B3y A Ea R ir i se iy By
Research Report from the National Institute for Environmental Sticlies NO. 12, 1980

"R—12—'80

S -'-;-"Multzelement analyszs studtes

by flame and inductively coupled
A plasma spectroscopy utilizing
' computer-controlled instrumentation

Naoki FURUTA

T Y et R AT s e et L T T TR DR oy e e et N s AT A I o e T L
R R A A e S B B e T R L e L

THE NATIONAL INSTITUTE FOR ENVIRONMENTAL STUDIES

BEF BIASEMWMRA




MULTIELEMENT ANALYSIS STUDIES
BY FLAME AND INDUCTIVELY COUPLED PLASMA SPECTROSCOPY
UTILIZING COMPUTER-CONTROLLED INSTRUMENTATION

Naoki FURUTA

Dhivision of Chemistry and Physics
The National Institute for Environmental Studies



COMPUTER CONTROLLED INSTRUMENT
FOR MULTIELEMENT ANALYSIS



PREFACE

When the WNational Institute for Environmental Studies commenced research
activities in 1974, it had been discussed most seriously what research projects should be
initiated in the newly-established institute. The simultaneous multielement analysis field
was one of those selected by the Chemistry and Physics Division of the institute. The
reason for the choice is briefly described in the following:

1. Atomic absorption spectrometry which has been developed since 1955, is a sensitive
method of analyses for ill metallic elements, but one of the major drawbacks is that
only one eiement can be determined at a time as the technique requires the light
source of the specific element of interest. Consequently, scientific efforts were
directed at attaining methods having high sensitivity but at the same time providing
the simultaneous multielement capability. ]

2. In the environmental field, the demand on analytical technigues was naturally
coincidental. Namely, the method for individual inorganic elements such as mercury,
cadmium or chromium was more or less satisfied by atomic absorption, but the
inability to provide multielement information was lacking, The situation was quite
similar to total organic materials, which were rather conveniently expressed by such
terms as COD or BOD instead of identifying and quantifying each specific pollutant.

3. Not only in the environmental field but also in other scientific areas such as
medicine, agriculture and industry, a simultaneous multielement capability is
required.

The project was undertaken from the first fiscal year, 1974, by members of the
division, Drs, N. Otsuki, H. Haraguchi and N. Furuta, Multielement atomic absorption
with a continuous light source such as a Xenon lamp was first investipated with a
chemical flame as the atomisation source. The method was found useful for ten to twelve
elements with moderate sensitivity. While the work was carried out, a silicon intensified
target (SIT) together with ap optical multichannel analyzer (OMA) was built into the
system, and this enabled further developments to be possible.

Meanwhile instrumentation for inductively coupled plasma (ICP) emission spectro-
metry made remarkable progress in both the_U.S_A. and Europe, and it has reached the
stage where the emission sensitivity of many elements is almost equal to or better than
that of atomic absorption. We have, therefore, adapted the new plasma light source for -
multielement analyses, The main part of this report deals with the results for plasma
emission.

At present, commercially available ICP systems of polychrometer design have

become popular and have been replacing atomic absorption spectrometry in various



fields including the environmental sciences. In our institute, the computerized Jarrell-Ash
ICP was introduced a year ago, and is being fully utilized for the simultaneous determina-
tion of [5 — 20 elements on a routine basis. The system reported here, however, has
the unique characteristic of simultaneous wavelength coverage in conirast to the
photomultiplier-based polychrometer, and allows us to investigate the spectra of both
the signal and background, and to check for erroneous values which are sometimes
inevitable with commercial apparatus presently available.

At the occasion of the publication of this particutar issue, I must express my sincere
appreciaﬁon to former and present directors of the institute, Drs. Y, Oyama, M, Sasa and
J. Kondo for their continued encouragement and unlimited support for the project.
Thanks are also due to colleages of the institute, particularly those of the Chemistry
and Physics Division for their valuable contributions, I wish to express my gratitude
for the effﬁrts displaved by persons of the Information and Administration divisions

who made the publication of the issue possible.

Keiichiro FUWA, D. Sc.
Director,
Chemistry and Physics

Division

March 1980
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ABSTRACT

The report describes analytical studies which are concerned with multielement
analysis by atomic spectoscopic methods. The introductory chapter outlines the signifi-
cance of multielement analysis, and includes classification of the analytical techniques,
the excitation sources and the measurement system. Chapter 2 provides details of the
developed instrument whose photograph is shown on the first-page of this report, The
instrument consists of an ICP source, programmable monochromator, and SIT-OMA
detector. In Chapter 3, the analytical performance of the SIT-OMA detector is considered
when combined with the programmable monochromator by using nitrous oxide-acetylene
flame as an excitation source. The analytical performance was improved in Chapter 4 by
replacing the nitrous oxide-acetylene flame with an ICP source, ICP emission spectro-
metry is a most promising method for multielement analysis. Although the interference is
very small in comparison to other techniques, major constituents of samples can cause
background shifts which result in analytical errors, The developed instrument can correct
for such background changes. '



CHAPTER 1 General Introduction
1-1 Significance of multiclement analysis

The present environmental laws adopt a specific concentration range for each
element (metals and nonmetals) as a criterion of pollution, and appropriate analytical
methods for each element are established!. If we measure each element by a different
procedure (flame photometric method, atomic absorption spectrophotometric method,
gravimetric method, colorimetric method, flameless atomic absorption method, electrode
method, and so on) as proposed in the regulations, it is {ime consuming and is rather
laborious. Therefore, there has been in the last decades an increasing demand for rapid
multielement analysis of environmental samples, where simultaneous information on a
large number of elements is desired. The demand is given not only from the environ-
menial field, but also from other fields, such as industry, geology, agriculture, medicine,
and ecology.

When edible plants were grown on a soil which contained municipal sewage sludge,
where large amounts of trace elements accumulated *™ the following twelve elements, B,
Br, Ca, Cd, Cu, Fe, Mg, Mn, Na, Ni, Se, and Zn were found at high concentrations in the
plants as compared to the control®. The amount of Fe and Cd that a plant takes up is
dependent on the P concentration in the soil®. Phosphorus competes with Fe in the
uptake process, and phosphorus deficiency in the scil is oftep a prominent symptom of
Al toxicity7. Interestingly, when cadmium reaches a very high concentration in a plant,
zine is also high in concentration in the plant™%®, Zinc is known to have a marked
protective effect on cadmium tfoxicity %, If the plant grown on the sludge-soil was fed
to guinea pigs, elevated concentrations of several elements found in the plant also

appeared at higher levels in certain of the animal tissues!'. These included antimony in
" adrenal, cadmium in kidney, manganese in liver tissue and tin in kidney, muscle, and
spleen. Although, as mentioned above, the zinc content was very high in plant materials
in which appreciable levels of cadmium were present, elevated levels of zinc in the animal
tissues were not found., This is not surprising since zinc is absorbed poorly from the
gastrointestinal tract in humans and variably in animals', )

Interelement synergism and antagonism during plant and animal absorption is com-
plex, and knowledge is limited to only a few substances, Qther examples are selenium
against the toxicity of cadmium'? and mercury’3™!5, At present such an interelement
interaction is known to play an important role in environmental and biological
problems®, Therefore, the need for multielement anlysis is strikingly clear,

1-2 Analytical technigues for multielement analysis

Analyticalktechniques for multielement analysis such as neutron activation analysis
(NAA), spark source mass spectrometry (SSMS), anodic stripping voltammetry (ASV),
X-ray fluorescence spectroscopy (XRF) and optical spectroscopy (OS8) have been
employed. This section presents a brief summary of each analytical technique and com-
pares their features. As each technique has unique advantages and disadvantages, the
choice of the technique is based on the requirement of the analysis. So far, Bush and
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Morrison have compared these techniques with regard to scope, analysis time, sample
type, and precision'”. Also Dulka and Risby have summarized the detection limits for
such techniques'. Winefordner has also summarized multielement techniques in a theo-

retical presentation's.

1-2-1 Neutron activation analysis (NAA)

NAA (neutron activated gamma-ray spectometry) offers excellent sensitivity for
many elements as shown in Table 1-1 ‘6, but it is often necessary to carry out a separation
step after irradiation because of interferences from elements such as sodium, chlorine,
and bromine. Lead cannot be routinely determined by NAA nor can elements with
atomic numbers less than 11. Recently, the prompt radiation method (& particle-induced
prompt gamma-ray spectometry) has been developing for measuring elements of atomic
numbers less than 11'°. Multichannel analyzers and minicomputers are usually used for
data reduction and spectral interpretation. The big drawback is that the instrumentation
cosi for NAA is very expensive, and precision of the method is not so good (5 — 10%).
Therefore it appears that NAA will be limited to the use in the universities or big labora-
tories.

Table 1-1  Sensitivities for elements by Neutron Activation Analysis
{Cited from Ref, 16)

Sensitivity, g Elements

107" — 1077 Dy, En

1072 - 107" Au, In, Mn

10 — 107'° Hf, Ho, Ir, La, Re, Rh, Sm, V

107'¢ - 107° Ag, Al, As, Ba, Co, Cu, Er, Ga, Hg, Lu, Na, Pd, Pr, 8b, Sc, U, W, Yb
1077 — 1078 Cd, Ce, Cs, Gd, Ge, Mo, Nd, Os, Pt, Ru, Sr, Ta, Tb, Th, Tm

10°* - 1077 Bi, Ca, Cr, Mg, Ni, Rb, Se, 'i‘c, Ti, T1, Zn, Zr

1077 —10°% Pb

107 — 10°F Fe

Sensitivity based on irradiation period of 0.5 T,,, or 10 h; whichever is less at a flux of
10'"? neutrons cm~? s™!. Activity measured by Nal (Ti) gamma spectrometry.

1-2-2 Spark source mass spectrometry (SSMS)

A spark source is required for the ionization source of solid sample. The elemental
spectra from a mass spectrometer are relatively sample, and moreover this method has the
feasibility to measure isotope ratios. The detection limits of this method are shown in
Table 1-2%°, When SSMS is applied, however, to liquids, the sample preparation time is
lengthy because of the need for evaporation to dryness and subsequent preparation of
the sample electrodes. The big disadvantage is that precision of this method is not so
good (5 —25%%). Recently a mass spectrometric method combined with a plasma source
has been developed?!. The liquid sample is nebulized directly into the plasma without
pretreatment. This procedure is much faster, and furthermore most molecular species are
completely dissociated and interference is very small, The plasma source will improve
the precision in the near future,




Table 1-2 Detection limits (ng) for elements by Spark Source Mass
Spectrometry (Cited from Ref. 20)

Element Element Element
Ag 0.2 - Hg 0.6 Rh  0.09
Al 0.02 Ho Q.1 Ru 0.03
As  0.05 o In 01 Sc  0.04
Au 0.2 It 0.3 Sm 0.5
Ba 0.2 K 0.03 Sn 03
Be 0.008 La 0l Sr 0.09
Bi 0.2 Li 0.0006 Ta 0.2
Ca 0.03 Lu 0.1 Tb 0.1
Cd 0.3 Mg  0.03 Th 0.2
Ce 0.1 Mn 0.05 Ti 0.05
Co 0.05 Mo 0.3 Tl 0.2
Cr 0.05 Na 0.02 Tm 0.1
Cs 0.1 Nb 0.08 v 0.04
Cu 0.08 Nd 0.4 w 0.5
Dy 0.5 Os 0.4 Yo 0.5
Er 0.5 Pb 0.3 in 0.1
Fu 0.2 Pa 0.3 Zr 0.1
Fe 0.05 Pr 0.1

Ga 0.09 Pt 0.5

Gd 0.5 Re 0.2

1-2-3 Anodic stripping volta\rmmerry {ASV)

ASV has particularly high sensitivity for lead and cadmium. This method can only
be applied to a liquid sample. ASV is a two-step process in which a portion of the metal
ions in solution is first deposited and reduced at a mercury-containing electrode. In the
second step, the reduced metals in the amalgam are reoxidized to the component ions by
applying an increasingly positive potential to the electrode. Preconcentration by elec-
trode-deposition allows the determination of metals in the 107° M range (Table 1-3)'¢,
For the differential pulse anodic stripping (DPAS) technique 2, a pulse voltage is super-
imposed upon the linearly increasing voltage in the second step. Sensitivities can thus
be improved to 107 — 107'' M. Deposition times for ASV and DPAS are generally in
the order of 5—30 and 1— [0 minutes, respectively. At maximum, six elements (Zn, Cd,
Tl, Pb, Cu, and Bi) can be determined simultaneously and a sample volume of about 10
ml! is uvsually adequate. The cost of such instruments is modest. The main drawback of
this method is that these voltammetric methods cannot determine the large number of
metals that other techniques can; thus it would be expected that they would be used to
complement other techniques, in paticular for the determination of lead and cadmium.
The relative standard deviation of this method is less than 1%.

1-2-4 X-ray fluorescence spectroscopy (XRF}

XRF is well suited for solid samples although elements with atomic numbers less
than 11 cannot normally be determined (Table 1-4)**2*. Proton-induced X-ray fluores-
cence (PXF) is now being developed for measuring elements with atomic numbers less




Table [-3  Detection limits with Anodic Stripping Voltammetry
(Cited from Ref. 16}

Element Detection limits
Ag 0.25 ng/mi
Au 1.0 ng/mi

Bi 0.01 ng/mi
Cd 0.005 ng/m/
Cu 0.005 ng/m!
Ga ’ 0.4 ng/m!
Hg 40x10°M
In . 0.1 ng/ml

K 1x10°°M
Ni 0.1 g/fmi

Pd : 0.01 ngim!
Pt 1x107°M
Rh 0.1 ng/m!
Sn 2.0 ng/m!

Tl 0.01 ng/mi
Zn 0.04 ng/m!

Table 1-4 Detection limits (ug) for X-Ray Fluorescence Spectroscopy
(Cited from Refs 23 and 24)

Element Element

Ag 1.2 Nd  0.30

Al 5.0 Ni 0.06

As 011 P 0.001

Au 0001 fem? Pb 0.0003

Ba (.12 Rb  0.0075

Bi 0.61 Rh 103 fm!

Ca 0100 Se 0.38

Cd 040 Se 0.020 /em?

Ce 0.17 Si 170 /mi

Co (.05 Sm 4.1 /m{

Cr 0.00006 Sn 3.9 fm{

Cs 0.15 Sr 0.00007

Cu  0.00002 Tb 159 fm!

Eu  0.66 Te 0.12

Fe 0.0085 Th 6.5 /mi

Ga  0.01 Ti 0.001

Hg 0.24 U (as U0O,)

In 1.1 0.72

K 0.52 U 0.00002

La 0.12 ) Y 0.22

Mn  0.00015 Yb 6.8/mi

Mo 0.072 Zn  0.00004
Zr 0.00002

Not availablc: Be, Dy, Er, Gd, Ge, HF, Tr, Li, Lu, Mg, Na, Nb, Np, Os, Pa, Pd, P, Pu, Re, Sb, Ta, Tm,
and W,
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than 11%. Computational technigues have been coupled with multichannel analyzers
to minimize interelement effects. Sample can often be analyzed without pretreatment.
The main drawback to use this method is the lack of sensitivity for liquid analysis. The
deterction limit is generally in the ug/m! range. Preconcentration of samples ulilizing
ion-exchange, evaporation, and precipitation techniques has to be performed prior to
analysis. Precision of the method rarely exceeds 1%.

1-2-5 Optical spectroscopy (OS)

Emission spectroscopy utilizing Arc or Spark has been used extensively. This method
has been rather suitable for solid sample, Though sample preparation has been time-
consuming and matrix effects have sometimes been troublesome, the ability to determine
many elements simultaneously has been a major. The main drawback has been poor
precision (25%). When the Inductively Coupled Plasma combined with the emission
spectrograph, the instrument can determine liquid sample directly since the liquid sample
is nebulized into the plasma. The detection limits are comphrable 1o those by atomic
absorption as shown in Table 1-5 % The precision is also improved to less than 1%, and

Table 1-5 Detection limits (ug/m!} for Inductively Coupled Plasma —
Atomic Emission Spectroscopy (Cited from Ref. 26)

Element Element ~

Ag  0.004 Na  0.0002
Al 0.002 Nb  0.01

Au  0.04 Nd  0.05

Ba 0.001 Ni 0.006°
Be 0.005 Pb 0.008

Bi 0.05 Pd 0.007
Ca  0.00007 Pr 0.06

cd  0.002 Pt 0.08

Ce 0.007 Rh 0.003
Co 0.003 Sc 0.003
Cr 0.001 Sm 0.02

Cu  0.001 Sn 0.3

Dy  0.004 Sr 0.00002
Er 0.001 Ta 0.07

Eu 0.001 Tb 0.2

Fe 0.005 Th 0.003
Ga 0.014 Ti 0.003
Gd 0.007 Tl 0.2

Hf 0.01 Tm  0.007
Hg 0.2 U 0.03

Ho 0.01 \" 0.006

In 0.03 w 0.002
La 0.003 Y 0.002
Lu 0.008 Yb 0.00009
Mg 0.0007 Zn  0.002
Mn  0.0007 Zr 0.005
Mo  0.005



interelement interference is minimal.

1-3  Excitation sources for optical spectroscopy

Excitation sources for optical spectroscopy can been classified into two types as .
shown in Table 1-6, namely the electrical discharge and thermal excitation.

Table 1-6 Classification of excitation sources for optical spectroscopy

Thermal Excitation Electrical Discharge
Combustion Flame Hollow Cathode
Ar-H, 427 - 1727°C Electrodeless Discharge
Ar-C,H, 627 - 2077°C - Lasers
Air-H, 1527 - 2107 °C Grimm Giow
Air-C,H, 1927 - 2327°C Arc
N,0-C,H, 1927 —2927°C Spark
High Temperature Furnaces . Inductively Coupled Plasma
Microwave Frequency
LMD 2.45 G Hz, <100 W
(Low-wattage Microwave Discharge)
MTD 245G Hz, 200 — 500 W

(Microwave Torch Discharge)

Radio Frequency .
RFICP 4-50MHz, 10-05KW
(Radio-Frequency Inductively Coupled Plasma)

i

1-3-1 Electrical discharge . .

The first three sources indicated in Table 1-6, Hollow cathode, Electrodeless dis-
charge, and Lasers, arc usually used as excitation sources for atomic absorption and
fluorescence spectrometry, while the Grimm glow, Are, Spark, and Inductively Coupled
Plasma (ICP) are used for excitation sources for atomic emission spectrometry. As men-
tioned in section 1-2-5, emission spectroscopy utilizing Arc or Spark has been used for
simultanecus multiclement analysis. In particular the D.C. Arc plasma has been used
extensively because it is applicable not only to solid samples but also liguid samples,
Although the P.C, plasma sustains a high temperature (10000K), there is contamination
from the carbon or tungsten electrodes. Precision is also poorer when compared to the
1CP source.

By definition, plasmas are gases in which a significant fraction of the atoms or
molecules is ionized, so that magne:ti%fields may readily interact with plasmas. One of
these interactions is an inductive coupling of time-varying magnetic fields with the
plasma, A detailed discussion of the lth'eory, formation, and properties of ICP’s is given
by Eckert?”. The ICP can be classified into.two types according to the frequency used,
i.e. a microwave plasma and a radio frequency plasma.

The microwave plasma has been produced at reduced pressure for argon or helium
and at atmospheric pressure for only argon ®® so far. Recently it was suggested to operate
the plasma at atmospheric pressure with helium *®. As the energy transfer of microwave
energy to the helium plasma gas is efficient, it is possible to produce a stable plasma at

S



low power. As the electron temperature is high and the energies of helium meta-stable
states are also very high (19.73 and 20.52 eV; ¢f. Argon meta-stable states, 11.5 and
11.67 eV), the microwave plasma is suitable for excitation of nonmetals, such as carbon,
hydrogen, sulphur, fluorine, chlorine, bromine, and iodine. However, in the case of the
microwave plasma, there are limitations in the amount of sample which can be tolerated.
Generally liquid samples cannot be aspirated directly (microliter samples can be injected).
The microwave plasma has been used as a detector for gas chromatographym'“, where
the analyte is in the gaseous phase. In this study, the radio frequency plasma was chosen
for an excitation source for a variety of elements which enables multielement analysis
to be performed (Chapters 2 and 4).

In analytical spectroscopic equipment a typical RFICP excitation source consists
of a quartz tube inserted within a copper coil to which is connected & high-frequency
generator operating in the 4 — 50 M Hz range with respective generator output powers in
the 10— 0.5 K W range (inverse relation between frequency and power). When argon
flows of the proper configuration and magnitude pass through the tube, an adeguate
seed of electrons is initially provided with a Tesla coil. When the generator power is
turned on, the high-frequency currents flowing in the induction coil generate oscillating
magnetic fields whose lines of force are axially oriented inside the coil. The induced
axial magnetic fields induce the seed of electrons and the produced argon ions to flow
in closed annular paths inside the tube space as shown schematically in Figure 1-139,
This electron flow is called the eddy current. As the magnetic fields are time varying in
their direction and strength, the electrons and ions are accelerated on each half cycle
and Joule heating occurs, The sample aerosols, which are produced by pneumatic
nebulization, travel upstream in a narrow axial channel of the eddy current as illustrated
in Figure 1-2 30, By the time the sample species reach the observation height of 17 mm
above the coil, they have experienced a residence time of ca. 2 ms at temperatures ranging
from 5000 K to 3000 K. Figure 1-3 shows the distribution of the temperature®!. The
energy transfer of argon meta-stable states (11.5 and 11.67 eV)32_34.

The inventor of this ICP is Babat. He discovered in 1942 that an eddy electrodeless
discharge, once established, can be maintained while the pressure is raised up to atmo-
spheric level®s. However, major interest developed only after Reed has shown in 1961
that, with an open tube and streaming gas, “Induction-Coupled Plasma Torch” can be

Fig. 1-1 Magnétic fields {(H) and eddy currents {shaded) generated by high
frequency currents (1} flowing through coil. (Cited from Ref. 30)
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used as a heat source as shown in Figure 1-4%7, He operated the plasma at atmospheric

pressﬁrre on argon alone ar mixed with other gases. The power was 10X W at a frequency
of 4/M Hz. The application demonstrated by Reed is the growing of crystal of refractory
matenals 3% The use of the ICP as an excitation source for optical spectroscopy was first
reported by Greenfield et al. in 19643, Shortly afterwards, Wendt and Fassel reported
their independent works using the ICP in 1965, Since 1964 a rapid increasing volume
of papers has appeared dealing with investigations into the ICP, Initially the detection

——performance-of-—trece-elements-was-poorer-tham that-of-atommivabsorptivmspectroscopy.

.Progresswe refinements in
- i. the impedance matching between the high frequency generator and the plasma,

ii. forward power reguration,

iii. shape of the plasma torch,

iv. techniques for generating aerosols of solutions, and

v. the introduction efficiency of aerosols into the ICP resutted in lowering the
detection limits by approximately one order of magnetude every two years. The striking
improvements in the ICP values during the past twelve years is shown by the data sum-
marized in Table 1-7°°™%% Compromised conditions for multielement analysis were
proposed by Fassel et al.*!, and Bouman and de Boer*®. Since 1974 the RFICP coupled
with a direct reading spectrometer and having fully automated sequential sampling,
exposure, and tead-out, became available commercially. ICP emission spectrometry has
been applied to many fields and it has been identified that the ICP emission spectrometry
has many advantages for multielement analysis. The ICP method meets the requirements
of selectivity, sensitivity, and speed for the determination of multielements in a large
number of samples on a routine basis. Under a single set of compromise plasma operating
conditions, major, minor, trace, and ultratrace elements can be measured simultaneously.
In the ICP the inert argon environment, the high temperature experienced by the sample,
and the relatively long residence time of the sample in the high temperature regions
overcome to a high degree the inter-element and matrix effects commonly observed in

Carbon storting rod

16,000 K i
L~
14,000 K .
\ [ |~ Guartz lube
12.000K M
Rodiofrequency sil

¢
L

10,000 K

Visible Soundory
of plasma

Toilflome —u_.\ /

|
5 !

Fig. 1-4 Initial plasma torch produced by Reed ’(Cited from Ref. 37)
Carbon rod is needed only for starting.
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Table 1-7 Inductively coupled plasma detection limits {(pg/mi)

[1964] [1965] [1965] 11969] [1974] 119751976}
Ref, 39 Ref. 40 Ref. 43 Ref. 44  Ref. 26 Refs 42,45
Greenfield Wendt Greenfield Dickinson Fassel Bourmans, de Boer
et al. Fassel et al. Fassel Kniseley Olson, Haas, Fassel*

Al 50 3 0.5 0.002 0.002 0.0004*
As - 25 - 0.1 0.04 0.002+
Ca 1 0.2 0.005 — 0.00007 0.0000001
Cd - 20 - 0.03 0.002 0.00007*
Co - - 0.2 0.003 0.003 0.0001*
Cr 20 0.3 - 0.001 0.001 0.00008*
Cu 16 0.2 0.01 - 0.001 0.00004 *
Fe - 3 0.05 0.005 0.005 0.00009
La - 50 — 0.003 0.003 0.0001
Mg 5 2 34.03 — 0.0607 0.000003
Mn 10 0.05 - 0.0007 0.00001*
Ni 5 1 - 0.006 0.006 0.0002
P - 10 0.8 0.1 0.04 0.015
Pb - — - 0.008 0.008 0.001*
Si - 3 - - 0.01 -
Sn - 50 4 - 0.3 " 0.003
Sr - 0.09 - 0.00002 0.00002 0.000003
Ta - 16 - 0.07 - -
Th - 40 - 0.003 - —

Y - - 0.1 0.006 - 0.00006
W - 3 — 0.002 - 0.0008
Zn - 30 4 (4.009 0.002 0.0001 *
Zr — 15 - 0.005 — 0.06

combustion flames and arc and spark discharges.

1-3-2 Thermal excitation

When energy is supplied to a gas, the temperature rises proportionally as long as all
the energy is used only to heat the molecules (atoms for monotomic gases). At higher
temperatures in the 3000 — 6000 K range, molecules are dissociated into atoms. Further
energy input causes the dissociated atoms to ionize. The relationship between the energy
of a gas and its temperature is shown in Figure 1-5%7. The temperature of the flames,
which depends on the combustion heat of the fuel, cannot correspond to a high degree
of molecular dissociation. In fact the flame temperature is stabilized at the toe of the
molecular dissociation curve shown in Figure 1-5. In the case of furnaces, the temperature
is dictated by the electrical current, but 3000 K is about the maximum temperature
which can be obtained. The nitrous oxide-acetylene flame

2N,0+C;H,; - 2N, +2CO+H; + 179 Keal/mole

has the highest heat of reaction for commonly used flames. The combustion heat is not
enough to dissociate N, and CO molecules; N, has a dissociation energy of 225 Kcal/
mole, CO, 257 Kcal/mole*. The flame temperature is restricted by the stability of the
combustion products. As the atoms in a flame are stabilized by the formation of oxide,
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Fig. I-5 Energy content of gases as a function of temperature. Chemical
flames are limited to below dissociation temperature of their com-
bustion products (Cited from Ref. 37)

the reducing atomsphere in addition to the temperature plays an important role in the
atomization process, The temperature and reducing atmosphere vary according to the
flame operating conditions. The optimum conditions in the flame are ysually quite
different for the elements.

Usually the Air-C,H, flame is used for atomic absorption spectrometry utilizing
the HCL or EDL. The respective molecular emissions of HPO and S, in the cool reducing
H, flame are used as the detector of the gas chromatography®’. Some workers have used
N30-C,H, flame as an excitation source for atomic emission spectrometry*® 5162
However, the spread in the optimum flame operating conditions for each element con-
stitutes a major problem in utilizing the N,0-C,H, source for multielement analysis
since fixed conditions would be desirable for rapid analysis (Chapter 3).

1-3-3 Emission spectra of plasma and flame

Figure 1-6 shows the emission spectira for the RFICP, the N,O-C,H,, and the
Air-C,H, flame. The major flame constituents are OH (280~ 330 nm), CH (387—431]
nm), and C, (437600 nm) for Air-CyH, and NO (200 -- 280 nm), OH (280 — 330 nm),
CH (350—-422 nm), CH (387431 nm}, and C; {437— 600 nm) for N;O-CyH,. The
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(a) RFICP

ol
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{b) NZO-CZHZ flame

200 300 400 500 600 700

{c} Air-C 2H2 flame

LA

200 300 400 500 600

Fig. 1-6 Comparison of emission spectra of excitation sources
(a) RFICP, (b} N,0-C,H; flame, (¢} Air-C,H, flame

ICP major constituents are argon, NO {200 —280 nm}, OH (280 —330 nm}, NH(336 nm),
N2+ and CN (350 —430 nm).- The temperature of the ICP is approximately twice that of
the N,O-C,H, flame and is about three times that of the Air-C,H, flame, and as shown

in Figure 1-6 the ICP background spectrum is very complex,



1-4 Measurement systems for optical spectroscopy

In the optical region of the electromagnetic spectrum, spectral information is often
required over a wide spectral range (200 —800 nm). A systematic grouping of several
methods used to obtain this information is given in Table 1-8. The methods have been

classified into two types, namely a single channel detector and a multichannel detec-
torl®52-54 -

Table 1-8 Classification of measurement system for optical spectroscopy

Single Channel Detector Multichannei Detector
Time Demain Frequency Domain Image Device
Sequential Fourier Transform Electron Beam
Linear Scan Spectrometry Image dissector
(SLS) (FTS) Vidicon
) ' SIT
Sequential Hadamard Transform (Silicon Intensified Target)
Slew Scan Spectrometry Solid State
(858) (HTS) Photodiode Array

Direct Reader

1-4-1 Single channel detector

When using a single channel detector the spectral information is encoded before
the detector and subsequently decoded or transformed>®, The most common method is
that of encoding in the time-domain, i.e. only one spectral conponent falls on the detec-
tor at any given time. For the sequential linear scan (SLS) system, a single slit spectro-
meter scans the wavelength region of interest at a uniform rate. Johnson, Plankey and
Winefordner applied the SLS to atomic fluorescence spectrometry with a continuum
source*®. The author also applied the SLS to atomic absorption spectrometry with a
continuum source®’, This method is useful, when the elemental composition of the
sample is not known. Hov-:ever, the grating is continuously moving when the measure-
ment is carried out, so that the sensitivity is poor. Furthermore, much time is lost, if
there are spectral regions where no spectral components are present, For the sequential
slew scan (SSS) system, only the spectral elements of interest are examined for any
appreciable period of time, with the spectrometer rapidly changing (slewing) to a new
spectral element. Malmstadt et al. developed the computer-controlled programmable
monochromator for the SSS type™%® Johnson, Plankey, and Winefordner proposed
multielement atomic fluorescence spectrometry using the SSS system, which was really
useful for analysis of many elements in a short time®, Kawaguchi et al. used the S88
system for emission spectrometry with a microwave induced argon plasma as a light
séurce®!, The author also applied the $88 system for emission spectrometry utilizing
the nitrous oxide-acetylene flame (Chapter 3)*2 and the radio frequency inductively
coupled plasma (Chapter 4)}%% as excitation sources. Details of the programmable
monochromator are described in section 2-2-1.

The multiplex methods encode the spectral information in the frequency domain.
In these methods, more than one speciral component may fall on the detector at any
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given time, and the frequency, with which they vary, requires an appropriate transform
to give spectral information®. For Fourier transform spectrometry (FT8), in which a
Michelson interferometer is used, optical signals are encoded by a moving“_m or
rotating®® mirror in one of the arms of the interferometer. Another type of FTS instru-
ment includes the polarization interferometer (a monochromator is not needed)®®. The
encoded multiplex signal is decoded by Fourier transform to retrieve the original
spectrum. For Hadamard transform spectrometry (HTS), a multislit ¢cyclic mask, which
is constructed according to Hadamard matrices, is placed at the exit slit of the mono-
chromator to allow certain speciral components to either reach or not reach the detector,
If the detector receives a series of signals by moving the multislit mask or the grating,
it is possible by means of a Hadamard transform to decode the resulting complex array
of signals and to retrieve the original spectrum '® 72, The multiplex advantage can be
realized only if the noise is detector limited, and not when the noise is source limited.
Examples in which the noise is detector limited include infrared, microwave, nuclear
magnetic resonance, and ion cyclotron resonance spectroscopic experiments. Examples
in which the noise is source limited include optical (UV and Vis.) and charge-particle
{(photoelectron, ESCA, electron impact) spectroscopy. Therefore, in the case of optical
{UV and Vis.) spectroscopy, the multiplex advantage cannot be expected,

1-74-2 Multichannel detector

The multichannel detector system, in which the spectral information from mote
than one spectral component is acquired simultaneously and independently, is divided
into two methods, namely an image device and direct reading methods. .

An image device looks at a continuous wavelength region as a camera ™™, There are
two types of image devices, i.e. an electron beam type and a solid state type. An electron
beam type includes the image dissector”™ ", the vidicon®®2, and the Silicon Intensified
Target (SIT)®'® [references are.cited in Chapters 3 and 4]. Examples of the solid
state type devices are the silicon photodiode arrays 337! charge coupled devices (CCD).
Limitations of the currently available image devices are their low sensitivity in the UV
and Vis. region, For example, a high-quality photomultipler tube (PMT) will have a
sensitivity in the range of 10°% gA/lumen. Silicon diode devices have semsitivities in the
range of 10% to 10® uA/lumen. Image intensifiers can be used to increase the sensitivity,
and the SIT can yield a sensitivity from 10* #A/lumen up through values which are com-
parable with photomultipliers in the visible region {2-2-2, 3-3-3, and 4-3-4). Recently,
intensified photodiode arrays have been reported *2.

A direct reader looks only at selected spectral components, i.e. a polychromator
with a single entrance slit and a multiple exit slit-detector combination at the exit focal
plane®™ Instruments which adopt this method are commercially available, The method
has found widespread use on a routine basis. However, the instrument is expensive
because individual photomultiplier tubes are required for each element. Moreover, such a
method lacks flexibility, since measurements are generally performed only at fixed wave-
lengths of the desired elements, In this study, the SIT image device which was combined
with the sequential slew scan measurement system was adopted (Chapter 2).
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CHAPTER 2 Computer-Controlled Instrumentation
2-1 Intreduction

Figure 2-1 shows the total system which combines the ICP source, the programmable
monochromator and the SIT detector. The monochromator was set on a vertically adjust-
able table and the optical axis, the Z axis, was adjusted with the He-Ne laser, installed
behind ICP source, by maximizing the laser light which passed through the center of
the monochromator entrance and exit slits. The ICP source was imaged on the entrance
slit with a magnification of 1/2 by setting a spherical lens (diffused quartz, diameter
26 mm, focal length 118 mm), and was attenuated whenever necessary by a sequentialty
adjustable fitter. At the other entrance slit a mercury pen ray lamp was set, One of the
exit slits was removed and an adaptor was inserted for setting the SIT detector. At the
upper side of the adaptor a plate was inserted to obstruct a half of the light which
reached the SIT detector (2-2-2). Behind the other exit slit a photomultiplier was posi-

Power
Supply
tor He-Nen
RFICP Laser
Power Aulo S 0
Suppl u ampie|
RFICPQ Changer
X-Y
[ IRecorder R
|
' MT
OMA Reader Puncher
[~ mini CPU TTY
CRT Monochromator

Fig. 2-1 Schematic diagram of computer-controlled instrumentation
RFICP Radio Frequency Inductively Cou_pled Plasma
SIT Silicon Intensified Target
OMA  Optical Multichannel Analyzer
CRT  Cathode Ray Tube
PM Photomultiplier
I/F Interface for peak sensor
CPU  Central Processing Unit
TTY  Teletype
MT Magnetic Tape
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tioned. Between the photomultiplier and the computer a DC amplifier (laboratory-
constructed) and an interface was installed to detect mercury atomic emission. The
interface transmitted Transistor-Transistor Logic {TTL) level signal (+5V) to the com-
puter when the photomultiplier *“caught” the signal above the level set in advance.
Independently, the signal measured by the photomultiplier was fed to a recorder through
the DC amplifier. Between the monochromator and the computer an interface was
installed to control the position of the lateral mirror and the angle of the grating, Auto
sample changer was equipped to introduce the sample and distilled water to ICP source
alternatively, and it was controlled by the computer. The spectra obtained by the SIT
detector were accumulated and memorized in the OMA and displayed on the oscillo-
scope. After accumulation (accumulation time is selected by preset dials on the OMA
console} was finished, the digitalized spectrum was transferred to the computer and data
processing was performed. The spectra measured by the SIT were transferred from the
computer to the X-Y recorder through the DjA converter, Aliemnatively, the spectra were
also recorded manually on the X-Y recorder, Il was glso possible to store the digitalized
spectra on paper tape or magnetic tape, The stored spectra were processed by the host
computer and plotted by the X-Y plotter. Table 2-1 summarizes the instrumental fea-
tures.

Table 2-1 Instrumental Facilities
(1) Computer-controlled Instrumentation
ICP source (Figure 1-2):

Shimadzu Seisakusho Ltd. (Japan) Inductively Coupled Argon Plasma
Plasma generator; 1600 W forward power

Model ICPQ-2H < 3 W reflected power

27.12 MHz

Plasma torch; 10.5 !/min coolant Ar flow

All quartz 1.5 Ifmin plasma Ar flow

1.0 }/min aerosol carrier
Ar flow

Pneumatic nebulizer system; 4.0 mi/min sample uptake rate

Teflon and glass )

Auto sample changer:
Shimadzu Seisakusho Ltd. (Japan)

Model ASC-2
Monochromator ; 1-m Czemy-Turner spectrograph,
Jobin Yvon f 5.4; holographic grating,
(France} 2400 grooves/mm
Modei HR 1000 reciprocal linear dispersion
0.4 nm/mm in the first order
at 200 nm.
Filter; Sequentially adjustable filter
Matsuzaki Vacuum Evaporation Corp.
(Japan)

Rectangular slide type
Mercury pen ray lamp;
Ultra-Violet Corp. (U.S.A.)
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Table 2-1 (Continued)

Model 118C-1

Detector:
SIT detector;
Princeton Applied Research Corp.
(US.A)
Model 1205D
PMT detector;
Hamamatsu TV Corp.
(Japan)
Power supply for PMT,

Japan Electronic Measuring Instrument Corp.

(Japan)
Model PH-7A

OMA:
Princeton Applied Research Corp,
(US.A)
Model 1205A

Real time readout:
CRT;
National Electronic Measuring Instruments
(Japan)
Model VP-3834A

X-Y recorder:
Yokogawa Electric Works, Ltd. (Japan}
Model 3078

Computer:
Hewlett Packard
(U.5.A))
Model 2108
1/O Interface 12531D;
1/O Interface 12566B;

8 bit D/A converter 12555B;

Peripheral devices:
TTY;
Casio Calculation Corp.
(Japan)
Model 501
MT;
Hewlett Packard (U.5.A.)
Model 12970A
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Ultraviolet sensitized

silicon intensified target
vidicon tube assembly with
optional-01 scintillator screen.
Sensitive to ultraviolet and
visible radiation;

multi-alkali cathode.

Power 0— 1500V

Optical Multichannel Analyzer
with § binary coded decimal memory

Monitor scope, Cathode Ray Tube

for SIT cetector

Minicomputer with 16 bit 24 K
word memory.
Software Basic Control System,

Input/Output for TTY
Input/Cutput for monochromator,
OMA, auto sample changer,

X-Y recorder, and MT

for X-Y recorder

Teletype

33.3 words/sec print

61 words/sec read

30 words/sec punch

9 tracks, 800 BPi Magnetic Tape
32 K bitefsec read




Table 2-1 (Continued)

He-Ne laser: for adjustment of optical axis
Coherent (U.S.A.)
Model CR136 class IlIb

Recorder: for PMT detector
Shimadzu Seisakusho Ltd. (Japan)
Model U-125MN

(2) Additional Facilities
Host computer: 524 K bite memory
Hitachi Seisakusho Ltd. (Japan)
Model HITAC 8450

X-Y plotter:
Fujitsu Corp, (Japan)
Model B0O2L-9019-B002A

2-2 Instrumentation

2-2-1 Programmable monochromator

This monochromator has two entrance slits and two exit slits enabling the measure-
ment of two different sources with two detectors by changing the direction of lateral
mirrors. It is suitable for use with an image detector as it has a large collimating mirror
{150 mm widthh x 130 mm height) and fotcusing mirror (200 mm width x 130 mm
height}. In addition, a large holographic grating (140 mm width x 120 mm height) pro-
vides a very high luminosity *. As the effective width of the SIT detector is 12.5 mm
(Figure 2-6) and the reciprocal linear dispersion of the monochromator is 0.4 nm/mm at
200 nm, a spectral window of 5 nm is achieved. The reciprocal linear dispersion is better
at longer wavelengths so that the spectral window decreases to about 2.5 nm at 750 nm.
The SIT detector has 500 channels, so that I channel corresponds to 0.01 nm at 200 nm
and 0.005 nm at 750 nm.

To shows the performance of this monochromator, the mercury emission lines
{313.183 nm and 313.155 nm) were measured by both photomultiplier and SIT detector.
These two emission lines were resolved perfectly by the photomultiplier (Figure 2-2(1)),
but in the case of the SIT the resolution was relatively rather poor (Figure 2-2(2)). One
channel of the SIT detector is only 25 m width, but channel spreading results in poorer
resolution. In the case of the photomultiplier, the exit slit width is 10 gm. The resolution
power measured by a photomulfiplier is 0.0048 nm and that measured by a SIT detector
is 0.0325 nm, that is about 7 times worse,

The grating drive is controlled by the stepping motor, The hnkage of the mother
screw and the stepping motor was assured by means of 2 reducers. High scanning {0.0125
nm/pulse) and iow scanning (0.0005 nm/pulse) are selected by the reducers, whose
clutches are changed by electromagnetic switches, One of the advantages of this mono-
chromator is that a remote control capability is also provided, When the stepping motor is
controlled by an external pulse, the maximum frequency for initiation is 200 Hz, and
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Fig. 2-2 Resolution power of the HR 1000 monochromator
(1) Photomultiplier both entrance and exit slit width 10 gm, slit height 5 mm
(2) SIT detector entrance

slit width 10um, slit height 2 mm, exit slit was removed.

during moving the frequency is elevated up to 500 Hz. Butin that case it is necessary to
generate a frequency slope from 200 Hz to 500 Hz in 1 second.
a. Interface

Table 2-2 gives the directions necessary for an external control. Wavelength scanning
is performed by transferring the TTL level pulse (+5V) from bit 4 of the CPU to pin
number § of the monochromator. On the contrary, the confirming signal returns from the
monochromator to the CPU. The directions are shown in Table 2-3. Table 2-3 includes
the connection of a photomultiplier and the CPU. During the calibration procedure pin
number 1 of the photomultiplier emits a signal to bit 15 of the CPU when it “catches”
the mercury atomic emission,
b. Sequential slew scan method

it is necessary to slew the monochromator from the present analytical wavelength
(RNOW) to the next one (RNEXT) in a very rapid and precise manner. Therefore the
monochromator is slewed rapidly between wavelengths, and its slew speed is reduced as
it approaches the desired wavelength, By the motor step select and frequency select the
slew mechanism is controlled through three different slewing speeds. These include a slow
(0.1 nm/s), a medium (2.5 nm/s), and a fast (6.25 nm/s) speed. The motor step select
has a slow scanning mode (0.0005 nm/pulse) and a fast scanning mode {0.125 nm/pulse)
and the frequency select is 200 Hz and 500 Hz. The changeover from 200 Hz to 500 Hz
is performed in 1 second by using software, and that of the slow and fast scanning mode
is done in about 300 msec by changing the electromagnetic clutches. Before slew scanning
it is necessary for the computer to calculate how many pulses will produce a 0.1 nm
wavelength change. For that purpose under computer control the mercury emission line
at 253.65 nm and the second order line corresponding to 507.30 nm are searched by a
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Table 2-2 Commutating signal from CPU to monochromator

Bit of CPU

0

815

Function

scanning direction
increasing wavelength
decreasing wavelength

motor siep selection
0.0005 nm/pulse
0.0125 nm/pulse

clock selection
external clock
internal clock
contrel motor forward
—validiating the clock
forward
stop
external clock
(not used}
lateral entrance selection

lateral entrance
axial entrance

lateral exit selection
lateral exit
axial exit.

{not used)

Pin number of

monechromator

2

20

21

Table 2-3 Confirming signal from monochromator and photomultiplier

Bit of CPU

0

10-14

15

to CPU

Function

scanning direction
increasing wavelength
decreasing wavelength

metor step selection
0.0005 nm/pulse
0.0125 nm/pulse

indication of stop position

control motor forward
—validiating the clock
forward
stop

external clock
(not used)

lateral exit selection
lateral exit
axial exit

lateral entrance selection
lateral entrance
axial entrance

indication of minimum wavelength
indication of maximum wavelength
(not used)

detection of mercury
atomic emission

Pin number of

monochromator

13

15

34
18

19

16

17

35
36

Pin number of

photomultiplier

1




photomultiplier, and the computer calculates the pulse counts for moving 0.1 nm wave-
length from the used pulses (Calibration procedure in 2-3). From the difference of RNOW
and RNEXT wavelengths and the pulse counts for moving 0.1 nm wavelength, the pulse
counts which are required to slew between two analytical lines are calculated as follows.

PCNT = (RNEXT — RNOW) [A] x Pulses/Angstrom

According to the magnitude of PCNT, one of the following three slewing modes are
chosen.
(1) PCNT<25
(less than 0,0125 nm between wavelengths)
Slew scanning performed by slow scanning mode 0.0005 nm/pulse at the frequency
of 200 Hz,
(2} 1<PCNT/25< 700
(less than 8.75 nm between wavelengths)
Stew scanning performed by fast scanning mode 0.0125 nm/pulse at the frequency
of 200 Hz, When the monochromator closes to within 0.0125 nm of the next wave-
length, the remainder is performed by slow scanning mode 0.0005 nm/pulse at the
frequency of 200 Hz.
(3) 700<<PCNT/25
(larger than 8.75 nm between wavelengths)
Slew scanning is performed by fast scanning mode 0.0125 nm/pulse at the frequency
of 500 Hz. When the monochromator closes to within 0.0125 nm of the next wave-
length, the rest is performed by slow scanning mode 0.0005 nm/pulse at the fre-
quency of 200 Hz.
The flowchart for these procedures is shown in Figure 2-3, Then the monochromator is
sequentially slewed to what should be exactly the desired wavelength,

PCNT = (RN;EXT - RNOW ) % Pulse/Angstrom
X1 = 0.005A/7Pulse , X25 = 0.125 A/ Pulse

Fig. 2-3 Motor speed contol between RNOW and RNEXT

Three different slewing speeds are employed so that the wavelength selection is both
rapid and precise. :
(1) x 1,200 Hz; slewing speed 0.1 nm/s

(2) x 25,200 Hz; slewing speed 2.5 nm/s

(3) x 25,500 Hz; slewing speed 6.25 nm/s

¢. Accuracy of sequential slew scan
To check the accuracy of the slew mechanism, the mercury atomic emission lines of
a mercury pen ray lamp were measured with the photomultiplier and SIT detectors.
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Fourteen mercury emission lines at 253.65, 313,16, 313,18, 365.02, 365.48, 366.33,
404.66, 407.78, 434-75, 435.84, 491.60, 546.07, 576.96, and 579.07 nm were sequen-
tially monitored by both detectors. The degree of deviation was shown in Figure 2-4.
Detecting the mercury emission with a photomultiplier, the peak was searched manually.
When the monochromator found the peak, the counter number was read to check the
monochromator wavelength accuracy. After that, the emission line was detected with
the SIT detector by switching the exit lateral mirror. The mercury emission line was
located exactly at the central channel of the SIT detector if the line peak was detected
with a photomultiplier. This procedure was repeated three times, and the results are
plotted in Figure 2-4(1). The results indicates the error of the reading counter was within
0.025 nm.

Input of the mercury emission lines by the teletype was performed in advance, After
the monochromator was calibrated, the error of the counter set under computer control
and the deviation from the OMA central channel (No'. 250) were checked during se-
quential siew scanning. As shown in Figure 2-4(2), and rather large error occured when
the monochromator slewed to the first mercury emission line after the calibration and
when the monochromator returned from the longest mercury emission line to the pre-
vious wavelength. This error is due to the backlash of gears when the scanning direction
changes. If only forward scanning is used for analysis, the accuracy is within 0.01 nm, If
both forward and backward scannings are taken into consideration, wavelength setting
is possible within 0.025 nm, This accuracy is however not enough for the photomultiplier
to detect atomic emission with a 0,001 nm linewidth,

If the photomultiplier is used for the detection of the atomic line, a quartz plate is
set in the optical axis and the deviation is corrected by rotating the plate, H, V.
Malmstadt and his co-workers reported it was poséible to set at a preselected wavelength
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o ] ° ? 8 ° °
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Fig. 2-4 Monochromator wavelength accuracy and deviation from OMA
central channel (No. 25Q0)

(1) Manual

(2) Computer-control
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within an accuracy of 0.02 nm by using a DC motor and an encoder®®, Rotating a quartz
plate by a stepping motor to detect the emission line improved the situation slightly and
accuracy was within 0.017 nm*®, but if the SIT detector is used instead of a photomulti-
plier, accurate monochromator wavelength setting is not required since a 5 nm spectral
window is obtained. This accuracy (within 0.025 nm) of the slew scanning without a
quartz plate is enough, In addition it is a laborious process to find emission peaks by
rotating a quartz plate. For the system being discussed, it takes only 1 minute to slew the
monochromator between 20 analytical lines.

2-2-2  Silicon Intensified Target (SIT} and Optical Multichannel Analyzer {OMA}

Figure 2-5(1) illustrates a cross section of the Silicon Intensified Target (SIT) detec-
tor®, An image is focused on a scintillator and converted to visible light if the radiation
is ultraviolet. The incident visible light generates photoelectrons at the photocathode,
The photoelectrons are accelerated to strike the silicon target by a high voltage (typically
—10 KV), and ion pairs are created on the surface, typically 1500 pairs per electron. The
surface of the silicon target is made of a n-type semiconductor. Although light also
produces ion pairs on the target, an accelerated electron is much more efficient. On the
reverse side of the silicon target, p-type semiconductors are buried as a mosaic pattern in
a silicon dioxide insulator. When the electron beam scans the p-type semiconductors
from the reverse side and charges them negatively, the positive ions of the ion pairs
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Fig. 2-5(3) Scanning pattern showing light-dark correction (Ref. 96)

produced previously on the n-type semiconductor flow to the p-type semiconductor to
neutralize the negative charge. This current, which is proportional to the ion pairs, is read
by the OMA gmplifiers as the vidicon signal® 7359798

The silicon target is 16 mm in diameter, and the effective area is divided into 500
channels as shown in Figure 2-5(2), To correct for the dark current of the SIT detector,
each channel is also divided into a light and a dark half as shown in Figure 2-5(3). One
half of the vidicontarget must be kept dark by inserting a plate in front of the target.
Each channel scan pattern is divided into two parts. The scan from a to b to ¢ reads dark
current, while the scan from ¢ to d to e reads the signal plus the dark current. The two
parts are electronically subtracted and integrated to obtain a voltage proportional to
exposure. The silicon target can integrate the ion pairs until scanning by the electron
beam occurs, and moreover the repetition of the scan enables signals to be accumulated.
The vidicon signal obtained with the SIT detector is digitalized by an analog-to-digital
converter and memorized in the Optical Multichannel Anlyzer (OMA). The analog to
digital converter counts the charge at about 2500 electrons per count, The resulting
minimum detectable signal is about 15 photons:

Serr(M) = 2500 _ - |5 photons/count
SIT Gsir x Qerr(A) /
where
Sgrr(A)  is the number of photons per count
SsiT is the gain of the intensifier stage (typically 1500)

Qsrr(A) is the quantum efficiency for the intensifier photocathode (17% at peak).
The maximum integration per one scanning is 750 counts, while accumulation up to
100000 counts is possible for each channel. The OMA has two memory areas for storing
spectra obtained by the SIT detector [A] and [B] and a subtracted spectrum is obtained
by use of the arithmetic logic in the OMA console [A-B]. It is possible to transfer the
memoerized [A] and [B] spectra and the subtracted [A — B] spectrum to computer in
digital form, and are also to display the spectra on the monitor scope or record on the
X-Y recorder by utilizing the conversion facility.
a. Interface

The OMA has signal inputs and outputs available on its back panel to present mea-
surement data in both analog and digital form and allow remote programming of most
OMA functions. Analog output signals are designed to display all 500 channels in graphic

- 25 —



form on CRT displays and X-Y recorders. Digital outputs present a single channel] of data
with 20 bit, 5-digit Binary Coded Decimal (BCD) word, Table 2-4 shows the directions
necessary for an external control. For example, accumulation of OMA {A] memory area
starts by emitting the TTL level pulse from bit 6 of the CPU to pin number 50 of the
OMA PROGRAM. After that, digital data are transferred from the OMA to the CPU as
shown in Table 2-5, Table 2-5 includes the confirming signal which returns from the OMA
to the CPU.

b. Features of Silicon Intensified Target and Optical Multichannel Analyzer for sequen-

tial slew scan multielement analysis

The sequential multielement analysis procedure by a rapid slew scan method with a
programmable monochromator has been developed by other workers®® 61:%%1% The glew
scan method is convenient for rapid sequential multielement analysis and has more
inherent flexibility for multielement detection than the well-established direct reading
method where only fixed wavelengths of the desired elements are available, However,
this technique lacks the necessary precision to measure atomic emission with linewidth
0.001 nm using the conventional exit slit-based photomultiplier detection system. The
precision of wavelength measurement is limited to 0.02 nm, even if accurate Wavelength
setting is achieved by a stepping motor®® or a DC motor with an encoder™, If the exit
slit-based photomultiplier is used for the detection of the atomic line, a quartz plate is
necessary to accurately locate the atomic line. After the signal is found out by rotating
the plate, the intensity of the signal is measured over a certain period of time, When the
signal is buried in many sharp background emissions, it is possible that the background
peak may be mistaken for the signal. This is so especially when the signal is weak. To
discriminate the signal from the background, the following two ways, which obtain the
profile around the wavelength, are designed so far.

{1) The grating is stopped temporarily before the monochromator arrives at a
preselected wavelength, and data acquisition is performed while the monochromator is
scanning gradually narrow wavelength region around the wavelength,

(2} The grating remains at a preselected wavelength, and a quartz plate inserted
into an optical path scans repetitively narrow wavelength region around the wavelength.
Data acquisition is synchronized with the vibration of the plate®'%*%! The maximum

Table 2-4 Commutating signal from CPU to OMA
Pin number of OMA

Bit of CPU Function OMA PROGRAM OMA OUTPUT

0-2 {not used) -

3 [B] elase 49

4 [A] elase 48

5 [B] accumulation 24

6 [A] accumulation 50

7-8 {not used)

9 request data 22
10 set cursor zero «+e 49
11 move cursor — 23
12 real switch 47
13 [A — B] switch 38
14 [B] switch 13
15 [A] switch ) 14

— 26 —



Table 2-5 Transferring digital data and confirming signal from OMA to

CcPU
Pin number of OMA
Bitof CPU _ Function OMA PROGRAM OMA OUTPUT
0 DIG 01 1
1 DIG 02 2
2 DIG 04 26
3 DIG 08 27
4 DIG 11 3
5 DIG 12
6 DIG 14 28
7 DIG 18 29
8 DIG 21 ’ 5
9 DIG 22
10 DIG 24 30
11 DIG 28 ) 31
12 real switch 47
13 [A — B] switch 38
14 [B] switch 13
15 [A] switch 14
0 DIG 31 7
1 DIG 32
2 DIG 34 32
3 DIG 38 33
4 DIG 41 9
5 DIG 42 10
6 DIG 44 34
7 DIG 48 15
8 sign 11
9 data ready ‘ 39
10 input busy 29
11-15 {not used)

scanning speed to produce an exact trace of a spectrum is equal to the bandpass divided

by the response time. Roughly four time constants are required to achieve a 98% response
for the peak height!%?,

Maximum scan speed = bandpass [ response time
= bandpass [ (4 x time constant)

For example, when the peak is measured using a bandpass of 0.03 nm and a time constant
of 2 s, the maximum scan speed is 0.22 nm/min. According to the former (1) way, it
will take at least one minute to measure the profile of 0.22 nm wavelength region. As the
real time to use for measuring the signal is very short, sensitivity is also poor. In the case
of the latter (2) way, the consumption of time goes down and sensitivity is improved by
accumulation. However, it is rather difficult to discriminate the signal from the back-
ground by the information of the narrow profile (maximum 0.3 nm). As the background
spectrum of ICP source is very complex, this problem becomes all the more severe.



Even if the wavelengih setting was attempted as accurately as possible by a small
wavelength change of 0.0005 nm per pulse, an error within 0.025 nm would be inevitable
(2-2-1c.}. In this study, to avoid the error it was decided to adopt the SIT image detector
in the slewing system instead of the PMT detector. The spectral window of § nm is
obtained simultaneously. The application of the SIT detector to the sequential slew scan
technique has not been done yet.

In order to take advantage of the SIT image detector for simultaneous miltielement
analysis, relatively low dispersion monochromators which provide a spectral window
generally greater than 20 nm have been preferred (Table 2-6). As the channel number of

Table 2-6 Comparison of a spectral window and a dispersing instrument

T. L. Chester®)
K. M. Aldous® F. L. Fricke?? H. Haraguchi K. W. Busch®
D. G. Mitchell  O. Rose, I1. J. D. Messman N. G. Howell
K. W. Jackson  J. A, Caruso J. D. Winefordner G. H. Morrison This Study

. Reciprocal Linear

Dispersion 13.2 5.5 31 1.6 0.4
{nm/mm)

Spectral Win(c::?:; 165 69 39 20 5

R“E’;‘r’;}‘éﬁmel) . 0.33 0.14 0.08 0.04 0.01

G'a(gi’goves fmm) 295 590 590 1180 2400

Focal Lergth 250 300 150 500 1000

a) Ref. 83, 103, 104
b) Ref, 105, 106

c) Ref. 107

d) Ref. 17, 108-113

the SIT is restricted to 500 channels, enlarging the spectral window sacrifices the resolu-
tion. To get sufficient resolution for atomic spectroscopy, the spectral window was
limited to 5 nm in this study. The signals obtained by the SIT detector are processed in
the OMA, and are désigned to be presented in both analog and digital forms. The OMA
has two memory areas, that is, [A] memory and [B] memory. The spectrum obtained
by the SIT for the sample plus background is accumulated and stored in [A] memory.
Next, the spectrum obtained by the SIT for only the background is accumulated and
stored in [B] memory. Noise can be reduced by integration and accumulation, As is
shown in Figure 2-6, signal over noise is imptroved in proportion to the square root of the
accumulation times, By subtracting the two spectra memorized in [A] and [B] memo-
ries, the spectrum for only the sample is obtained. As these three different spectra are
displayed on an oscilloscope, the interpretation of the signal and the background is
possible, Data in digital form can be readily processed by a computer. So far, from [A]
spectrum that is due to the sample plus background, the signal was seeked by measuring
the profile®1%:191 1y this paper the background corrected [A — B} spectrum, that is
only due to the sample, is-used to perform analysis. Adding one step to subtract the back-
ground is extremely helpful to get the net signal. Although a high resolution monochro-
mator reduces the spectral window, some spectroscopic element lines, which are within
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Fig. 2-6 §/N improvement by accumulation (integration time is fixed to
32.8 ms)

a 5 nm range, are observed simultancously and the important capability of simultaneous
multielement analysis is retained.
¢. Comparison of responsivity of Silicon Intensified Target and Photomultiplier Tube
Comparison of responsivity between the Silicon Intensified Target (SIT) and the
Photomultiplier Tube (PMT) requires conversion of the appropriate mathematical expres-
sions to the equivalent format!'>. Assuming the PMT signal conversion from amperes to
counts-is made by the OMA circuit, an expression for the responsivity of the PMT can be
derived in digital form. The digital responsivity for 2a PMT (Rppr) is given by:

Rpmr = QPMT(?\) Gpmr e D I 1/!?0] counts/photon

where
Opyr(M)  is quantum efficiency of the photocathode of PMT
OpmT is the gain of the dynode chain (2.5 x 10%)
e is the charge of electron (1.6 x 1971 coulombs)
b is conversion factor (8.0 x 10! counts/ampere)
({1 count/2500 electron) x (1 electron/ 1.6 x 107'® coulombs)
x (3.2 x 1075 5 for conversion))
to is the time of observation.
The time equivalent to a vidicon frame scan period is given as 3.28
x107%s,

Numerical substitutions for the variable reduces to:
Rpmt = Qemr(R) x (0.98) Eq. 1
The responsivity for a SIT (Rgpy) is given by:

Rerm = Zstt(A) Gsrr Lte ] 2]

counts/photon
2500 fp

where
Qgrr(A) is quantum efficiency of the intensifier photocathode
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Ggrr is the gain of the intensifier stage (Typically 1500)

te is exposure time of a channel (3.28 x 107% 5)
ty is signal readovt time for a channel (3.2 x 107% ).

By substituting the variables, the SIT vidicon responsivity { Rgrp) expression reduces to:

Rgrr = Qsrr(M) x (0.6 x 10°) Eq. 2

The quantum efficiency of the SIT is dependent on the characteristics of the photo-
cathode, the fiberoptic faceplate, and the scintillator screen. A plot of the two digital
responsivity expressions Eq. 1 and Eq. 2 vs. wavelength yields the curves shown in Figure
2.713 i

In the ultraviolet region (below 380 nm) the guantum efficiency of the PMT is
better than that of the SIT due to rapid decrease of SIT responsivity with decreasing
wavelength. Further improvements in SIT UV response may alter the situation. The
PMT’s guantum efficiency decreases in the visibie region where the SIT reaches the
optimum spectral responsivity. The responsivity of the SIT is nearly equivalent or better
than that of the PMT over the visible wavelength range (above 380 nm). It is of course
possible to choose a PMT more sensitive to visible radiation at the expense of UV re-
sponsivity,

SIT Vidicon

Spectrl Responsivity, Counts / Photom
<
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Fig. 2-7 The comparison of the spectral responsivity between PMT and SIT
detectors (Ref. 113}
PMT; Photomultiplier RCA 1P28 (This charactaristic is similar to Hamamatsu R919,
which is used in this study.)
SIT; Silicon Intensified Target PAR 1205D/01
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2:2-3 Sample introduction system

To introduce a sample automatically into the ICP source, an autosampler was em-
ployed. The autosampler introduces the sample and distilled water alternatively. In this
study two pracedures for quantitative analysis were selected namely 3 point standardiza-
tion and 2 point standardization. The 3 point standardized methed is primary designed
for accurate single element analysis, whereas the 2 point standardized method is used for
multielement analysis in conjunction with the slew scan technique, According to the
quantitative method, the samples are arranged in advance.

(1) 3 point standardization

The setting for 3 point standardization is illustrated in Figure 2-8. Standard solu-
tions at three different concentrations are used to construct the analytical curve for
analysis of test samples (n) and blank samples (k). A check sample is set at the head of
the sequence to obtain the desired light intensity by the sequentially adjustable filter.
Standard solutions are arranged with the higher concentrated solution coming first. If
necessary, blank solutions follow the samples, Analytical curves are obtained by the least
squares method for three data points. The average intensity of the biank samples can be
subtracted from the intensity of the test samples.

(2} 2 point standardization

The setting of samples for 2 point standardization is illustrated in Figure 2-9. One
standard solution and the origin of the coordinated system are used to prepare the
calibration curve, The test sample is measured before the standard solution in order to
set the sequentially adjustable fiiter at a position to obtain adequate light for detection.

The procedure, by which the autosampler alternates between the sample and distilled
water, is shown in Figure 2-10. There are four choices in rinse time, i.¢. 3, 6, 15, and 30
seconds according to sample requirements.

2-2-4 Recording system
The analog signal detected by the SIT is converted to a digital signal in the OMA,
The spectra memorized in the OMA are transferred to and averaged in the CPU. The

Distilled

Fig. 2-8 Autosampler positions for the 3 point standardized method
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Distilled

Fig. 2-9 Autosampler positions for the 2 point standardized method

CPU Autosampler

[Aspirate Distilled Water I'—‘
{0 bit Start Signal {7 pin Receive Signal |
[Move o Sample ]

Measure «—{4 pin Ready Signal ]
—
A Spectrum 7 pin Receive Signal |

T
[Move to Distilled Water |

Measure k—{7 pin Ready Signal |
0 bit
B Spectrum

No END Yes

Fig. 2-10 Computer-controlled movement of autosampler

0 bit

maximum number of OMA spectra that can be transferred is 50 and the time required is
about 200 seconds. The averaged spectra are recorded on & X-Y recorder through a DfA
converter. Output of the X-axis voltages enters pin numbers 12 and 24 and output of
the Y-axis voltage enters pin numbers 10 and 22 of the X-Y recorder. In addition to the
spectrum, the scale factor is printed out on the head of the spectrum, Pen up and down
are controlled by emitting a TTL level signal (+5V) from bit 2 of the CPU to pin numbers
1 and 13 of the X-Y recorder. Paper feed is also controlled by emitting a TTL level signal

—32 -




(+5V)} from bit 1 of the CPU to pin numbers 3 and 15 of the X-Y recorder. On the
contrary, a confirming signal of the paper feed end returns from pin numbers 3 and 15 of
the X-Y recorder to bit 1 of the CPU,

If necessary, the spectrum obtained by the SIT is recorder off line, and the analog
signal detected by PMT is monitored by a recorder after DC amplification,

2-2-5 Data storage .

[A] and [B] spectra obtained by the SIT detector are stored on paper tape or
magnetic tape. Parameters are also stored for each preset wavelength before spectral data
are obtained. Real parameters such as wavelength, standard solution concentrations, and
specified intensity level are expressed by two words or four bites (32 bits, since 1 word
is 16 bits and 1 bite is 8 bits). Integral parameters such as the name of the element,
method of treatment of data, and the number of samples are expressed by one word or
two bites (16 bits), A spectral datum for one channel is expressed by two words (32 bits)
as a real number. Total 500 channels occupy 1K words or 2K bites. As {A] and [B]
spectra are recorded at the same time, 2K words or 4K bites are necessary for one sample
and distilled water. One record is formed by the maximum 59 words and the record
length is recorded on the head, Therefore, [A] and [B] spectra consist of 34 records
{2000/59 = 33.9). Paper tape is punched by binary format shown in Figure 2-11. A break
of the records is revealed by four feed holes.

1 channel

SIS0 70156
9149 6@l4@
elie 58136
el2e i012e
<—  elle 3elle
-] o
e106 20100
® 90 10 9e
e 5o 08 8¢

bit

(2 ol N R PR S e

bit

Fig. 2-11 Punch out format of a spectral datum for one channel. It is ex-
pressed by two words (32 bits)

After a part of the software format is modified for reception by the host computer,
digitalized data for 500 channels are printed out and plotted. Subtracted [A-B] spectral
data are also printed out and plotted together with [A] and [B] spectral data. The
digitalized data are useful for various arithmetic calculations.

2-3 Analytical procedures

FORTRAN (formula translation) and ASSEMBLER are used for the program lan-
guage. Figure 2-12 shows the flow chart of the analytical procedure. There are six com-
mands such as CALIBRATE, SET, LIST, RUN(A), RUN(B) and END. After monochro-
mator scanning is calibrated using the Hg emission lines, various parameters are set and
confirmed by listing. For quantitative analysis two alternative standardized methods
have been prepared, Three point standardized method [RUN(A)] requires three standard
solutions at different concentrations, This method is primary designed for single element
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Fig. 2-12 Flow chért for analytical procedure

analysis of many samples. This method requires a longer time but is more reliable than
the two point standardized method. The two point standardized method [RUN(B)] is
more convenient for rapid multielement analysis in conjunction with the slew scan
technigue.

Before input of a command, preliminary steps are necessary, Samples are arranged
in the autosampler as shown in Figures 2—8 and 2—9 according to thé guantitative
method, and the rinse time is selected (3, 6, 15 and 30 seconds) by a dial. The level of
the peak sensor is set so that the sensor can detect the 253.65 nm mercury emission fine
in the second order {507.30 nm)using the PMT, The intensity of the second order line
is weaker than that of the first order. If the level is set for the second order line, the
first order line can also be detected, The level is used for calibration of monochromator
scanning, After the level is set, the monochromator returns to around 253.00 nm wave-
length (below 253,65 nm within 3 nm} and is connected to the CPU. The delay and
preset switches of the OMA console are selected to 0 and 125, respectively. This setting
provides 32.8 ms integration and 125 times accumlation. It takes 4.1 s to obtain one
spectrum [{delay+1) x preset x 32.8 ms]. Both X and Y input ranges of the X-Y recorder
are preset at 0.5 mV/cm, The following explains each command briefly.

2-3-1 Calibration of the monochromator wavelength scanning

Under computer control the mercury emission line at 253.65 nm and the second
order line corresponding to 507.30 nm are searched by a photomultiplier., Between the
photomultiplier and the computer an interface is installed to monitor the mercury
emission lines. The interface transmits a TTL level signal to the computer when the
photomuitipiier receives the signal above the level set in the initialization step. The com-
puter calculates the pulse counis for moving 0.1 nm wavelength and prints out the pulse
counts on the teletype.
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2-3-2 Input and output of parameters
After monochromator scanning is calibrated, the following parameters are set for

each wavelength from the teletype.

ftem | is measuring number: The maximum number is 10,

Item 2 is the name of the element: The sequence terminates by the input of END mark.

Item 3 is the wavelength at the central channel of the SIT detecator: It is variable from
1500 to 7000 in angstrom unit.

Items 4-6 are the three different concentrations of standard solutions with the higher
concentration coming first for 3 point standardization.

Item 4 is the single concentration of a standard sclution for 2 point standardization.

Items 7-8 determine whether the outputs of the X-Y recorder are necessary or not for
standard solutions and samples respectively: It is possible to select the following
eight parameters.

0; without spectra 4; only [A — B] spectrum
1; only [A] spectrum 5; [A] and [A — B] spectra
2: only {B] spectrum '6; [B] and [A — B] spectra
3, [A] and [B] spectra 7. [A]l, [B] and [A — B] spectra
ftem 9 decides whether storage on PT (paper tape) or MT (magnetic tape) is necessary
or not:

0; without storage
4; stored on PT
8; stored on MT
Item 10 designates the number of times spectra obtained by the SIT are transferred from
the OMA to the CPU for accumulation: The maximum number is 50.
Item 11 identifies the side background which can be subtracted from the peak [A — B]
signal to obtain the real intensity:
1; longer wavelength side
[from central channel-14 (usually 236) to central channel-10 (usually 240)]
2; shorter wavelength side _ ’
[from central channel+10 (usually 260) to central channel+14 (usually 264)]
3; both wavelength sides
Items 12-13 are the numbers of test and blank samples respectively: The variable range is
is from 1 to 20 for test sample and from 0 to 20 for blank sample.
Item 14 is the minimum intensity level used to judge whether the peak in the spectrum
obtained by the SIT detector is registered or not in the CPU: The maximum
figure is 98000.
Items 15-16 designate whether the side background defined by item 11 is corrected or
not in calculating the concentration,
I; Net intensity is used to calculate the concentration without side-background
correction.
2; Real intensity is used to calculate the concentration with side-background
correction,
In order to confirm the input of paramterrs a complete list of parameters is possible,

2-3-3 3 point standardized method

The analytical procedure for 3 point standardized method is shown in Figure 2-13,
Once the run{A) “command RA” is entered from the teletype, the monochromator slews
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Fig. 2-13 Flow chart for the 3 point standardized method

sequentially to preselected wavelengths. The slew scanning continues automatically until
the wavelength setting command reaches END (Parameter of item 2). When the mono-
chromator stops at a certain preselected wavelength, only parameters at the wavelength
are stored on paper tape or magnetic tape (Parameter of item 9). The CPU activates the
real display switch of the OMA and changes the autosampler to a check sample, The
highest concentrated standard solution or test sample is used for the check sample. While
the check sample’s spectrum obtained by the SIT is monitored on the oscilloscope, the
sequentially adjustable filter is set to obtain adequate light for detection. After the
adjustment of the filter is completed, the autosampler changes to distilled water by input
of an arbitrary character (ex. GO) on the teletype. After the preset rinse time has passed,
the autosampler changes to the first standard solution and [A] spectra measured by the
SIT are transferred to and averaged in the CPU (Parameter of item 10). During the
measurement oscilloscope. Next, the autosampler changes to distilled water and [B}
spectra are measured in the same way. Figure 2-14 shows how to transfer the SIT data to
the CPU. The highest concentrated standard solution in three standard solutions is
measured at first to locate peaks above the specified level (Parameter of item 14) from
[A-B] spectrum. At this stage channel numbers to locate peaks are determined and
hereafter other channels are ignored even if large peaks are observed at different channels.
Net intensity, side background and real intensity at the determined channel are stored
in the CPU. Net intensity is the peak value in the [A — B] spectrum, and the side back-
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Fig. 2-14 Flow chart for transfer of SIT data to CPU

ground in the [A — B] spectrum is the average value for 5 channels located on either
side of the central channel, Usually channel numbers are 236—240 and 260— 264.
Wavelength separation between the central channel (250) and channel 236 (or 260) is
0.1 nm and for channels 236— 240 (or 260—264) is 0.05 nm, The real intensity requires
subtraction of the side background from the net intensity. The side background can be
selected from the longer wavelength side, the shorter wavelength side or both sides in
advance (Parameter of item 11). To save memory area, [A] and [B] spectra obtained by
the SIT detector are stored in the same area as the previous [A) and [B] spectra, and the
previous spectra are erased. In order to preserve [A] and [B] spectra storage on paper
tape or magnetic tape is possible as described in 2-2-5 (Parameters of items 7 and 8).
When {A) and [B] spectra are recorded on the X-Y recorder, the full scale factor is
always 100,000 counts, but the full scale factor for the [A — B] spectrum is determined
by the maximum peak counts of the highest concentrated standard solution, which is
measured at first, in three standard solutions. The scale factor is also recorded on the
head of the spectrum in addition to the [A — B] spectrum. During output of the spectra
to PT, MT or the X-Y recorder, the [A — B] spectrum is visualized on the oscilloscope
automatically and [A] and [B] spectra can also be displayed by pushing the desired
button of the OMA console. The measurements of [A] spectrum (sample) and [B]
spectrum (distilled water) are repeated for three standard solutions, test samples, and
blank samples (Parameters of items 12 and 13). Net intensity, side background, and real
intensity are obtained and memorized for each peak channel number, In this case, the
channel number to locate peaks is determined by the highest concentrated standard
solution. The peak channel is chosen from the [A — B] spectrum within *1 channel.
After all samples are measured at the preselected wavelength, the following calculations
are performed for each peak channel: the concentration of the standard solution divided
by the intensity, analytical curves obtained by the least squares method for three stan-
dard solutions, and the average intensity of blank samples. The selection of peak intensity
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and real intensity during calculation is conducted when the parameters are set {Para-
meters of items 15 and 16). The concentration of the test sample for each peak channel
is calculated from the analytical curve by using the subtracted intensity of the average
value of the blank samples. All results are printed out of the teletype along with the
memorized data in the CPU.

2-3-4 2 point standardized method

The analytical procedure for the 2 point standardized method is shown in Figure
2-15. Once the run(B) “command RB” is entered from the teletype, the monochromator
slews to preselected wavelengths and the autosampler introduces the test sample to the
plasma, While the sample’s spectrum obtained by the SIT is monitored on the oscillo-
scope, the sequentially adjustable filter is set to obtain adequate light for detection.
After adjustment of the filter is completed, the measurement of [A] spectrum starts by
input of an arbitrary character (ex, GO) on the teletype. In the case of the 2 point

standardized method, the test sample is measured at first and doubles as a check sample -

unlike the 3 point standardized method {2-3-3). The {A) spectrum measured by the SIT
Vis transferred to and averaged in the CPU (Parameter of item 10). During the measure-

i =
[Slew Scan from RNOW tc RNEXT |

Measure A Spectrum ]
¥
[Measure B Specirum ]

Yes

Standard Solutio

[Store Tesi Spectrum ]
']
——{Outpul Spectra to XYRecorder,PT,MT]

¥
[Locate Peaks above Specified Level |

[ ]
. Store Peak Channel, Net Intensity,
Side Background and Real Intensity
'

[Output Spectra to XYRecorder,PT, MT |
Y
[Call Stored Test Spectra |

lLocatf Peaks above Specified Level ]

Store Peak Channel, Net Intensity
Side Background and Real Intensity
!

[Calculate the Concentration ]
[Qutpul the Results to TTY |

Fig. 2-15 Flow chart for the 2 point standardized method
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ment of the [A] spectrum, the spectrum can be visualized on the oscilloscope, Next, the
autosampler changes to distilled water and the [B] spectrum is measured in the same
way. Figure 2-14 shows how to transfer the SIT data to the CPU. As only one standard
solution is used for measuring one test sample, the total number of spectra is less than
that of the 3 point standardized method. This enables the [A] and [B] spectra for the
test sample to be memorized using different memory areas. Independently, storage of the
[A] and [B} spectra on paper tape or magnetic tape is possible as described in 2-2-5
(Parameter of item 9). The X-Y recorder can be used for records of the [A], [B], and
[A — B} spectra as described in 2-2-4 (Parameters of items -7 and 8). When the [A] and
[B] spectra are recorded on the X-Y recorder, the full scale factor is always 100,000
counts, but the full scale factor for the [A — B] spectrum is determined by the maximum
peak counts of the sample. In the case of the 3 point standardized method, the full scale
factor of the [A — B] spectra for the test samples is determined by the highest concen-
trated standard solution (1-3-3). Whereas, in the case of the 2 point standardized method,
differeni full scaie factors of the [A — B] spectra for the test sample and the standard
solution are determined by the maximum peak counts, respectively. During output of
the spectra to the PT, MT, or the X-Y recorder, the [A], [B], and [A — B] spectra can
be displayed on the oscilloscope in the same way as for the 3 point standardized method
{20303). The measurements of the [A] and [B] spectra are repeated for the standard
solution. From the [A — B] spectrum, peaks above a specified level (Parameter of item
14} are located. At this stage channel numbers of the peaks are determined. The net
intensity, side background and real intensity at the appropriate channels are stored in the
CPU. Output of the spectra for the standard solution to the PT, MT, or the X-Y recorder
is possible in the same way as for the test sample. The {A] and [B] spectra for the test
sample, which are stored at different memory areas, are recalled and the peak channels
are chosen from the [A — B) spectrum (peak channel within *1). The net intensity, the
side background and the real intensity at the channels are stored in the CPU. In this
case, other peaks, whose intensities are greater than the specified level, but were not
observed in the standard solution, are also registered in the CPU unlike the 3 point
standardized method (2-3-3). The channel number, the net intensity, the side background
and the real intensity are also stored. After all samples are measured at the preselected
wavelengths, the conceniration of the fest sample is calculated by using the anatytical
curve which is derived from one standard solution and the origin of the coordinate sys-
tem. All results are printed out on the teletype along with the memorized data in the
CPU. The slew scanning continues automatically until the wavelength command reaches
END (Parameter item 2).

2-3-5 Experimental results

This section shows examples of the analytical procedure. Representing the major
constituents of a digested plant sample, a synthesized solution containing Ca 200,
K 150, Mg 60, P 20, and Zn 1 pg/m! was prepared. The test sample was measured by the
3 point standardized method and the 2 point standardized method.
a. 3 point standardized method

Figure 2-16(1) shows a printout of the multielement analysis program, Capital letters
represent the input command from the teletype, and small letters the output of the
computer. The output “NEXT?” represents the request for a command. CA is the com-
mand for calibration (2-3-1). The computer calculates the pulse counts for moving 6.1 nm
and prints out the pulse counts on the teletype. As one pulse corresponds to 0.0005 nm,
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*#%% MULTIELEMENT ANALYSIS PROGRAM *##

NEXT?

CA

STEP/ANGSTROM=200.015

NEXT?

ST

01 ZN 2135.00510.54 442320600022
02 END

KEXT?

LI

NO NAME WAVE(A) D1(PPM) D2(PPM} D3(PPM) vS VT DT IN SB NT NB LEVEL FS FT

1 Zn 2135.00 5.00000 1.00000 .50000 4 4 4 2 3 2 0 6000 2 2
NEXT?

RA

Fig. 2-16 (1} Example of the 3 point standardized method

the pulse counts for moving 0.1 nm should be 200. However there are slight day to day
variations in this count number, ST is the command for setting of the parameters, The
parameters set in the examples are explained as follows (2-3-2):

01 is the measuring number.

N is the element symbol.

2135.00 is the wavelength (A) at the central channel of the SIT detector.

5 1 0,5 are the three different concentrations (pg/m!) of the standard solutions.

T] requests the X-Y recorder output for only the [A — B] spectrum.

4 decides storage on PT (paper tape).

2 . designates that the data transfer from the OMA to the CPU is performed
1 s twice (i.e. number of accumulation is 2).

3 designates that the side background at both the high and low wavelength

side of the analytical line is subtracted from the net signal.
2 represents the number of test samples.
0 corresponds to the number of blank samples,

6000 If the intensity in the [A — B] spectrum is above 6,000 counts, the peak is

registered in the CPU.

272 designates that the side background is corrected for in calculating the

concentration. ' .

To confirm the input of parameters, the list command LI may be used. Once the
run(A) “command RA™ is entered from the teletype, the monochromator slews se-
quentially to preselected wavelengths and analysis is performed. Figure 2-16(2} shows the
spectra recorded on the X-Y recorder. Standard solutions at the concentrations of 5, 1,
and 0.5 pg/m/ Zn were used to construct the analytical curve for analysis of Zn in the test
sample (2-3-3). The figure recorded on the head of the spectrum represents the full scale
factor. This factor was determined by the maximum peak count of the highest concen-
trated standard solution (Zn 5 ugfm!), On account of the Ca far scatter light, the back-
ground level for the test sample increased. After measurement was completed, the results
were printed out on the teletype as shown in Figure 2-16(3). The data included the peak
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Fig. 2-16 (2) Example of the 3 point standardized method

intensities of the [A], [B], and {A — B] spectra. The [A — B} peaks are referred to here
as the net intensity. The side background is the average value for 5 channels located on
either side of the central channel (2-3-3). The real intensity requires the subtraction of
the side background from the net intensity. The numbers in the last column correspond
,tolthe gradient of the straight line which links the measurement point for the particular
concentration with the orgin of the coordinate system. The values were used for check-
ing linearity. The analytical curve (gradient=.7926 x 107% intercept = 3441 x 107!} is
obtained by the least squares method, and the concentration of the test sample is calcu-
lated from the analytical curve. Because Ca far scatter light causes the plasma background
level to increase at the Zn wavelength the side background for the test sample was rather
high (Test sample 1= 4146, Test sample 2 =4099), and analytical results would be in
error if correction was not performed. Correction for the side background increase may
enable accurate analytical results to be obtained.
b. 2 point standardized method

Figure 2-17(1) shows a printout of the multielement analysis program. The format is
almost the same as the 3 point standardized method. However, in this case a single stan-
dard solution is required (2-3-2). Figure 2-17(2) shows the spectra recorded on the X.Y
recorder. The standard solution at the concentration of 1 gg/ml Zn was used for analysis
of Zn in the test sample (2-3-4). The figure recorded on the head of the spectrum re-
presents the full scale factor. The factors of the test sample and the standard solution
were determined by the maximum peak counts, respectively. After the measurement
was completed, the results were printed out on the teletype as shown in Figure 2-17(3).
One standard solution and the origin of the coordinate system was used to prepare the

— 4] —



NEXT?

RA

60

NAME (

STANDARD SAMPLE 1 {5.00000
CHANNEL PEAK (A} PEAK (B}

PPM)
PK{A-B) BACK GD

ZN) WAVE(2135.00) LEVEL( 6000) SIDE-BAND(3) MODE({2,2}

218 76288 13780
STANDARD SAMPLE 2 (1.00000
CHANNEL PEAK(A) PEAK({B)

62507
PPM)
PK{A-B) BACK GD

-121

218 26085 13746
STANDARD SAMPLE 3 { .50000
CHANNEL PEAK{A) PEAK(B)

218 19575 13890
PEAK CONCENTRATION EQUATION

.7926E-04 .3441E-01
TEST SAMPLE 1
CHANNEL PEAK(A) PEAK(B)

PPM)

PK(A-B) BACK GD INTEN

5685 1

INTEN A
62629 .798E-04
INTEN A
12399 .798E-04
A
5684 .BBOE-04

CONCENTRATION=A*PEAK+B

PK(A-B) BACK GD

INTEN TES-BLN CONCENT

218
TEST SAMPLE 2
CHANNEL PEAK(A) PEAK(B)

30785 13874

16911 4146

PK(A-B) BACK GD

16517 4099

12765 12765 .105E+(Q1

INTEN TES-BLN CONCENT

12418 12416 .102E+01

Fig. 2-16 (3) Example of the 3 point standardized method

**% MULTIELEMENT ANALYSIS PROGRAM ***

NEXT?

CA
STEP /ANGSTROM=200.034
NEXT?

01

02

NE

LI

ZN 2135,00 1004442
END

XT?

310600022

NO NAME WAVE(A) D1{PPM) D2(PPM) D3(PPM) VS VT DT IN SB NT NB LEVEL FS FT

1 ZN 2135.00 1.00000 00000 ooNO0 4 4 4 2 3 1 0 6000 2 2
NEXT?

RB

Fig. 2-17 (1) Example of the 2 point standardized method
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Fig. 2-17 (2} Example of the 2 point standardized method

NEXT?
RB
60

NAME( ZN} WAVE(21353.0Q0) LEVEL( 6000) SIDE-BAND({3) MODE(Z,2)

STANDARD SAMPLE {1.00000 PPM)
CHANNEL PEAK(A} PEAK(B} PK(A-B) BACK GD INTEN

" i o o o o o o o o o o - P Y o o m ——

220 24876 12903 11973 ~-21 11994
TEST SAMPLE

«334E~-04

CHANNEL PEAK(A)} PEAK(B] PK(A-B) BACK GD INTEN CONCENT

220 29366 12974 1392 4125 12266
OTHER PEAKS

112 13331 9419 9412 3979 5433
244 19903 8037 11865 4011 7854
483 31415 6913 24502 $555558% $3358S58

Fig. 2-17 (3) Exampie of the 2 point standardized method
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analytical curve, The printout format was also the same as the 3 point standardized
method. However, in this case additional peaks due to the presence of other elements
in the test sample could also be monitored, Other peaks at 112, 244, and 488 channels
were identified as the P and Ca lines at 214.9, 213.6, and 211.3 nm, respectively.

— 44 -




CHAPTER 3 Studies of Atomic Emission Spectroscopy
Using Nitrous Oxide-Acetylene Flame

3-1 Introduétion

The silicon intensified target tube (SIT) coupled with an optical multichanne] ana-
lyser (OMA) has been utilized as a detector system in emission 52:63:105.106,108-113 oy 00y
tion 8103104 444 fluorescence'®” spectroscopic studies. Attractive analytical features of
the SIT detection system, which have been well documented in the reports from Morrison
and his co-workers'®®™1"? and include the simultaneous multielement analysis capability,
the facility to comect for spectral and background interference and detection power
equivalent to the photomultiplier tube (PMT) in the visible region, although detection
performance is relatively poorer in the ultraviolet. As is well known* "%, the standard SIT
image detector consists of about 500 light sensitive elements (channels) within an area of
approximately 62.5 mm? (length 12.5 mm, height 5 mm) so that when situated in a
dispersing instrument, simultaneous detection of atomic lines is possible. The range of
wavelengths which are detected simultaneously is determined primarily by the reciprocal
linear dispersion (RLD) of the monochromator. In order to take advantage of the SIT-
OMA system for simultaneous multielement analysis, relatively low dispersion monochro-
mators which provide a spectral window generally greater tharn 20 nm have been preferred
(2-2-2b.). The use of the low-dispersion monochromator, however, may result in severe
spectral interference in atomic emission spectroscopy in high temperature media, particu-
larly in inductively coupled plasma emission spectroscopy.

In the present study, the SIT-OMA system has been combined with a medium resolu-
tion monochromator (focal length, 1 m; RLD, 0.4 nm/mm) to evaluate detectability
performance. The use of the medium resolution monochromator reduces the spectral
region spatially detected by the SIT-OMA system (5 nm for present instrumentation) and
sacrifices to some extent the capability for simultaneous multielement analysis.

We have developed a programmable monochromator controlled by a minicomputer,
where a slew scan technique was employed as has been reported by other workers®® 1%
The programmable monochromator of the slew scan type is convenient for rapid sequen-
tial multielement analysis and has more inherent flexibility for multielement detection
than the well-established direct reading system where only fixed wavelengths of the
desired elements are available!', However, the slew scan technique suffers from the
problem of irreproducibility in wavelength setting, precision being limited to +0.1 nm,
as has already been pointed out®®®! To avoid the error caused by irreproducible wave-
length setting in the slit-based spectrometer, it was decided to adopt the SIT as the
spatial detector in the slew scan system. The important capability of simultaneous multi-
element analysis is still retained provided. element lines are within a 5 nm range for the
present instrumentation (2.5 nm from the central OMA channel).

In this study, the analytical performance of the SIT-OMA detector is considered
when combined with the programmable monochromator system. The nitrous oxide-
acetylene flame was selected as the excitation source for initial studies,
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3-2 Experimental

3-2-1 Instrumentation

The experimental system is shown in Figure 3-1. A nitrous oxide-acetylene flame was
supported on a burner assembly (5 ¢cm slot burner) of a commercially available spectro-
photometer (Shimadzu AA-650). The monochromator (Jobin Yvon HR 1000, focal
length, 1 m) has dual entrance and exit slit ports and was equipped with a holographic
grating (2400 grooves/mm); the desired optical path was selected by mirrors positioned
beside the entrance and exit slits. The enirance slits were used to receive radiation from
the flame and a mercury pen lamp, respectively, the latter being used for wavelength
calibration of the monochromator scanning system. The flame focused on the entrance
slit was imaged down 2 factor of 2 using a singlé spherical silica lens (diameter, 60 mm;
focal length, 219 mm). The SIT detector tube (Princeton Applied Research Co., SIT
1205D/01) and a standard photomultiplier Hamamatsu TV Co., R 919) sensitive to
ultraviolet and visible light were positioned at the exit slit ports. The slit unit was re-
moved in the former case and a plate was equipped on the SIT adaptor to obstruct 50%
of the incident light to enable dark current correction. The lateral length of the SIT
detecter was 12.5 mm for the monochromator RLD of 0.4 nm/mm and a 5 nm spectral
window was obtained, The resolution power for the SIT, 0.032 nm, was about 7 times
poorer than that by PMT (2-2-1). The SIT signal after processing in the OMA (Princeton
Applied Research Co., OMA 1205A) was displayed on the oscilloscope and/or could be
recorded by an external X-Y recorder (Yokogawa Electric Works, Ltd., 3078).

For PMT detection, a pre-amplifier (laboratory constructed), a light chopper and a
lock-in-amplifier (Princeton Applied Research Co., 125A and 5203, respectively) were
used.

Flame Gas
Controls
Power
Supply
I ‘ ‘Ej Lock=-in Amp. [ ]
X-Y i .
Recorder Recorder
ST
: 1f \‘ :
OMA ' | | Reader Puncher
]
I K
v 1
~ > mini CPU TTY
CRT Monochromator

Fig. 3-1 Schematic diagram of computer-controlled instrumentation for
multielement analysis utilizing NoO-CyH, flame as an excitation
source
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A minicomputer (Hewlett Packard 2108) was employed to control the monochro-
mator wavelength by the slew scanning technique. A mercury lamp (Ultra-Violet Co.,
118C-1) was used for initial wavelength calibration.

3-2-2 Procedures

For wavelength calibration the scapnning system was referenced to the mercury lines
at 253.65 and 507.30 nm using the Hg pen-ray lamp. This procedure determined the
number of stepsfwavelength {nm) to be employed in wavelength selection by the stepping
motor when controlling the grating angle. After calibration, the wavelengths of the
desired atomic lines conld be set arbitrarity by command from the computer.

The experimental conditions for the measurement of atomic emission using the
nitrous oxide-acetylene flame were optiomized in terms of the flame and slit conditions.
Once the conditions had been optiomized, a standard solution was aspirated and the
accumulated spectrum was stored in OMA memory TA]. The procedure was repeated for
the blank solution using memory [B]. The subtracted spectrum [A-B] provided the
emission line(s) of the element. The emission intensity was obtained by noting the peak
height and subtracting the average reading of the side background for 10 channels around
the peak channel, The background noise level {[A-B] spectrum for the channel range
240 260) was obtained when distilled water was aspirated and subtraction of the [A]
and [B] memories was performed. The PMT detection system was used for comparison
studies. The signal and background noise were measured from the pen deflection on the
chart recorder paper.

The detection limits in Tables 3-1 and 3-2 are defined as the concentrations which
represent a signal equivalent to twice the standard deviation of the background noise
fevel. The values were obtained from the standard calibration curve for each element
prepared by the least squares method. The optimized conditions determined are also
summarized in Table 3-1 with the wavelengths of analytical lines. The chemicals used
were of analytical reagent grade and deionized water was used as the blank solution.

3-3 Results and discussion

3-3-1 Flame background correction

The atomic emission of 22 elements in the nitrous oxide-acetylene flame was mea-
sured by the SIT-OMA system coupled to the programmable monochromator. Figare 3-2
shows the N,0-C,H, flame emission spectra recorded by the PMT when only distilled
water was aspirated. The upper curve was recorded at a high EHT (-695 V) to indicate
the prominent background constituents of the flame. Background species at approximate
wavelengths are NO (200—280 nm), OH (280--330), NH {336 nm)* CN (350—-422 nm),
CH (387—-431 nm) and C,{(437-600 nm). The analytical lines of the elements used in
the study are indicated by the dotted lines on the lower spectrum.

Flame emission spectra observed by the SIT-OMA system for a 5 nm spectral win-
dow are shown in Figures 3-3 and 3-4 for Bi, Mo, Pb, Cr, Sr, and Li, respectively. Since
the SIT-OMA system has 2 memories, each memory was used for the emission measure-
ments of the sample solution and the blank solution, respectively. Spectra [A-B] in
Figures 3-3 and 3-4 are the corrected spectra calculated from the [A] and [B] memories,
and subtraction is automatically performed in the OMA, The background at the Bi wave-
length is particularly severe and corresponds to the OH vibrational fine structure. The
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Fig. 3-2 Emission spectra of N,0-C,H, flame observed at different extra
high tension (EHT) applied to a photomultiplier
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Fig. 3-3 Emission spectra observed by SIT-OMA system for Bi (306.8 nm),

Mo {390.3 nm), and Pb (405.8 nm) (Bi 100 ug/ml, Mo 10 pg/ml,
Pb 50 gg/mi)
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Fig. 3-4 Emission spectra observed by SIT-OMA system for Cr (425.4 nm),
Sr (460,7 nm), and Li (670.8 nm) (Cr 1 pg/mi, Sr 0.1 ug/m!, Li
0.005 ug/mi)

predominant background species at the Mo wavelength is OH and CH, while at the Pb
wavelength CN is predominant. For 81 and Li the predominant species is C, while at the
Cr wavelength flame background is negligible. Sequential slew scan measurement of the
above 6 elements required approximately 5 minutes disregarding the recording time,

3-3-2 Analytical performance parameters

The analytical performance data summarized in Table 3-1 were obtained by accumu-
lating the signals for 4.1 s. In the SIT-OMA system, the scanning rate of the electron
beam over 500 channels was 32.8 ms, and the 4.1 s accumulation time corresponded to
125 times accumulation of the signals at each channel in the SIT detector, The dynamic
range of the SIT-OMA system is 10® counts and the real-time dynamic range (real-time
is a single scan) is about 750 counts for each channel. Therefore, the entrance slit width
and slit height were required to be adjusted to obtain the appropriate signal intensities
which were within the dynamic range of the SIT-OMA system. Before adjustment of the
slit conditions mentioned above, the flame conditions and height above the burner head
were optimized for each element using a constant nitrous oxide flow rate of 7.5 I/fmin.
Optimized conditions for individual elements are depicted in Figure 3-5. The experi-
mental results obtained through the above procedures are summarized in Table 3-1,
along with the analytical lines and other experimental conditions. The detection limit
data are similar to those obtained by Howell and Morrison'? who used a 0.5 m mono-
chromator-SIT combination. The relative standard deviation (RSD) values for the con-
centrations indicated in parentheses were generally in the 3% range although for some
elements of low sensitivity, e.g. Bi, Pb where concentrations were relatively closer to the
respective detection limits, higher RSD values were obtained,

Regarding the flame operating conditions, it can be seen from Figure 3-5 that the
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Fig. 3-5 Optimum conditions for individual elements
Upper :  Slit height vs. slit width of monochromator
Lowet :  Burncr height vs. C, H, flow rate (N, O flow rate is fixed at 7.5 1/min.}

elements such as Ti, V, Al and Mo were atomised effectively in the reducing atmasphere
of the CyH; rich flame and in the high temperature region corresponding to a high posi-
tion above the burner head. These conditions are required to prevent formation of the
refraclory oxide species. In contrast, optimum sensitivity for Co, Pb and Fe was obtained
in the oxygenated atmosphere of the C,H,-lean flame and at a high position above the
burner, and that of Ni, Cu and Ag was obtained in the oxygenated atmosphere of the
C,H;-lean flame and at a low position above the burner'!s. In this way, the optimum
conditions in the N;O-C,H; flame are very different for the elements, This spread in the
optimum values constitutes a major problem in utilizing the N,0-C,H, source for multi-
element analysis since fixed conditions and flame height would be desirable for rapid
analysis, The other major drawback, of course, in the N,0-C,H, excitation source is
that elements whose resonance lines are in the UV region are not sufficiently excited to
observe atomic emisgion *8731:62,

3-3-3 Comparison of Silicon Intensified Target {SIT) and Photomultiplier Tube (PMT)

So far, to evaluate SIT detector performance, the detection limiis obtained by the
SIT image detector have been compared with those obtained by the photomultiplier
tube in separate studies'®? 10513 1n the present study, the detection limits of 8
elements were also obtained by a photomultiplier (R919). The experimental conditions
for the SIT detector were the same as those shown in Table 3-1 and the conditions for
the photomultiplier were independently determined by optimization procedures for
each element.

As is shown in Figure 2-7 the photon quantum vield of the SIT in the ultraviolet
region is worse by i —2 orders of magnitude when compared to that of the photomulti-
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Table 3-1 The detection limits of various elements obtained by
the N, O-Cy H, flame emission spectrometry using a $IT
detector under optimized conditions

Element Wavelength C,H,2) Flameb) Slit Detection RSDd)
flow rate  height  widih heighi Limit€)
nm ! min™'  mm Lm mm ugmi™! %

Mg 285.21 5.75 7.5 70 3 0.22 3.0(1)
Bi 306.77 6.13 5 30 2.8 21 12.6(100}
Cu 324.75 5.75 4 165 2 0.066 5.6(1)
Ag 328.07 6.0 4 60 1 0.11 2.3(5)
Co 345.35 5.75 9 160 5 0.21 8.4(1)
Ni 352.45 5.75 6 150 3 0.61 2.3010)
Ti 365.35 7.5 10 250 6 0.15 3.8(5)
Fe 371.99 5.75 8 150 5 0.13 7.2(1)
‘Mo 390.30 6.5 9 150 1 0.17 15.4(1)
Al 396.15 7.25 8 150 0.3 0.32 7.4(0.5)
Mn 403.08 6 5 100 - 1 0.017 2.1

K 404 .41 5.75 10 2350 5 7.5 o=

Pb 405.78 5.75 8 170 5 0.95 11.4(10)
Rb 420.19 5.75 6 150 1.4 2.2 5.1(50)
Ca 422.67 6 4.5 40 0.4 0.002 2.8(0.1)
Cr 425.43 6 6 120 1.5 0.0028  2.2(0.1)
' 43792 7.5 8 125 2 0.018 2.4(0.5)
in 451.13 6 4.5 130 0.9 0.0092 1.6(0.5)
St 460.73 6.25 7 120 3 0.0008 1.5(0.05)
Ba 553.56 6.25 4.5 180 1 0.064 3.7(1)
Na 589.00 6 7.5 100 1.5 0.00066 —

Li 670.78 6.25 6 170 2.3 0.00013 2.1(0.005)

a) The flow rate of nitrous oxide was measured at 7.5 I min™".
b) Height above the burner head,
c) See text.

—

d) Relative standard deviation calculated from 10 determinations. Value in parenthesis
is concentration at which determination was performed.

plier, while it is almost comparable with or better than that of the photomultiplier in
the visible region. Although a rigorous comparison of data is ruled out due to funda-
mental design differences between the SIT and the PMT, for standard measurement
conditions, i.e. SIT accumulation time of 4.1 s and a PMT time constant of 2 5, a general
trend in the results can be pointed out. Poor SIT detector performance is evident for Mg
and Ag where detection limits are about 20 times poorer than the PMT data, The excel-
lent detection power in the visible region is, however, clearly seen from Table 3-2,
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Table 3-2 Comparison of detection limits with $IT and PMT

Element Wavelength SIT PMT
nm pgmit pgmi!

Mg 285.21 0.24 0.004
Bi 306.77 24 23
Ag 328.07 0.20 0.060
Mo 390.30 .39 0.87
Pb 405.78 0.35 048
Cr 42544 0.005 0.018
Sr 460.73 (.0005 0.0007

Li 670.78 0.00028 0.0022
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CHAPTER 4 Studies of Atomic Emission Spectroscopy
Using Radio Frequency Inductively Coupled
Argon Plasma (RFICAP)

4-1 Introduction

Inductively coupled plasma (ICP) emission spectometry has in recent years been
extensively developed as a new analytical technique for elemental analysis 2630:31:116-118
ICP emission spectrometry has the advantageous features of high detection limits and
wide dynamic ranges (about five orders of magnitude). Furthermore, it is almost free
from chemical® and ionization'!®'?® interferences, and is suitable for multielement
analysis. When a direct reading system is employed, simultaneous multielement analysis
is easily performed with the ICP excitation source®?, Usually, conventional photomulti-
pliers are used as the detectors in ICP emission spectrometry,

A silicon intensified target (S1T) tube has received as a spectroscopic detector due to
the high detection efficiency and multielement detection capability ®*. Actually, the SIT
detector has been applied to flame spectrometry in emission 826,105,106, 108-113 o p o
tion®-103:104 414 flyorescence'®”. According to the studies, the detectivity of the SIT
is worse by one or two orders of magnitude in the UV region than that of a conventional
photomultiplier. However, simultaneous multielement analysis capability and the facility
of background correction'®” appear to be attractive features for analytical atomic spec-
trometry. Therefore, it may be interesting to apply the SIT detector for ICP emission
spectrometry.

So far, in flame spectrometry, the SIT detector has been preferably used with rela-
tively low-dispersion monochromators in order to take advantage of the SIT for multi-
element analysis. Generally, a spectral window greater than 20 nm has been provided by
those dispersion systems (Table 2-6), However, it has been pointed out that the spectral
line interference is a serious problem in ICP emission spectometry'?!, Therefore, the use
of the low-dispersion monochromator may result in spectral interference. Hence, in this
study, the SIT detector has been combined with a medium-resolution monochromator
(1 m focal length monochromator using a grating with 2,400 grooves/mm; reciprocal
linear dispersion of 0.4 nm/mm), which provided a 5§ nm spectral window on 500 chan-
nels of the SIT-OMA (optical multichannel analyzer for data procession) system. The
use of the SIT in such a medium resolution monochromator system sacrifices to some
extent the simultaneous multielement detection capability, but the spectra measured
by the SIT detector provide useful information on plasma background changes which is
another serious problem in ICP emission spectrometry'?'712% On considering these
situations, the analytical performance of the SIT image detector in ICP emission spectro-
metry has been investigated,

4-2 Experimental

4-2-1 Compromised experimental conditions
A schematic diagram of the present experimental system is shown in Figure 2-1
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Fig. 4-1 ICP torch and glass concentric nebulizer

(Chapter 2), and its photograph is put on the first page of this report. The instrumenta-
tion is explained in detail in Chapter 2. An ICP source {Radiofrequency generator and
ICP torch system), Model ICPQ-2H, was purchased from Shimadzu Seisakusho, Japan.
A plass concentric nebulizer was used for the solution nebulization, Figure 4-1 shows the
ICP torch assembly with the nebulizing system. The ICP was operated with the rf power
of 1.6 KW at 27.12 MHz, feeding argon gas at 10.5 I/min, 1.5 {{min, and 1,0 //min for the
coolant, plasma and carrier gases, respectively. The sample uptake rate was ca. 3.6 mi/min
at the present carrier argon flow rate, An observation height of 17 £2 mm above the rf
load coil was used for all experiments. The slit height and slit width of the monochro-
mator was usually fixed at 2 mm and 100 um, respectively. Whenever necessary, the
intensity of the ICP emission was attenuated by a sequentially adjustable filter. The emis-
sion signals were integrated for 4.1 s in the SIT-OMA system. Since one electronic scan-
fiing time in the SIT detector took 32.8 ms, the accumulation time of 4.1 s corresponded
to 125 machine scanning cycles. This signal accumulation time was set to enable the
comparison of the present data with those obtained by the flame emission-SIT detector
system (Chapter 3), although arbitrary accumulation times were possible in the SIT-OMA
system. ‘

4-2-2 Analytical performance of the instrument

The sample and blank spectra were stored in memory [A] and memory [B] on the
SIT-OMA system, respectively, when the sample solution and the blank solution (de-
ionized water) were nebulized independently into the 1CP source. The subtracted spec-
trum [A-B] provided the emission line(s) of the analyte in the sample solution. The
emission intensity was obtained by noting the peak height and subtracting the average
reading of the side background for 10 channels around the peak channel. The background
noise level {[A-B] spectrum for the channel range 240— 260) was obtained when distilled
water was aspirated and subtraction of the [A] and [B] memories was performed, The
detection limits in Table 4-1 were defined as the concentrations which represented an
emission signal equivalent to twice the standard deviation of the background noise level,
The values were obtained from the standard calibration curve for each element prepared
by the least squares method, All the chemicals used were of analytical reagent grade and
dejonized water was used as the blank solution,
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For comparison with a conventional PMT-based system, an ICP emission spectro-
meter, the Plasma AtomComp, from Jarrell Ash Division, Fisher Scientific Co., U.S.A.
(which employed the direct reading method), was used for the measurements of the
detection limits,

4-2-3 Matrix effect

For the study of matrix effects, matrix solutions were prepared by dissolving reagent
grade Ca(NQ;3),, Mg(NO3);, NaNOy, KNO3, and NHsH,PQ, in 0.1N HNOj; (concentra-
tion 200 ug/m!l). The Zn, V, Mo, Al, and Mn analytes were dissolved in each matrix solu-
tion and adjusted to 1 upgfml! multielement solution. The multielement solution was
analyzed by the 3 point standardized method (2-3-4).

For the study of the effect of various concentrations of Ca on Zn analysis, increasing
amounts of Ca were added to the Zn sclution. The zinc 1| pg/mi solutions, which con-
tained Ca at various concentrations of 100, 200, 300, 400, and, 500 ug/m! were analyzed
ten times repeatedly by the 3 point standardized method.

4-3 Results and discussion

4-3-]1 ICP background correction

The emission spectrum of argon plasma is shown in Figure 4-2. The spectrum was
observed at the plasma height of 17 mm above the 1f coil with aspirating dejonized water,
where a photomultiplier was used as the detector. As can be seen in Figure 4-2, the emis-
sion spectrum of the argon plasma consists of emission lines of argon, emission bands of
NO (200~280 nm), OH (280—-330nm), NH (336 nm), N1+ and CN (350—430 nm), and
continuum background emission. According to a careful survey of the spectrum, the
atomic lines due to cargon at 193.1 and 247.9 nm and hydrogen for the Balmer series at
656.3 nm(Hy), 486.1 nm(Hg), 434.0 nm(Hy), 410.2 nm(Hg ), and 397.0 nm(H,) can be
identified in Figure 4-2.

With respect to Zn, Cd, Bi, Cu, Mo, Mn, Cr, In, 5r, Ba, Ng, and Li, the emission
spectra for the sample and blank solutions and the subtracted spectra, which were ob-
served by the SIT detector, are shown in Figures 4-3 — 4-6, The emission specira for the
sample solutions detected by the SIT detector included background line and band emis-
sions caused by the plasma and analyte species, as is seen in the spectra for memory [A}
in Figure 4-3 —4-6. Fortunately, these background line and band emissions could be
observed in memory [B!, when the blank solution was aspirated. Therefore, in the
SIT-OMA system, the emission signals which originated from only the analytes could be
easily obtained by subtracting the background spectra in memory [B] from the specira
in memory [A]. This facility of the SIT-OMA system is very useful for the identification
of spectral lines for background correction, The background correction procedure has
already been described in section 2-2-2 b,

4-3-2  Evaluation of Radio Frequency Inductively Coupled Argon Plasma as an Excita-
tion source for multielement analysis

The detection limits obtained by the present experimental intrumentation are

summarized in Table 4-1, where the detection limits obtained by the N,O-C,H, flame

emission-SIT detection system (Chapter 3) are also listed for comparison of the excitation

efficiency of the ICP and nitrous oxide-acetylene flame. As was described in Chapter 3,
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Fig. 4-2 Emission spectra of ICP source obtained by photomultiplier tube
Entrance and Exit slit height 5 mm, Entrance and Exit slit width 10 gm.
Plasma Conditions: Power 1.6 KW, Height 17 mm, Uptake rate 3.6 m//min.
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Fig. 4-3 Emission spectra observed by SIT-OMA system for Zn (213.9 nm),
Cd (226.5 nm), and Bi (306.8 nm) (Zn 0.5 pg/mi, Cd 0.5 ug/mi,

Bi 5 pg/mi)
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Fig. 4-4 Emission spectra observed by SIT-OMA system for Cu (324.8 nm),
Mo (390.3 nm), and Mn (403.1 nm) (Cu 0.1 pg/mi, Mo 5 pg/ml,

Mn 5 ug/mi)
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Fig. 4-5 Emission spectra observed by SIT-OMA system for Cr (425.4 nm),
In (451.1 nm), and Sr (460.7 nm) (Cr 10 ug/m/, In [0 ug/mi,

Sr 1 ug/mi)
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Fig. 4-6 Emission spectra observed by SIT-OMA system for Ba (553.6 nm),
Na (589.0 nm), and Li (670.8 nm) (Ba 5 ug/mi, Na 1 ug/mi, Li '
0.05 ug/mh

the flame emission data were obtained under the same instrumental conditions and
procedures as those in the present work, ie., the same optical and detection system, and
the same accumulation time (4.1 s). In order to show the difference of the excitation
mechanisms in the two sources, for example, the emission spectra (corrected) for
titanium observed near 365.4 nm in the nitrous oxcide-acetylene flame and the ICP are
shown in Figure 4-7, As is well known, only atomic emission lines {Ti [} are observed in
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Table 4-1 The detection limits of various elements obtained by the ICP
and Flame ‘emission spectrometry using a SIT detector
lenization Icp b RSD ©) Flame 9) Ratio of
Element?) Potential Wavelength Detection % Detection Detection
Limits Limits Limits
eV nm (ug/ml) (ug/mi) {pg/ml) (Flame/iCP)
Ag 7.58 328.07 0.008 5.9 0.20 25
. 0.5)
Al 5.99 308.22 0.12 — -
396.15 0.036 2.95 0.041 1
(5.0)
As 9.81 193.70 0.63 - - -
Ba 5.21 553.56 0.061 - 0.060
Ba II 10.00 455.40 0.0003 - 200
Bi 7.29 306.77 0.35 4.5 24 69
(1.0}
Ca 6.11 422.67 0.007 - 0.004
Ca 1l 11.87 393.37 0.00004 - - 100
Cd 8.99 228.80 0.013 - -
Ccd u 16.91 226.50 0.008 - -
Co 7.86 345.35 0.038 4.6 0.32
(5.0)
Co 1I 17.06 228.62 0.016 1.7 — 20
(0.1)
Cr 6.77 425.43 0.11 31 0.005
(5.0
Cr Il 16.50 267.72 0.0190 - - 0.5
Cu 7.73 324.75 0.005 6.9 0.083 17
(0.1)
Fe 7.87 371.9% 0.073 5.8 0.15
3.0y
Fe II 16.18 259.94 0.003 8.4 — 50
(0.05)
In 5.79 451.13 0.33 6.6 0.013 0.04
(10)
K 4.34 404 .41 45 - 38
. 404.72 21 - - 0.2
Li 5.40 670.78 0.001 - 0.0001 0.1
Mg 7.65 285.21 0.004 3.4 0.24
0.1
Mg 11 15.04 279.55 0.0002 5.6 - 1200
{0.001)
Mn 7.44 403.08 0.080 3.3 0.021
(1.0)
Mn I 15.64 257.61 0.0004 8.0 - 53
(0.005)
Mo 7.10 202.03 0.086 - =
390.30 0.078 6.7 0.39 5
(5.0)
Na 5.14 589.00 0.006 0.0007 0.1
Ni 7.64 352.45 0.043 4.8 0.66
1.0
Ni Il 18.17 231.60 0.033 335 - 20
' - (0.5)
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Table 4-1 (Continued)

Tonization wce b RSD €} Flame ) Ratio of
Element®>  Potential Wavelength Detection % Detection  Detection
Limits Limits Limits
eV nm (ug/mi) (ugfml) (ug/ml) (Flame/ICP)
P 10.49 213.62 0.25 - -
214,91 .40 - —
Pb 7.42 405.78 0.26 3.0 0.35
(10)
Pb 11 15.03 220.35 <033 1.6 - 1
(1.0)
Rb 4.18 420.19 59 - 2.0 0.03
Sn 7.34 284.00 0.67 - -
Sn 11 14.63 189.99 1.40 - - -
St 5.70 460,73 0.013 - 0.0005
Sr 1T 11.03 407.717 0.00009 — - 6
Ti 6.82 365.35 0.23 6.7 0.30
. : (5.0)
Ti 11 13.58 33490 0.002 51 - 150
. 0.1)
\' 6.74 437.92 0.077 3.2 0.025
1.0)
v 1 14.65 292.40 3.006 - — R
309.31 0.005 3.1 - 5
0.5)
Zn 9.39 213.86 . 0.015 3.1 - -
, (1.0}

3} U refers to lonic line.
b) This work, see text for definition.
¢} Relative standard deviation calculated from 10 determinations.
Value in parenthesis is concentration at which determination was performed.
d) Previous work, nitrous oxide-acetylene flame (62).
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Fig. 4-7 Emission spectra obtained by SIT-OMA system near the Ti line in
(a) N,0-C,H, Flame
(o) ICP,
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the case of flame excitation, while ionic emission lines (Ti II} as well as atomic lines are -
observed in the case of ICP excitation, In order to compare the emission sensitivities
of atomic and ionic lines, the detection limits for both atomic and ionic lines are also
shown in Table 4-1, when intense ionic lines are available in the usual UV and visible
region. According to the detection limits summarized in Table 4-1, almost all elements,
whose ionization potential is less than 9 eV, are ionized in the ICP, and ionic lines, if
available, provide better detection limits for all the elements than atomic lines. The ratios
of the best detection limits by ICP and flame emission spectrometry are shown in the
final column of Table 4-1. It should be stressed here that the detection limits obtained
with the ICP under a single set of compromised conditions are much better for most
elements than those obtained with the flame under optimised conditions for each ele-
ment. As the excitation temperature of the ICP is very high (5000—8000 K), Zn, Cd, and
P, whose analytical lines are located in the UV region and are barely excited with the
flame, can be measured by ICP emission spéctrometr'y. The poorer detection limits for
Cr, In, K, Li, Na, and Rb are exceptions, because these elements (except Cr) do not have
intense ionic emission. In the case of Cr, intense emission lines of argon exist near the
analytical line (Figure 4-5). The emission intensity must be attenuated by the filter to
avoid the overflow, so that the detection performance for Cr becomes poor. Whereas,
the background of the nitrous oxcide-acetylene flame around the Cr line is negligible as
can be seen in Figure 3-4. These results show that the ICP is a more efficient excitation
source compared to the nitrous oxide-acetylene flame. Consequently, it has been found
that the detection limits at the ng/m/ level or below can be obtained even with the SIT
detector, when the ICP source is used for excitation.

The relative standard deviation (RSD) values were generally in the 3% range for the
concentration equivalent to 50 times the detection limits, The RSD values are almost the
same as those obtained by the N,0O-C,H, flame. It implies that the detector noise to
some extent contributes to the detection Hmits along with the fluctuation neise in the
flame and plasma studies. Co

For the SIT detector the real-time dynamic range (real-time is a single scan) is about
750 counts for each channel as limited by the analog-to-digital converter of the OMA
and this results in a dynamic range of about 3 orders of magnitude, If the output of the
SIT was connected with the CPU directly, the dynamic range would be improved to over
four orders of magnitude'”’us

4-3-3 Spectral interference problems

In the past few years ICP emission spectrometry has been developed for simultaneous
multielement analysis over wide concentration ranges, and applied to various kinds of
samples (Chapter 5). With the progress of studies in ICP emission spectrometry, it has
been found that spectral and physical (nebulization) interferences are serious problems
in practical analysis by ICP emission spectometry, while chemical and jonization inter-
ferences are not serious. The spectral interference is investigated in this section,

The results of matrix effects are summarized in Table 4-2. The (A) column in Table
4-2 represents the data without side background correction and the (B) column repre-
sents the data with side background correction, The data should be 1 ug/mi. As ionization
and chemical interference is not so severe in the ICP, Na, K, and P do not effect the
analytical data. However, analytical results for the solution which contained Ca (200
ug/ml) and some results for the Mg matrix are high if side background correction is not
performed. This is because of the scattered light from calcium and magnesium emission,
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Table 4-2 Matrix effects of Ca, Mg, Na, K, and P — data with and without
background correction

) Zn v Mo .
g‘g};ﬁ) a b a b a b
ggo 1.42 0.97 1.09 111 1.08 097 099 100 3.26 0.‘90
I;l(,)go 0.99 0.95 1.0z 0.98 2.01 1.061 096 198 1.18 1.02
12\1(1)10 ’ 0.96 0.93 1.00 0.99 1.00 099 098 099, .Li0 097
§00 6.96 0.93 1.03 099 102 1.02 098 1.00 097 .1.10
P 1.02 099 1.60 099 100 499 098 099 1.05 1.03
200 .

i Al Mn -
gim) 2 b 2 b
(2380 281 3.69 0.87 122 3.47 254 204 062 091 099
Is‘ldgo . 0.97 090 098 091 1.45 098 2.04 100 0.89 1.02
ZNSO 0.99 092 092 0.92 1.09 093 1.04 081 087 1.04
12(00 093 0.88 0.94 0.91 1.13 0.85 1.06 0.8.6 0.82 1.11
52’00 101 101 098 098 120 097 098 0.96 098 1.05

(1) Analytes {1 ug/m!) arc dissolved in matrix solution (200 pg/mi).
(2) Results in pg/mli,
(3) a. (A ~B) without side background correction
b. (A - B) — Side with side background cotrection
$yZnt 213.9nm .
VII 311.1,310.2, 309.3nm
Mol 390.3nm
ALl 396.2, 394.4nm
Mn1 403.5,403.3,403.1nm

The degree of the effect is dependent on the wavelength and the sensitivity of the ana-
lyte. Figure 4-8 shows an example of the spectral interference. The lower case is the
interference due to the stray light caused by the near scatter light of calcium: Standard
solutions at the concentration of 5, 1, 0.5 ug/m! Al were used to measure Al 1 ug/m!
which contained Ca 200 ug/m/. In Figure 4-8, only the [A-B] spectra are shown. If side
background correction is not performed for Al 396.2 nm and Al 394.4 nm, both results
become apparently high (2.81 pg/m/ for 396.2 nm and 3.69 ug/m! for 394.4 nm). So far,
Snellman et al., Skogerboe et al., Koirtyohann et al., and Kawaguchi et al. proposed
wavelength scanning or modulation techniques®"1?67128 utilizing a refractor plate to cor-
rect the baseline shifts in the background. However, when the background has significant
structure, such techniques would have limitations. Adding the further step of subtracting
the ICP background in the SIT-based system may be very powerful for these techniques.
Recently some attempis to reduce the effect of the enormous Ca emission have been
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Fig. 4-8 Spectral interference
Upper:  Line interference from Mg on V.
Lower:  Stray light interference from Ca on AL

reported. To reduce the calcium emission, band rejection filters'2%13% or an absorption

cell’®! are installed between the source and the spectrometer. In the case of the direct
reading system, the fitting of broad band pass filter to individual PM tube or the use of
solar blind PM tube for the shorter wavelength elements can minimize the stray light'”’
However it is difficult to eliminate the strong emission and the stray light selectively and
completely with any devices so far used.

As can be seen in Table 4-2, almost all results for vanadium are good after side
background correction except the resuit of the V 3093 nm line for the sample which
contained Mg 200 pg/mi. It is due to spectral line interference of the Mg line at 305.30
nm, The spectra obtained by the 3 point standardized method are shown in Figure 4-8
(upper side), where only the [A-B] spectra are shown. By selecting another vanadium
line, spectral line interference is avoided.

In Figure 4-9 the effect of increasing Ca concentration on Zn {1 pg/mi) is lllustrated.
If side background correction was not performed, the analytical error would occur as
shown in Table 4-3. However side background correction may achieve accurate analysis.
Analytical results and standard deviations were not changed remarkably even if the
concentration of calcium was increased (Table 4-4).

4-3-4 Comparison of Silicon Intensified Target (SIT) and Photomultiplier Tube [PMT)
These days the direct reading method with PMT has found widespread use on a com-
mercial basis. In general, the response (usually quantum yield) of the SIT detector is
almost the same as ot better than the PMT above 380 nm and poorer than the PMT below
380 nm!'®3 (These features of the SIT and PMT are represented in Figure 2-7). In order to
compare the spectral responsibity of the SIT and PMT, the detection limits obtained with
the PMTs which were measured with a commercial ICP direct reader system, are also
shown in Table 4-5. Although the results listed in Table 4-5 cannot be compared directly
because the operating conditions are different, the detection limits obtained with the
SIT generally reflect the poorer spectral responsibity of the SIT in the UV region. That
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Table 4-3 Matrix effect of increasing Ca concentration

(13

{2)
(3)

4

Matrix
(ug/ml)

Ca
0

Ca
100
Ca
200

Ca
300

Ca
400

Ca
500

1.00

1.29

1.49

1.67

1.87

1.83

1.00

1.00

0.99

1.01

1.11

1.02

Analyte Zn (1 ug/ml) is dissolved in calcium matrix solutions

(0, 100, 200, 300, 400, and 500 ug/mi).

Results in ugfml.
a. (A—B) without side background correction.
b. (A—B) — Side with side background correction.

Zn 1 213.9nm.
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Table 4-4 Effect of calcium matrix on the intensity and precision of Zn

analysis
A B A-B Side (A—B) —Side
1203 1191 12 1 1 -0.03
ICP  off 36 29 15 17 -
2.95 2.46 - - -
Zn 1 ppm 16900 10232 6669 -9 6678 1.00
Ca 0 ppm 214 96 216 210 0.031
1.27 0.94 3.24 3.15 312
Zn 1 ppm 23900 12822 11078 2679 8398 0.97
Ca 100 ppm 292 202 355 : 350 0.041
1.22 1.57 3.20 4.16 4.19
Zn 1 ppm 2244} 10986 11457 4390 7068 0.97
Ca 200 ppm 302 229 188 183 0.026
1.35 2.09 1.64 2.59 2.65
Zn 1 ppm 24475 11389 13086 5629 7457 1.00
Ca 300 ppm 179 139 279 260 0.036
0.73 1.22 2.13 3.48 3.64
Zn 1 ppm 28337 12403 15934 6855 9079 1.10
Ca 400 ppm 437 164 343 293 0.037
1.54 1.32 2.15 348 3.34
In 1 ppm 28401 12701 15700 7667 8033 0.94
Ca 500 ppm 223 . 165 234 196 0.023
0.79 1.30 1.49 2.40 2.47

Upper: Average of 10 measurements (counts)
Middie: Standard deviation obtained by 10 measurements (counts)
Lower: Relative Standard Deviation (%)

is, by using the SIT, poorer detection Hmits by about one order of magnitude (maximum)
were achieved for the elements with the UV lines, when compared to those achieved by
the PMTs. However, since the SIT gives the detection limits at the ng/m! level for many
elements, as mentioned in 4-3-2, it is quite useful as the detector for ICP emission spec-
trometry. The spectral responsibity of the SIT may be improved by using a more effi-
cient UV sensitizer which is equipped in the front window of the SIT (2-2-2). Further-
more, the detection limits obtained with the SIT may be improved by reducing the
dark current and shot noises of the SIT, which may be realized by cooling the SIT detec-
tor. Also signal integration and accumulation times may be used to improve detection
limits,

The SIT detector has excellent facility for simultaneous multielement detection as
has been reported by many workers. The facility of the SIT to perform side background
correction is also helpful to get accurate analytical data by measuring the [CP background
subtracted [A-B] spectrum. On considering these additional facilities of the SIT detector
as well as high detection limits for many elements, the SIT detector performance is
useful in ICP emission spectrometry.
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Table 4-5 Comparison of the detection limits obtained with the SIT and

PMT in ICP emission spectrometry

Detection Limits®? (ug/m/) Ratio of
" Element® Wavelength Detection
Limits
nm SIT PMT (SIT/PMT)

Sn I 189.99 1.4 0.021 67
As 193.70 0.63 0.020 32
Mo 202.03 0.086 0.005 17
Zn 213.86 0.015 0.001 15
P 214.91 0.40 0.05* 8
Pb 11 220.35 0.33 0.03 11
Coll 228.62 0.016 0.002 8
cd 228.80 0.013 0.001* 13
Ni il 231.60 0.033 0.006 6
Mnll 257.61 0.0004 0.0006* 1
Fe I 259.94 0.003 0.002 2
Cr It 267.72 0.010 0.003 3
Mg 11 279.55 0.0002 0.00007 3
v Il 292.40 0.006 0.002 3
Al 308.22 0.12 0.012 10
Cu 324.75 0.005 0.0008 6
Ag 328.07 0.008 0.001 8
Ti 1i 334.90 0.002 0.0005 4

Operating Conditions:

SIT-based System: Power 1.6 KW, Obs. Ht 17 mm, Sample Uptake Rate 3.6 m!/min.
PMT-based System: Power 1.1 KW, Obs. Ht 19 mm, Sample Uptake Rate 1.0 m!/min.

a) II refers to ionic line.

b) Detection limit definition, sec text. PMT integration time, 10 s.
* Measured in second ordet.
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CONCLUSION

The advantages and disadvantages of the developed instrument are summarized as
follows:

[Advantages]

1. By employing the ICP source, high detection limits at the ng/m/ levels can be ob-
tained at a single set of compromised operating conditions. The relative standard
deviation is about in the 3% range for the concentration equivalent to 50 times
the detection limit,

2. Programmable monochromator of the slew scan type has more flexibility for multi-
element detection than the well-established direct reading system where only fixed
wavelengths of the desired elements are available.

3. Accurate monochromator wavelength setting is not required as in the case of the
PMT, since a 5 nm wavelength range is measured simultaneously with the SIT, so
that rapid sequential slew scanning is possible. It takes about 2 minutes to analyze
for a few elements in 1 spectral window so that for the determination of say 10
elements by the slew scan technique approximately 5 to 10 minutes are required,

4, Simultaneous multielement analysis is possible if the element lines are within a § nm
wavelength range.

5. The ICP background correction is readily performed and the analysis procedure is
performed conveniently by the background corrected spectrum [A — B].

6. Background shifts at the analytical wavelength due to matrix constituents of the
sample can be corrected for by side background subtraction,

[ Disadvantages]

1" The sequential slew scan method requires a longer time than the direct reading
method for multielement analysis.

2. The quantum efficiency of the SIT detector is poorer than that of the PMT in the
UV region (below 380 nm),

3. The resolution power of the SIT is poorer than that obtained by the PMT (Figure
2-2).

Detection limits for many elements are compared favorably with PMT values except
in the low UV region (<240 nm) where deterioration by one order of magnitude could
occur. Although various approaches may be used to improve detection limits, e.g., detec-
tor cooling, increased integration and accumulation time, or ulirasonic nebulization,
the present detection performance is considered to be satisfactory for trace analysis.
The application of the present system (ICP—Programmable monochromator—SIT-OMA
detector) 1o rapid sequential multielement analysis is in progress. Correction for back-
ground shifts associated with the major matrix components of real samples is an area in
ICP emission spectrometry currently receiving much interesting. The SIT image detector
facilitates such a background correction, The results of the study will be reported in the
near future.
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