 



PROGRESS AND PERSPECfIVES 

CHAPTER 5 

CONCLUSION 

145 

A multitude of advances have been made in this work with respect to CID detection in AES. 

Several improvements have been made in CID optoelectronic characteristics. Utilization of a 

CID17B < 100> Silicon device reduces the magnitude of the nonlinear response experienced at low 

exposure levels with CIDI7B < 111 > Silicon devices since < 100> silicon has a factor of 4 Jess 

surface trapping sites than < 111> silicon.59 In combination with an increase in full well capacity, 

the reduction in the magnitude of the nonlinearity allows for a significant increase in the dynamic 

range of a CIDI7B < 100> Silicon device (log of dynamic range: 3.73) with respect to the CIDI7B 

< 111> Silicon device (log of dynamic range: 3.23). Coating CID17 devices with Metachrome II 

wavelength conversion phosphor allows for a OE of 35% at 200 nm in comparison to the 28% 

observed for uncoated CI017 devices. The Metachrome II has proven to be extremely resistant to 

photodegradation when operated at liquid nitrogen temperatures in an evaporated dewar. The 

CIOI7PPRA preamplifier per row sensor has provided for a significant reduction in the system read 

noise due to the elimination of the capacitance associated with the mUltiplexing circuitry of earlier 

versions of CID17 devices. The read noise of the CID17PPRA is 41 electrons with 100 

nondestructive reads (NDROs) as compared to the 160 electrons with 100 NOROs for a CID17B 

< 111> Silicon sensor. Consequently, a CIDI7PPRA coated with Metachrome II is a superior 

detector for ICP-AES relative to a CID17B. 

Atomic emission spectroscopy (AES) utilizing CIDs combined with echelle spectrometers 

is superior to conventional PMT based systems for several reasons. Any combination of atomic 
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emission lines in the covered wavelength region may be selected resulting in error free qualitative 

analysis. The speed with which a sample can be screened for a large number of clements is 

unprecedentt:d since the entire wavelength region can be monitored in the time it takes a slew-scan 

instrument to observe a single spectral line. Therefore, a complete analysis is possible with a limited 

sample volume. Continuous wavelength coverage also allows for the selection of the best lines for 

quantitative analysis based on the elemental composition of the sample.62 This flexibility is not 

possible with direct reading spectrographs. 

Advances have been made over the echelle spectrometer previously utilizcd.13,14,41,52,62 The 

spectroscopic speed of the echelle spectrometer evaluated in Chapters 3 and 4 is C/10. The limiting 

aperture on the system described previously13,14,41 yields a spectroscopic speed of f/9O at 253.65 nm. 

Therefore, the current system is capable of collecting 81 times as many photons as the previously 

described system. The previous spectrometer was not efficient in the far-UV and VUV for several 

reasons. Since there was no intention to utilize the spectrometer in the far-UV, the optics were AR 

coated for optimum efficiency at 300 nm. The system was designed for use with a DCP, and the 

utility of a DCP at wavelengths lower than 225 nm is limited due to the lower power of the source 

(operating powers of 840 Ware typical). The echelle spectrometer described in this work is more 

efficient in the far-UV and VUV regions due to both an improVed optical design and the 

Metachrome II coated detector. Therefore, it is more suitable for use with an ICP which is 

preferable to a DCP due to improved sensitivity for some elements and broader applicability.ll,l00 

The ICP/echelle spectrometer/em system described in this project has sensitivities that 

match or exceed the capabilities of conventional PMT based systems for metals. In general, 

detection limits arc between 1 and 10 ng/mL for transition metals and between 0.1 and 1 ng/mL for 

group lIA metals (sec Table 15 on page 106-107). Due to the far-UV and VUV capabilities of the 

echeUe spectrometer, the system is capable of determining all of the metalloids and several of the 
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norunet~ albeit at a loss in sensitivity at wavelengths less than 200 run relative to PMT based 

systems (see Table 23 on pages 132-134). The simple dynamic range of 3.73 orders of magnitude 

for the CIDI7B < 100> Silicon device combined with at least 3 orders of magnitude variability in 

integration time allows for a photon flux dynamic range of better than 6 orders of magnitude. 

Therefore, the detector is capable of matching or exceeding the dynamic range of the ICP for all 

elements (typically 3 to 6 orders of magnitude).9S The system is capable of a precision of 1% RSD 

at a concentration level of 500 times the detection limit for most elements which is comparable to 

the precision of conventional PMT based systems. The aceuracy of the system is demonstrated for 

a multitude of elements (metals, metalloids, and nonmetals) by the analysis of National Institute of 

Standards and Technology (NIST) Standard Reference Materials 1643b Trace Elements in Water 

(see Table 19 on pages 113-115) and 1646 Estuarine River Sediment (see Tables 24 and 25 on pages 

136-144). These analyses have also shown that stray light and background problems are easily 

overcome with this system by the selection of alternate emission lines for analysis. 

FUTURE DIRECTIONS 

Subsequent investigations in the field of CID array detection for atomic spectroscopy will 

include improved hardware (CIDs, camera controllers, and optics), software, and alternate 

techniques (e.g., arc/spark spectroscopy and continuum atomic absorption). A multitude of 

alterations might be made in current CID technology. Most of the previous and current studies 

involving the use of CIDs for AES utilize the 388 by 244 detector element, 8.8 by 6.6 mm photoactive 

area CID17 (CIDTEC, Liverpool, NY). Unfortunately, CIDs with greater photoactive area are not 

currently available. Such a detector could allow for more extensive wavelength coverage with the 

current optical system. Alternatively, the same wavelength coverage could be provided with 

improved resolution. A system with a vastly improved resolution (-0.0001 om per detector element) 
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could make continuum atomic absorption (AA) spectroscopy feasible where the echeUc 

spectrometer/CID system provides the resolution currently provided by hollow cathode lamps in 

conventional AA. 

The height to width aspect ratio of an individual CID detector clement could be increased 

to more closely match the aspect ratio of conventional slits, thereby allowing for increased light 

input. For example, a detector element size of 25 by 125 I'm with an entrance slit of 25 by 125 I'm 

on the echelle spectrometer described in this work, would allow a single atomic emission line to faU 

on a 1 or 2 detector element area(4) and the amount of light collected by the spectrometer would 

increase by 20% over the amount collected by a 58 I'm diameter entrance aperture which is the size 

typicallY,used in these studies. In addition to the increased light input, the read noise for a spectral 

line would decrease since the noise from the 1 or 2 detector elements will be less than from the 9 

detector element area the aperture image of the 58 I'm aperture occupies on a CID17 with 27 by 

23 I'm detector elements. 

Any improvement in the UV and VUV quantum efficiency ol the CID will improve the 

, sensitivity of the CID for ICP-AES. Although Metachrome II improves the OE at 200 nm to 35%, 

wavelength conversion phosphors limit the OE to less than 50% since a fluorescent photon has an 

equal probability of emitting away from the device as toward the device. Spectral response in the 

far-UV on CIDs is reduced due to absorption in the gate structure 00 the surface of the device. 

This problem can be circumvented by illuminating the cm from the backside. This requires that 

the substrate layer underneath the epitaxial layer be thinned by chemical etching so that photons can 

be absorbed in the epitaxial region where the corresponding photogenerated charge can be collected. 

It has been shown that the OE of CCDs in the UV and visible regioos can be enhanced at any 

(4me worst case scenario would be a 4 detector element area. The atomic emission could strike 
the intersection point of 4 detector elements. 
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desired wavelength by using AR coatings.71,72 The same would hold true Cor ClOs. 

No slow scan scientific camera controller specifically designed to utilize the unique 

capabilities oC ClOs is currently commercially available. The camera controller utilized in these 

studies is a modified Photometries Ltd. (Tucson, AZ) CCD camera controller. For this reason, the 

manner in which subarrays containing the inCormation Crom individual atomic emission lines are read 

out is inefficient. Due to this inefficiency, the number oC high intensity atomic emission lines which 

can be read out beCore one of the high intensity lines exceeds the Cull well capacity oC the detector 

is limited to about SO. This is described in detail in Appendix B. A CIO camera controller is 

currently being developed by CIDTEC (Liverpool, NY) which utilizes the unique capabilities oC the 

CIO. The controller will allow for injection or partial injection on a Cull-frame or subarray level. 

Any subarray can be read out destructively or nondestructively any desired number of times without 

slewing back to the subarray origin between reads as is required by the current hardware (see 

Appendix B). Detector element read rates between 100 kHz (10 IlS per detector element) and 20 

kHz (SO Ils per detector element) will be possible. Time optimized high speed slew (5 MHz 

horizontal and vertical) to a subarray origin utilizing horizontal and vertical scanner resets will be 

implemented. Column and row voltage levels and system timing will be programmable. With these 

capabilities, Appendix B shows that 1500 high intensity atomic emission lines might be read out 

before any oC the lines exceeds the full well capacity of the detector. 

The optics utilized in these studies were designed to allow for a wavelength coverage of 173 

to 512 nm. While this covers the wavelength range most often employed in ICP-AES, the most 

intense emissions of several elements do not fall within this wavelength region (e.g. Na 589.00 nm 

and K 766.49 nm emissions). Ray tracing shows that with a lithium fluoride prism, the wavelength 

coverage could be extended to 830 nm. Dual slits can also be utilized for extending wavelength 

coverage.103 Several alterations in the optics could allow for improved UV and VUV efficiency and 
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extended VUV wavelength coverage. The reason for the degraded sensitivity of this system in the 

far-UV and VUV relative to conventional slew-scan monochromators or direct readers is the 

inefficiency of the echelle grating at those wavelengths.102 Holographic gratings show improved 

efficiencies relative to ruled gratings. Therefore, an holographic echelle grating could improve the 

far-UV and VUV sensitivity of the system. Unfortunately, it is not possible to manufacture an 

echelle grating holographically at the present time. Studies have been performed demonstrating that 

ICP-AES can be utili7.ed for the determinations of nonmetals at wavelengths as low as the 130 run 

oxygen triplet.19,21 Figurc 48 describes a T-tube configuration which will allow for cxtension of 

wavelength coverage down to 110 nm which is the cutoff of the magnesium fluoride optics. A 

redesign of the echelle optics to allow for a wavelength coverage from the Ul.57 nm hydrogen 

emission (Lyman alpha transition) to approximately 400 run will allow for the simultaneous 

determination of all of the important nonmetals for organic analysis (c, N, 0, P, S, CI, Br, and I) 

with the exception of fluorine (resonancc transition at 95.48 nm). In addition, many of the 

biologically important metals (e.g., Mo, Fe, and Co) could also be simultaneously determined. 

Many of the future improvcments to the systcm will be made by increasing the artificial 

intelligence of the system. An automated qualitative analysis program has been described for the 

DCP/echelle spectrometcr/CID system described previously.62 This automated qualitative analysis 

routine requires a full frame background correctcd image (complete wavelength range) ofthe sample 

emission from the DCP. Since the spectrometer images a location of low background emission 

intensity for a DCP, extensive integrations (120 seconds or longer) can be obtained and no 

wavelength region on the cm will saturate due to continuum plasma cmission. This is not the case 

with an ICP source. Charge injection device detector c.lements saturate after 10 seconds of exposure 

to ICP continuum radiation at 500 nm, while at 200 run integrations of longer than 180 seconds can 

be taken without saturating the device. Therefore, in order to achieve maximum sensitivity for all 
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elements, integration time must be varied from wavelength to wavelength depending on the observed 

emission intensity for an automated qualitative analysis algorithm with an ICP. Figure 49 is a flow 

chart describing such an algorithm. Based upon the information gained from the described 

qualitative analysis algorithm, a semiquantitative analysis program utilizing internal standards might 

be developed and the best lines for quantitative analysis might be selected. Due to the vast amounts 

of information which can be obtained with a cm array detector, plasma stability can be monitored 

by observing argon emission lines and nebulizer efficiency can be monitored by observing an hydroxyl 

emission band. Therefore, the validity of an analysis can be assured.62 

Several other techniques can be improved by utilizing echeUe spectrometers with cm array 

detectors. Arc and spark spectroscopy have been utilized extensively in the metallurgical industries 

using photographic emulsions and direct reader PMT based systems for detection.12 Echelle 

spectrometers with CIDs could revitalize the use of arc/spark spectroscopy. Preliminary 

investigations by Pomeroy utilizing the UACID17 Echelle Spectrometer (Figure 4 page 29) show that 

the technique is prom ising. 101 The improved far-UV and VUV capabilities of the echelle 

spectrometer and CID system utilized in this project could prove advantageous for arc/spark 

spectroscopy. 

Inductively coupled plasma AES for element selective detection in chromatography could 

benefit from echelle spectrometer /CID capabiliti¥S.21 Figure 50 shows a series of gas 

chromatographs obtained by monitoring the ICP emissions of nonmetals in organic compounds. 

These chromatograms were obtained independently with a slew-scan instrument. Obviously, an 

echeUe spectrometer/CID system with a wavelength coverage from 121.57 nm to 400 nm as 

described above could be used to obtain the information from these separate chromatograms in one 

experiment. It has been shown that such a system can be utilized to obtain the empirical formulas 

of the separated molccules.21 
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An echelle spectrometer /CID system could also provide for the feasibility of continuum AA. 

F'18Ure 51 depicts the proposed experimental instrumentation. In conventional AA, resolution is 

provided by a hollow cathode lamp which emits a narrow (-0.001 nm) emission at the wavelength 

of interest. Continuum AA would require that the echelle spectrometer/CID system provide the 

necessary resolution. In order to obtain an accurate absorption value, an atomic emission line should 

fall on approximately 5 detector clements. Therefore, the proposed optical system should provide 

a resolution of approximately 0.0002 nm per detector clement. The system described in this work 

provides a resolution of 0.015 nm per detector element at 250 nm. If the detector element size is 

reduced by a factor of two, the efficiency in the use of the photoactive area is improved by a factor 

of 2.5, the photoactive area is increased by a factor of 4 (i.e., the number of horizontal and vertical 

pixels are increased by a factor of two), and, finally, the linear dispersion is increased by a factor of 

150, then a resolution of 0.0002 nm per detector element at 250 nm could be achieved with a total 

wavelength coverage of about 90 11m. Typical commercial AA systems cover from 190 nm to 850 

nm with a slew-scan monochromator system. In order to achieve similar wavelength coverage, it is 

necessary to use at least two echelle spectrometer /CID systems as depicted in Figure 51. 
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APPENDIX A 

A WAVELENGTH CALIBRATION ALGORITHM FOR AN ARRAY DETECTOR 

BASED ECHELLE SPECTROMETER SYSTEM 

PARAMETERS NEEDED FOR WAVELENGTH CALIBRATION 

Figure 52 is a schematic showing the parameters needed for wavelength calibration. 

Grating Dispersion Angle (a). Points A and B on Figure 52 are two emission lines of the 

same wavelength, e.g., the Zn 213.86 nm emission in orders 49 and 50 respectively. The grating 

dispersion angle (a) is then described by Equation 5. 

tan a = ~X / ~Y Eq.5. 

Grating Dispersion in the X I Direction. Knowing that the wavelength difference between 

points A and B in frrst order has to be equal to the wavelength of the emission and knowing the 

distance ~X I , the grating dispersion in the X I direction in om per micron can be determined. 

Table 26 shows the positions of the 213.86 nm Zn emissions. Table 26 provides the information 

necessary to calculate the grating dispersion in the X I direction as described by Equation 6. 

Table 26: Locations of the 213.86 nm Zn Emissions. 

order Detector Element Position 
(microns) 

x y x y 

49 92 143 2155.25 3903.20 
50 324 142 7560.85 3876.00 
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where D 
1 
a 
AX 

D = (1 cos a) / AX Eq. 6 

= grating dispersion in the X' direction (run/micron) 
= emission wavelength (nm) 
= grating dispersion angle (radians) 
= difference in X position of two consecutive orders of 

emission (microns). 
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the 

In this case, the emission wavelength is 213.86 run, a is 0.005 radians (see Equation 5), and AX is 

5405.6 microns which results i.n a dispersion (0) of 0.03956 nm/microns. 

Left Edge First Order Wavelength. Perpendicular to the direction X I, the first order 

wavelength (order multiplied by wavelength) is constant over the entire height of the CID. 

Therefore, it is possible to describe a first order Jeft edge wavelength (L) as shown in Figure 52. 

It can be shown that L is described by Equation 7. 

where L 
m 
1 
X 
a 
Y 
D 

L = rnA. - [ (X / cos a) + (Y - X tan a) sin a 1 D Eq. 7 

= fust order left edge wavelength (run) 
= grating order of the emission wavelength 
= emission wavelength (run) 
= X position of emission (microns) 
= grating dispersion angle (radians) 
= Y position of emission (microns) 
= grating dispersion in the X I direction (run/micron). 

In this case, the 49th order of the Zn 213.86 om emission yields a left edge wavelength (L) of 

10393.11 run. 

Right Edge First Order Wavelength. By analogy, it can be shown that the right edge fust 

order wavelength (R) on the cm can be described by Equation 8. 

R = m1 + [ (X, - X) / cos a + sin a (Yb - Y - tan a CXr - X»1 D Eq.8 

where R 
X, 
Yb 

= fust order right edge wavelength (run) 
= X position of the right edge of the CID (9040.4 pm) 
= Y position at the bottom of the CID (6636.8 pm). 

For the 50th order of the Zn 213.86 run emission, the calculated right edge wavelength (R) is 

10751.54 run. 
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Third Order Polynomial Fit of the Order Dispersion. A least squares polynomial fit of the 

order dispersion with respect to Y position on the lert and right edge of the em is also required. 

Table 27 shows the data obtained. 

A third order least squares polynomial fit of the data on the left edge of the elD yields: 

m = AI + BI (Y) + G (Y)2 + DI (Y)3 Eq. 9 

= order 
= 20.271 
= 0.01233 
= -1.7590 x 10-6 
= 1.2344 x lO-10 

= Y position (microns). 

This will yield the order given the Y position. For another part of the algorithm, it will be necessary 

to determine the Y position given the order. Ideally, the Y position should be obtained by 

determining the real roots of Equation 9. Unfortunately, the software necessary for such a 

determination is not available for the Motorola 68000 computer utilized in this work. Therefore, 

a third order polynomial fit is also performed with the Y position as the dependent variable with 

respect to order. 

Y = Et + FI (m) + G1 (m)2 + HI (m)3 

= -U.770 
= -21.865 
= 1.1940 
= 0.01822. 

Similarly, on the right edge of the CID: 

m = Ay + Br (Y) + Cr (Y)2 + Dr (Y)3 

where Ar = 20.447 
Br = 0.012917 
Cf = -1.9759 x 10-6 
Dr = 1.5498 X 10-10 

and 

~. 10 

~.1l 
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Table 27: Order Dispersion With Respect to Y position 
on the Left and Right Edges of the CID. 

Order Left Edge Right Edge 
em) y position y position 

(microns) (microns) 

25 394.4 
26 557.6 
27 639.2 557.6 
28 639.2 
29 748.0 720.8 
30 856.8 829.6 
31 965.6 938.4 
32 1047.2 
33 1156.0 
34 1319.2 1264.8 
35 1455.2 1400.8 
36 1591. 2 1509.6 
37 
38 1863.2 1781. 6 
39 2026.4 1917.6 
40 2189.6 2053.6 
41 2352.8 2216.8 
42 2516.0 
43 2543.2 
44 2896.8 2706.4 
45 3087.2 2896.8 
46 3277.6 3087.2 
47 3468.0 3250.4 
48 3712.8 3495.2 
49 3876.0 3685.6 
50 4120.8 3903.2 
51 4338.4 4093.6 
52 4338.4 
53 4855.2 4583.2 
54 5127.2 4800.8 
55 5480.8 



where ~ 
Fr 
Or 
II, 

Y = Er + Fr (m) + Gr (m)2 + II, (m)] 

= ·766.'11> 
= 29.049 
= 0.098739 
= 0.01365. 

Eq.12 

DETERMINATION OF WAVELENGTH GIVEN THE X, Y DETECTOR ELEMENT 
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Figure 53 is a block diagram of the algorithm used. The first step is to convert the X, Y 

detector clement numbers to X and Y positions in microns. The program could be written in units 

of detector elements rather than microns. However, it is written in units of microns in case a cm 

with different detector element dimensions is ever used. 

Given the X and Y position in microns, the first order wavelength at that position can be 

determined since: 

l(X,> = L + [ X / cos a + (Y • X tan a) sin a] D Eq. 13 

where l(X') = first order wavelength in the X' direction (run). 

For example, an emission that falls on detector element 92,143 has an X position of 2155.25 microns 

and a Y position of 3903.20 microns. Equation 13 then predicts a first order wavelength in the X' 

direction of 10479.14 run. 

Given the X and Y positions in microns, the order of the emissioo can be determined using 

the order dispersion data for the left and right edge of the cm. Order is assumed to be linear with 

respect to X position across the eID. For example, if detector element 0,122 is in order 40, and 

detector element 387,122 is in order 42, then detector element 195,122 is in order 41. Therefore: 

m = (At + (A,. AI) X / X, ] + [BI + (Br • ~ X / X, ] y 

+ ( G + (Cr· Cl) X / X, ] y2 + (DI + (Dr· DI) X / X, J y 3 Eq.14. 

The emission at detector element 92,143 is then in order 49. 

i 
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rmaUy, since the first order wavelength is 10479.14 om and the order is 49, the wavelength 

at detector element 92,143 is 10479.14 run / 49 = 213.86 om. This is precisely where the 49th order 

of the Zn 213.86 run emission faUs. 

DETERMINATION OF THE X, Y DETECfOR ELEMENT GIVEN WAVELENGTH 

Figure 54 is a block diagram of the algorithm used. Given the wavelength, it is possible to 

determine which orders fall between the first order left edge wavelength (L) and the first order right 

edge wavelength (R). For example, if the wavelength 213.86 nm is entered, orders 49 and SO faU 

between Land R since: 

L / 1 = 10393.11 nm / 213.86 run z 48 (truncated) 

(R / 1) + 1 (10751.54 run / 213.86 nm) + 1 z 51 (truncated) 

Eq.1S 

Eq.16. 

The algorithm then checks to see if any order lies between L aDd R. For example, if tbe 

wavelength 470.00 run is entered: 

L / A. z 22 (truncated) 

and 

R / A + 1 z 23 (truncated). 

Since no orders can lie betwccn 22 and 23, no orders faU on the CID. The algorithm then requests 

that the user re-enter a wavelength. 

Because of the grating dispersion angle Q, it is not possible to get an exact Y position given 

the order. The Y position can be approximated knowing the order dispersion by Equation 17. 
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Y position on the left edge + Y position on right edge 

2 

= Eq.17. 

2 

For the 50th order of the 213.86 nm Zn emission, 

Yapp = 4015.88 microns. 

This corresponds to a Y detector element of 147. The actual Y detector element for this emission 

is 142. 

Given an approximate va1ue for the Y position, an X position can be determined from 

Equation 18. 

X = [( mA. - L) / D - sin Q (YaW> ] cos Q Eq.18 

For the 50th order of the 213.86 om Zn emission, the X position is 7560.46 microns which 

corresponds to X detector element 324. This is precisely the X detector element of the Zn 213.86 

om emission. 

Once an X position is determined, an exact Y position can be determined from the Equation 

19. 

Y = [~+ (Er - E1) X / ~] + [FI + (Fr - FI> X / X, ] m 

+ [GI + (Gr - GI> X / ~ ) m2 + [HI + <Hr - HI> X / '" ) m3 Eq.19. 

For the 50th order of the Zn 213.86 om emission, the ca1culated Y position is 3930.74 microns which 

corresponds to Y detector element 144. The actual Y detector element is 142. Therefore, the 

algorithm predicts that the 50th order of the Zn 213.86 run emission will fall on detector element 
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324,144 and the actual emission falls on 324,142. 

The algorithm then checks to see if the determined X, Y detector element is valid. Because 

of the design of the optics, the grating dispersion angle cr, and the lim1ed dimensions of the CID, 

it is possible to enter a wavelength which lies between L and R but does not lie on the CIO. These 

wavelengths correspond to the shaded areas in Figure 52. For example, me 18th order of 583.33 nm 

lies between Land R. However, calculation of the location of this wa'"t:length yields a Y detector 

clement of -3. Obviously, this is not valid and the algorithm would request a new wavelength. 

FUTURE DIRECflONS 

The algorithm described works quite wen. It can usually move to any desired wavelength 

on me CID within 2 or 3 detector elements. The caJcu1ated wavelength can at times be off by an 

order near the top of the CID where the orders are in close spatial proximity. 

There are two areas in which this algorithm can be improved. rust, at the present time, 

when an entered wavelength has two orders which fan on the CIO, the cursor moves to the higher 

of me two orders (the right side of the elD). Rather than this, it may be preferable to draw a box 

around the locations of all orders which fall on the CID for an entered \\'3\·elength. The second area 

of improvement will be to automate the recalibration of this algorithm, ie., the parameters (cr, D, 

1., R and the order dispersion coefficients) will be automatjcaJly determined by the aspiration of a 

recahbration solution. In this way, if the spectrometer is moved or disrurbed in such a way as to 

invalidate the wavelength calibration, the problem can be easily correacd. The solution will be 

required to have an element or clements with several emissions having more than one order that fall 

on the CID, and several emissions on the left and right edges of the an. 
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APPENDIXB 

DETERMINATION OF THE MAXIMUM NUMBER OF ATOMIC EMISSION LINES 

THAT CAN BE OBSERVED WITH A cm ARRAY DETECTOR 

The maximum number of emission lines that can be observed with a cm is dependent on 

the functions and speed of the camera controller as well as control software. For this discussion, 

atomic emission lines can be divided into two classes: intense emission lines which must be read out 

in the frrst controller pass through the CID before they exceed the full well capacity of the CID, and 

weaker emission lines where there is ample time to read out the lines before they saturate the 

detector. The amount of time the controller has to read out any given emission line before that line 

exceeds the full well capacity of the detector is described by Equation 20. 

where 19t = 

c = 
F = 
OE = 

'sat = 
C 

Eq.20 F(QE) 

time required to saturate the most intensely illuminated detector element 
in the subarray iDuminated by the emission line (s). 
full well capacity of the detector element (e"). 
photon flux on the most intensely iDuminated detector element (bv Is). 
quantum efficiency of the cm at the wavelength being observed (e"/hv). 

The Ca 393.37 nm emission is typically among the most intense emissions observed in ICP"AES. 

With the optics described in this project, a 100 Jlg/mL Ca solution results in a photon flux (F) on 

the most intensely iDuminated detector element of 5.0 x 106 hv Is. The typical full well capacity of 

a em detector element is 800,000 c", and at 39337 nm, the CID has a quantum efficiency of 0.25 

e"/hv. Therefore, the Ca 393.37 nm emission from a 100 Jlg/mL Ca solution will saturate the 

detector element in 0.64 seconds, i.e., the controllcr must be fast enough to read out this line in less 

than 0.64 seconds. This is not a problem if it is thc only line being observed, but if 30 or 40 other 

lines are being observed prior to the observation of this linc, it might not be interrogated before the 
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detector elements saturate. The equations necessary to determine how many lines can be observed 

in a given period of time are described below. 

VARIABLES 

C full weU capacity of a cm detector element (e-). 

F = photon flux on a detector clement (hv Is). 

f = time of one clock cycle on host computer (s). 

n total number of emission lines being observed. 

Pe number of detector elements in an examination window. 

PCI number of x detector elements in an examination window. 

Pcy number of y detector elements in an examination window. 

Pw number of detector elements in a read out window, i.e., examination window and 
background. 

Pwx = number of x detector elements in a read out window. 

Pwy number of y detector elements in a read out window. 

Px total number of x detector elements on the cm. 

Py total number of y detector elements on the CID. 

QE = quantum efficiency of the eID at the wavelength of interest (c·/hv). 

r number of NDROs used for interrogating the read out window. 

s number of host computer clock cycles required to analyze the information from an 
examination window and send the next command to the controller. 

total time spent observing n lines (s). 

t. = total time spent analyzing information from examination windows in the host 
computer (s). 

= total time spent reading examination windows (s). 



l,p = 

lzw = 

fs = 

19l = 

fsc = 

fsp = 

fs" = 

x = 
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time required to read a detector element (5). 

total time spent interrogating read out windows (5). 

tolal time spent slewing through the CID (5). 

time required to saturate a detector element (5). 

total time spent slewing through examination windows (5). 

time required to slew through a detector element (5). 

total time spent slewing through read out windows (s). 

number of high intensity emission lines being observed, i.e., the number of lines 
which must be read out in the first controller pass through the cm. 

UACID17 CAMERA CONTROLLER SYSTEM 

The UACID17 camera controller is a modified Photometries Ud. (Tucson, AZ) ceo 

camera controller. Since it was not designed for CID operation, this hardware is inherently "slow" 

because many of the unique capabilities of the cm cannot be employed (e.g., the ability to reset the 

vertical and horizontal registers). Nevertheless, this system is capable of reading out about 60 high 

intensity emission lines (F:S; 5.0 x 106 hv Is) before the last one observed saturates the cm. 

Determination of the Maximum Number of Emission Lines that Can Be Observed with the 

Current Control Software. Figure 55 is a block diagram of the algorithm rurrently used for acquiring 

quantitative data. Equation 21 describes the amount of time required to complete the algorithm. 

Eq.21 

The time spent slewing (tJ is significant in the current hardware system. Figure 56 describes the 

slewing which must be performed in order to read a subarray on the cm. For every re-read of this 

subarray, this slewing process must be repeated. The slew time (fs) can be divided into the time 
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spent slewing to examination windows (lse) and the time spent slewing 10 read out windows (tsw> as 

described by Equation 22. 

Eq.22 

The time spent slewing to examination windows (tse> is described by Equation 23. 

lse = n lPylsp + Pcy (Px - PcJ lsp] Eq. 23 

The time spent slewing to read out windows (lsw) is described by Equation 24. 

tsw = xr [pylsp + Pwy (Px - pwJ tspJ Eq. 24 

where x is the number of windows which must be read out in the ftrst controDer pass through the 

eID and r is the number of NDROs performed on each window. Equation 2S is the time spent 

reading the examination windows. 

Eq.25 

Equation 26 describes the time spent determining if the signal on the line has reached the read out 

threshold level. 

Eq.26 

Fmally, Equation 27 gives the time spent interrogating the read out v.indows. 

Eq.Z1 

Therefore, the total time (t) spent analyzing D lines and reading out x rl these lines is described by 

Equation 28. 



= n { lPy + Pey (PI - PeJ] lsp + Pet,p + sf) 

+ Xl' { (Py + Pwy (Px - PwJ ) ~p + Pwlrp} Eq.28 
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If a worst case scenario is assumed, the last line on the list will be a high intensity line (F ~ 5.0 x 

106 hv Is). In this event, in order to obtain valid data on this line, Equation 29 must be satisfied. 

t < luI = "FfoE) Eq. 29 

Equation 11 describes the number of high intensity lines which can be read out before saturation 

given a total number of lines observed n. 

luI - n {[py + Pey (PI - Pex») lsp + Pet,p + sf} 
I = 

r {[py + pwy (P.l - Pwx»)lsp + IVrp} 
Eq.30 

The following arc the parameters used in the current controller and software system. 

luI 

Px 

Py 

Pex 

Pey 

Pc 

Pwx 

Pwy 

Pw 

~ 

t,p 

5 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

0.64 seconds as demonstrated above 

388 

244 

3 

3 

3 

P wx CPwy) = 39 

8.0 x 10-6 5 (125 kHz slew rate) 

3.3 x 10·S 5 (30 kHz data rate) 

800 A typical analysis of the examination window data requires about 800 clock 
cycles on the host computer. 
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1.0 x 10,7 S (10 MHz host computer clock) 

10 Ten NDROs are performed when the integation time is less than 5 
seconds. 

If a total of 30 lines are observed then Equation 30 demonstrates that ooJy 2 high intensity lines can 

be read out before the full well capacity of the detector element containing the last emission line is 

exceeded. Note that one of these two lines is the last one observed. The most significant factor 

giving rise to such a small number is the slew time, i.e., nearly 94% of lhe time spent observing 30 

lines and reading cut 2 of them with 10 NDROs is spent slewing. Another significant factor is the 

number of NDROs. If this number is reduced to one re-read, then 23 of the 30 lines observed could 

be high intensity lines that are read out in the first pass through the CID. These problems are 

currently overcome by setting the order in which the controller observes the lines in such a manner 

that the high intensity lines are observed first. Unfortunately, this requires an a priori knowledge of 

the major components of the sample. 

Determination of the Maximum Number of Emission Lines that Can Be Observed with 

Modified Software. The maximum number of high intensity lines ~ can be observed with the 

current system could be improved by modifying the acquisition algorithm as shown in FtgllJ'e 57. 

With this algorithm, the high intensity lines are read out first and then the low intensity lines are 

observed using the previous algorithm. Equation 31 describes the time required to read out the high 

intensity lines. 

t = Is + ~ Eq.31 

This equation is analogous to Equation 21 except that ~ and t. are eliminated since no decision 

making is required in this part of the a1gorithm. Equation 32 demODSlrates that the slew time is 

reduced to 'sw since no time is spent slewing through examination windows. 
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Block Diagram of a Modified Algorithm for 
Determining the Maximum Number of High 
Intensity Emission Lines. 



Eq.32 

The time spent reading out the high intensity windows is described by Equation rI. ThereCore, 

Eq.33 

If t < 19" then Equation 34 describes the number oC high intensity lines that can be read out beCore 

the last line observed exceeds the Cull well capacity. 

x = Eq.34 

The number of NDROs (r) can be reduced to 1 Cor high intensity lines since the signal-to-noise ratio 

will be high even Cor a single read. The read noise oC a CID with one read is about 1,000 electrons. 

On average, the signal level on the high intensity lines will be at least half oC the full weD capacity 

or about 400,000 electrons and, therefore, the read noise is about 0.25% oC the signalleve~ i.e., the 

signal-to-noise ratio is about 400. If the same parameters as beCore are used with the exception of 

r which is 1 rather than 10, Equation 15 demonstrates that 52 high intensity lines can be read out 

before the last one observed exceeds the full weD capacity of the aD detector element. This 

number is comparable to the number oC channels on most direct readers. However, an a priori 

knowledge oC the major components in the sample is required. 

PROPOSED cm CAMERA CONTROLLER SYSTEM 

Since this controller is designed specifically Cor a CID to be operated in a scientific mode, 

it will be "Caster," i.e., capable oC analyzing a larger number oC atomic emission lines. This controller 

will be capable of slewing directly to the next sub array without slewing completely through the CID, 

resetting either the x or the y register or both, and staying at an individual detector element and 
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reading it the desired number of times. With these functions, the system should be capable of 

reading out 1,500 high intensity emission lines (F S S.O x 106 hv Is) before the last one observed 

saturates the cm. This is a factor of 25 improvement over the UACID17 camera controller system. 

Determination of thp. Maximum Number of Emission Lines that Can Be Observed with tbe 

Pro.posed Controller System. Figure 58 is a block diagram of the algorithm which can be used with 

the proposed controller. Equation 35 describes tIle amount of time required to complete the 

algorithm. 

Eq.3S 

The amount of slew time (tJ will be considerably less for this system for several reasons. The slew 

frequency will be increased to 5 MHz (2.0 x 10-7 s per detector element). In addition, the controller 

,,111 have the ability to reset both the horizontal and vertical registers. Regardless of the number of 

NDRDs, it will be necessary to slew to the read out window only once since the new controller will 

allow for remaining at an individual detector element and reading it the desired number of times. 

Figure S9 demonstrates how the slewing will be carried out with the new system. In software, the 

order of the lines will be set up so as to minimize slew time. As with the UACID17 controller 

system, slew time can be divided into slew time through examination windows and slew time through 

read out windows. 

Eq.36 

Equation 37 describes the amount of time spent on average slewing through examination windows. 

PI + Py - n (Pex + Pey) 
lse =o{[ 20 

Eq.37 
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Figure 58. Block Diagram of an Algorithm for the 
Proposed Camera Controller. 
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.... indicates 1 increment of the horizontal register 
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arcs indicate a reset of the register 
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Figure 59. Description of the Slewinq Required with the Proposed 
Camera Controller. ~ 
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Equation 38 is the analogous equation for slewing through read out windows. 

PI( + Py - <Pwx + Pwy) PI • Pwx 
fa, = x { [ 4 ] lsp + CPw,' 1)( 2 ) 'sp ) 

Eq.38 

The time spent reading examination windows, analyzing the data from the examination windows, and 

interrogating the read out windows are described by Equations 25, 26, and 27 respectively. 

Therefore, Equation 39 describes the total time (t) spent analyzing n lines and reading out 

x of these lines. 

PI + Py • n(Pex + Pey) Px • Pel 
t = n { [ 2 n + (Pey' 1) (2 ) ] Isp + Pcl,p + sf } 

Px + Py • (Pwx + Pwy) PI - Pwx 
+ X {[ 4 + (Pwy. 1)( 2 ) ] 'sp + rJVrp ) 

Eq.39 

If t < tsa., then Equation 40 describes the number of high intensity lines that can be read out before 

the last line observed exceeds the full well capacity. 

PI + Py • n (Pex + Pey) 
tsa, . n {[ 2 n 

PI' Pex 
+ (Pey - 1) ( 2 ) ] Isp + Petrp + sf } 

x = --------------------------
PI + Py • (Pwx + Pwy) PI • Pwx 

{ [ 4 + (Pwy • 1) (2 ) ] Isp + IlVrp } 
Eq.4O 

The following parameters can be expected for the proposed controller system: 

tsa, 0.64 s as demonstrated above 

PI 388 

Py 244 

PCI = 3 
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Pcy = 3 

Pc = 9 

Pm = 13 

Pwy = 3 

Pw = 39 

Isp = 1.0 x 10-6 s (assuming a 1.0 MHz slew rate) 

trp = 4.0 x 10-5 s (assuming a 25 kHz data rate) 

s = 800 

f = 1.0 x 10 .. 7 S (10 MHz host computer clock) 

r = 1 Assuming only one re-read is required for the high intensity lines. 

If a complex analysis is being performed, a large number of lines might be examined, e.g., n = 500. 

If 500 lines are examined, Equation 21 predicts that 108 of them could have an intensity of F == 5.0 

x 106 h" /s including the last one observed and they could all be read out before saturating the eID. 

Slewing accounts for 54% of the time, reading accounts for 37% of the time, and analyzing 

the examination window data accounts for 9% of the time. Therefore, aD four times (ts' tre, tlW' and 

t.) are significant. Reduction of anyone of the four or any combination of the four times will result 

in an increase in the number of high intensity emission lines which can be observed. 

Determination of the Maximum Number of Emission Lines that Can Be Observed with the 

PrQposed Controller Sysfem and Software Modified For Wtimate Speed. If the acquisition algorithm 

is modified as depicted in Figure 57, the maximum number of high intensity emission lines that can 

be observed increases. As with the UACID17 controller system, Equation 31 describes the time 

required to read out the high intensity lines. The slew time (tJ is reduced to 'sw since no time is 

spent slewing through examination windows. Therefore, 
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Px + Py - x (Pwx + Pwy) 
= x { [ 2x 

Px - Pwx 
) lsp + CPwy - 1)( 2 

Eq.41 

The time spent reading out the high intensity window is described by Equation 'rI. Therefore, 

Px + Py - x (Pwx + Pwy) P. - Pwx 
x { [ 2x ) lsp + CPwy - I) ( 2 

Eq.42 

If t < lsat and x is a comparatively large number, then Equation 43 describes the number of high 

intensity lines that can be observed before the last one exceeds the run weU capacity. 

x = 
[ (Pwy - 1) ( 

px - Pwx 
2 

Eq.43 

) lsp + I'Jlwlrp ) 

The foUowing are the best (highest speed) parameters that the proposed controller will provide. 

px 

Py 

Pwx 

pwy 

pw 

r 

= 

= 

= 

= 

= 

0.64 s as demonstrated above 

388 

244 

13 

3 

39 

1.0 x 10-7 s (assuming a 10 MHz slew rate) 

1.0 x 10-5 s (assuming a 100 kHz data rate)(5) 

1 Assuming only one re-read is required (or the high intensity lines 

<S>ntis assumes that the data rate can be increased to 100 KHz without a significant increase in 
read noise. 
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With these parameters, approximately 1,500 emission lines with an inlensity of 5.0 x 106 hv /s can 

be read out before the last one observed exceeds the fuD weD capacily. Therefore, the proposed 

system will be capable of observing 25 individual emission lines for each of 60 elements and all of 

the lines could have a photon flux of 5.0 x Ie; hv /s on the most inlensely illuminated detector 

elements. Table 28 gives a summary of these calculations. 
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Table 28: Summary of the Number of High Intensity 
Atomic Emission Lines that Can Be Observed. 

system Total Number of Number of High 
Emission Lines Intensity 
Observed en) Emission Lines 

That Can Be 
Read (x) * 

UACID17 
Camera Con-
troller with 
Current 30 2 
Acquisition 
Software 
(Figure 55) 

UACID17 
Camera Con-
troller with 
Modified 60 
Acquisition 
Software 
(Figure 57) 

Proposed 
Camera 
Controller 
with the 500 108 
Acquisition 
Software 
Depicted in 
Figure 58 

Proposed 
Camera 
controller 
with the 1500 
Acquisition 
Software 
Depicted in 
Figure 57 

* Assuming the last line observed is a high 
intensity emission line (F ~ 5.0 x 106 hv/s.) 
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