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' ABSTRACT

Inductively coupled plasma-atomic emission spectrometry can be 

a particularly effective analytical technique if simultaneous multiple- 

element determinations can be made with sufficient accuracy and precision

This report investigates a method of optimizing instrument operat­ 

ing conditions (observation height in the plasma and forward power) 

for simultaneous multiple-element analysis.

The report heuristically evaluates several objective functions 

which provide a measure of response. The preferred objective function 

is then used with the sequential simplex optimization algorithm to 

select operating conditions for the simultaneous determination of 

five elements. Experimental results demonstrate the feasibility of 

this approach.

This optimization method can aid the analyst in selecting instru­ 

ment operating conditions. Conclusions regarding improvement in 

system performance/cost effectiveness will depend upon the frequency 

with which the method specifies operating conditions that improve 

the analytical capability of the system or that allow simultaneous 

determinations not possible at the instrument manufacturer's recommended 

settings.
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Introduction

Analytical laboratories, faced with increased work loads and 

decreased budgets and personnel ceilings, are seeking ways to 

minimize personnel time required per analysis, without incurring 

loss of analytical precision or accuracy. Automated instrumenta­ 

tion such as the commercially available direct-reading polychromators 

with inductively coupled plasma (ICP) sources (see Appendix A) offer 

one possible solution to this problem by providing simultaneous, 

quantitative multiple-element determinations.

Several well known spectroscopists, Winefordner, Fassel, and 

Boumans among them, have recognized the continuing need for improve­ 

ment in analytical methods and have compared the performance and cost 

effectiveness of ICP-atoraic emission spectrometry with that of estab­ 

lished methods such as flame and electrothermal atomic emission spec­ 

trometry, spark atomic emission spectrometry, and x-ray fluorescence 

spectrometry. Boumans, in his study, used as figures of merit sim­ 

plicity of instrumentation, cost, precision, multielement capability, 

freedom from interferences, detection limits, sample handling require­ 

ments, and dynamic range. These comparisons have shown that ICP- 

atomic emission spectrometry is a competitive analytical technique, 

with the caution, however, that conclusions about a preferred method 

can be drawn only for situations for which the analytical performance 

requirements are precisely specified and calculations of cost-to- 

performance ratios can be made.



Currently, many trace and major element analyses are performed 

by a variety of sequential methods (e.g. flame and electrothermal 

atomic absorption spectrometry and spectrophotometry). This means 

that if a request comes in for determination of five elements on 

a batch of one hundred samples, each element is determined sequentially 

on each sample. The benefits of performing these analyses simultan­ 

eously   meaning that all five elements of interest are determined at 

the same time on a particular sample   are obvious. Because these 

multiple-element determinations by ICP-atomic emission spectrometry 

are the consequence of simultaneous, rather than sequential, measure­ 

ments of spectral line intensities, a single set of operating con­ 

ditions must be chosen for polychromator and plasma source.

This report is, then, a feasibility study of a method of optimiz­ 

ing the instrument operating conditions for simultaneous multiple- 

element analysis by ICP-atomic emission spectrometry. Previously, 

selection of operating conditions has been accomplished by optimiz­ 

ing one variable at a time, or by simply accepting the instrument 

manufacturer's recommended settings, although mathematical optimiza­ 

tion procedures have been applied to selection of operating conditions 

for single element determinations. Application of a mathematical 

optimization procedure to multiple-element determinations requires 

the definition of an objective function, the selection and implemen­ 

tation of an optimization method, and the experimental verification 

of results obtained using the objective function and optimization 

method.



The selection, evaluation and acceptance of an objective func­ 

tion is crucial to solving this problem. The objective function 

provides a single operative measure of response that is representative 

of a collection of responses, such as the ratios of line-to-background 

signals of spectral lines from all elements of interest in a parti­ 

cular sample. Definition of an objective function is of fundamental 

importance to any empirical optimization technique requiring an 

evaluation of a response function as part of each experimental cycle. 

This objective function would thus be used with an appropriate 

optimization algorithm to select optimum instrument settings. All 

subsequent samples would then be analyzed at those optimum settings. 

A low value of the objective function determined from the actual 

analysis could be used as one parameter to target samples for re- 

analysis at other operating conditions or by other methods.



Background

The applicability of the sequential simplex optimization method 

to chemical measurement processes has been clearly demonstrated. 

Only limited attention has been directed toward an evaluation of 

a composite response that can be used as an objective function when 

optimizing instrumental operating conditions for multiple-element 

determinations.

Such an objective function should reflect a dependence upon 

the individual concentrations of the elements of interest. The import­ 

ance of this dependence readily can be understood by considering 

two multiple-element samples, both of which contain aluminum. In 

the first sample, if aluminum is present at a concentration three or 

four orders of magnitude above its detection limit, then the conditions 

used for the determination of aluminum are relatively unimportant. 

However, if aluminum is present in the second sample at a concentra­ 

tion only one to ten times its detection limit, then the aluminum 

concentration becomes a dominant factor in the optimization. The 

objective function, therefore, should give more significance to the 

elements of interest which are present at low concentrations relative 

to their detection limits. This implies that the solution used when 

performing instrumental operating condition optimizations for simul­ 

taneous multiple-element analysis should at least approximately 

reflect the concentrations of the elements of interest in the sample 

solutions that are ultimately to be analyzed.



This work defines several possible objective functions which 

could be optimized through the use of a sequential simplex techni­ 

que in order to determine observation height and power settings for 

simultaneous determinations. This work evaluates the performance of 

these proposed objective functions heuristically and then uses the 

preferred objective function with the sequential simplex technique 

to locate optimum instrument settings for the simultaneous determin­ 

ation of five selected elements by ICP-atomic emission spectrometry. 

Objective function response values, obtained for three arbitrary 

combinations of observation height and forward power settings, define 

an initial starting simplex and initiate the optimization procedure. 

The sequential simplex optimization algorithm (a direct climbing 

procedure) then specifies the observation height and forward power 

settings to test until an optimal combination is reached. Problems 

with the instrument manufacturer's software limited the speed with 

which this optimization procedure could be carried out, because it 

was necessary to perform all simplex calculations on a Tektronix 

4051 off-line instead of using the Digital Equipment Corporation PDF 

11/34 which was interfaced to the instrument. Ideally, however, 

instrument settings could be adjusted, data collected, an objective 

function response calculated, and new instrument settings specified 

in a matter of two or three minutes.



The time-saving advantage of the operating condition selection 

procedure and the simultaneous multiple element method of analysis 

used in this work over the currently used sequential methods of 

analysis (e.g. spectrophotometric, atomic absorption) is obvious 

and substantial. This work demonstrates the feasibility of using 

the proposed objective function and a sequential simplex search to 

locate optimal operating conditions. Studies in progress at the 

U.S. Geological Survey will determine the effectiveness of this 

search technique and the proposed objective function in achieving 

time-saving or analytical advantages over alternative methods of 

selecting operating conditions (use of the instrument manufacturer's 

recommended operating conditions or use of univariate or random 

searches).



The Objective Function

Methods of experimental optimization, including the sequential 

simplex, rely upon a clearly defined objective function which must 

be evaluated after each trial.

In the past, the most common multiple-element optimization 

method has been to find the conditions that give the optimum response 

for each individual element of interest and then to select a com­ 

promise set of operating conditions (1-4). Greenfield and Burns 

(5) discussed several figures of merit which could be optimized in 

order to compare the performance of argon-cooled and nitrogen-cooled 

plasma torches. Using an alternating variable search method, they 

optimized the net signal to net background ratio. However, they 

also only worked with emission lines of individual elements. 

Wegscheider, Jablonski, and Leyden (6) considered various objective 

functions for use in multiple-element analysis by X-ray fluorescence 

and concluded that objective functions could be derived which closely 

resembled the qualities intrinsically sought by X-ray spectroscopists 

One such function which gave an overall measure of precision was

1 ". I i,p - I i,b 

^ I V'i.P + 'l,,

and ¥2 = 0 otherwise, where

tr = real time needed to acquire a spectrum

n - number of elements of interest

l£,p = gross intensity of element i

Ii,b = background of element

C = the concentration of element i



Morgan _ej^ jjJ. (7) successfully used the sequential simplex method 

to optimize multiple-component chromatographic separations. A 

chromatographic response function (CRF) based on peak separation 

was used as an operational measure of performance:

CRF = ^ loge (Pi)
1=1 

where P^ = depth of the valley below a straight line connecting

two adjacent peak maxima divided by the height of the 

straight line above the baseline at the valley of 

the i-th pair pair of adjacent peaks

Ebdon et al. (8) compared the analytical performance of nitrogen- 

cooled and argon-cooled plasmas for single element determinations 

following preliminary optimization by the sequential simplex method. 

This work defines several possible objective functions for use 

in multiple-element determinations by ICP-atomic emission spectrometry, 

The performance of a proposed objective function is described and 

evaluated in the Results and Conclusions section.

Because it is a measure of merit which is easily evaluated, the 

net spectral line signal to spectral background ratio, as defined 

by equation I, is used throughout this work.

(S/B) - Total Signal-Background j 
Background

Obviously, the signal-to-noise ratio would be another possible 

figure of merit to measure.



It is important in the determination of compromise conditions 

for multiple-element analyses that the objective function generated 

provide greatest sensitivity for elements with the smallest (S/B) 

ratio and that it provide progressively less sensitivity as the

(S/B) ratio increases. Initially, it appeared that a two-term
  

function, such as that given in equation II, might be appropriate.

(S/B) ~rn
II

F = (S/B)m + k
(S/B) max

where m, n, and k are constants, and min and max designate the 

minimum and maximum signal-to-background ratios for the lines of 

interest. The first term of this function focuses specifically on 

the line with the smallest signal to background ratio. The second 

term introduces a uniformity criterion; that is, it can increase 

the value of the objective function by discriminating in favor of 

(S/B) m^n at the expense of (S/B)max . A rather obvious shortcoming 

of this function is that it requires the evaluation of the three 

constants k, m, and n. A second and far more subtle problem was 

discovered while using this function to generate responses from 

experimental data. Because an ICP direct reading polychromator 

with similar response photomultiplier tubes was used, (S/B)m£n 

and (S/B)max could very closely approach one another in the absence 

of sample. This latter condition caused the objective function, F, 

to range from zero to infinity when sample was present, but to give 

a response approaching k when sample was absent. Because of these 

problems, other objective functions were investigated.
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The general weighted average (Equation III) appears to have all 

the features of an acceptable objective function.

Ill
n
Z 

F = -f =
W± (S/B) i

where w£ is the weight assigned to the corresponding (S/B) ratio. 

In a trivial case, this function reduces to the minimum (S/B) 

ratio if W£ = W2 = ... - W^^ = Wmin+i = Wn = 0 and Wmin = 1. 

The function reduces to a simple average if Wj_ = V/2 = ..   = Wn . 

These weighting functions were investigated, as were those of the 

form Wi = e ~ (s / B)i and Wi = (S/B)"N , where e is the base of the 

natural logarithm and N is a constant.

Selection of an objective function, at this point, might appear 

arbitrary; this is not totally the case. In X-ray fluorescence or 

radiochemistry, where the experimental uncertainty can be estimated 

via counting statistics; a theoretically based objective function is 

possible, whereas in emission spectrometry, as in the case of 

multi-component chromatographic separations, an objective function 

must still be selected intuitively. Table I illustrates this 

intuitive selection process. The first three columns in Table I 

present five sets of simulated (S/B) ratios for three atomic emission 

lines. Overall, the five sets of data are arranged in decreasing 

order of desirability; therefore, the values of the objective function 

should follow this trend. The last seven columns correspond to the
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values of the objective function (III) for the weights indicated. 

Only the data in column D, W^ = (S/B)-""^ , monotonically decreases, 

indicating that weighting with the reciprocal of (S/B) agrees with 

our o_ priori views.

A simple example using two sets of (S/B) ratios with the same 

arithmetic mean (X) is algebraically represented in Table II. In 

the second set, however, one ratio is displaced Z units above X 

while the other has a ratio displaced Z units below X. The last 

column summarizes the value of the weighted-average objective 

function where W = (S/B) in each case. Since the (S/B) ratio

2 
must be greater than zero, X^-(Z /x) must always be less than X,

indicating that the uniformity criterion is implicit in this function,

Thus, weighting with the reciprocal of (S/B)^ agrees with our 

a priori views, and our proposed objective function simplifies to 

equation IV if Wi =

IV
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Table 1. Illustration of selection process for an objective function.

Signal to-background 
ratio

Values of objective function III 
for different weighting factors*

(s

2.

1.

0.

0.

0.

*A

B

/B)j

000

000

200

100

100

- Min

(S/B) 2

2.000

1.000

1.000

5.000

1.000

(S/B)3

2.000

1.000

10.000

5.000

10.000

2

1

0

0

0

A

.000

.000

.200

.100

.100

fW-i   Wo ss U i^ w l W2 wmin-l

= Average ( W} - W2 - Wj = .

B C

2.000 2.000

1.000 1.000

3.73 1.29

3.37 1.18

3.70 1.00

= W   , i sswmin+l

   - wn>

D

2.000 2

1.000 1

0.492 0

0.288 0

0.270 0

= Wn = 0

E

.000

.000

.291

.128

.137

and

F

2.

1.

0.

0.

0.

000

000

235

104

110

TJ . swmin

G

2.000

1.000

0.532

0.171

0.361

1)

C = W£ =

D

E = W£ = (S/B) i" 1 * 5

F = Wi

W . =
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Table II. Illustration of the uniformity criterion.

Set No. (S/B)i (S/B)2 Objective Function IV

1 X X X

2 X + Z X - Z X -Z2 /X
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The Sequential Simplex Algorithm

The applicability of empirical optimization techniques to chem­ 

ical processes was demonstrated by Box (9) in 1951 when he introduced 

the Box-Wilson "approach to the optimum" technique. Later, Box» 

advocated a simplified version of this "steepest ascent" procedure, 

an experimental optimization technique which he called "evolutionary 

operation" (10) for improving established industrial or chemical 

processs. In applying this technique, a systematic cycle of variants 

of the current chemical process was explored until an indication of 

desirable change emerged. The process was then modified in the 

indicated favorable direction. The procedure, however, did not 

specify rules on either when to change or how to change the process.

Spend ley et al. (11) in 1962 developed the sequential simplex 

optimization method in an effort to automate the evolutionary pro­ 

cedure. The method depended upon comparison of function values of 

the vertices of a simplex, followed by replacement of the vertex 

with the worst value by another point. Calculations were rigidly 

specified, yet simple enough to be easily automated.

Brooks (12) compared the performance of several optimum seeking 

methods for which the functional relation between the response and 

the variables was unknown. Factorial designs, univariate procedures, 

methods of steepest ascent, and random experimentation were compared 

on the basis of the magnitude of the response at the estimate of the 

optimal variable combination resulting from application of the methods 

for a fixed number of trials. On this basis, the slope method of 

steepest ascent performed better than the other methods considered.
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Using the same response surfaces as Brooks, and as far as possible 

the same experimental regions, Spendley et al. made similar compar­ 

isons of the performance of the sequential simplex optimization 

method. These simulations showed that by virtue of its performance 

(only the slope method of steepest ascent was clearly better) and 

its simplicity, the sequential simplex technique was a useful optimi­ 

zation method.

Long (13) successfully applied the theoretical proposal of simplex 

optimization to two analytical chemistry procedures, the f> -rosaniline 

method for determination of sulfur dioxide and the molybdenum-blue 

method for determination of phosphate.

Since its introduction in 1962, the simplex optimization pro­ 

cedure has undergone several modifications. A modification by 

Nelder and Mead (14) of the simplex method allowed acceleration in 

directions that were favorable and deceleration in directions that 

were unfavorable. King (15) modified the Nelder and Mead algorithm 

to allow for failed contractions (decelerations). Yarbro and Deming 

(16) discussed selection of variables, initial step size, and initial 

vertices. Routh et al. (17) suggested the use of second-order 

polynomials to locate the position of the new vertex. However, this 

had the disadvantage of significantly increasing the programming 

effort required. Ryan et al. (18) proposed a "controlled weighted 

centroid" method and an "orthogonal jump weighted centroid" method, 

both of which more closely approximated the gradient direction than
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did the Nelder and Mead algorithm. Although both of these weighted 

centroid methods did find the neighborhood of the optimum more rapidly 

than did the Nelder and Mead algorithm, they were less efficient 

when forced to determine the optimum point itself.

The sequential simplex optimization method has been applied in 

recent years to many areas of chemical research and instrument design, 

including, but not limited to the study of pulsed hollow cathode lamp 

performance (19), preparation and operation of microwave excited 

electrodeless discharge lamps (20), flame atomic absorption (21), 

and energy dispersive X-ray spectrometry (22), and gas-liquid chromato- 

graphic methods. The method has proven to be an efficient and con­ 

ceptually simple technique for improvement of response in chemical 

applications.

This work applies the sequential simplex method to the selection 

of optimal compromise operating conditions for the simultaneous 

determination of five elements by inductively coupled plasma-atomic 

emission spectrometry. The algorithm used is based on the King 

modification of the Nelder and Mead algorithm.

The variable-size sequential simplex algorithm of Nelder and Mead 

consists of reflection, expansion, and contraction rules. It is 

useable with any number of variables and is applicable to minimization 

as well as maximization of response. A two variable maximization 

problem will be used to illustrate the process (see Fig. 1). For the 

current work, these variables are observation height in the plasma 

and forward power.
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In the initial simplex, w, n, and b correspond to the responses 

at the vertices with the worst (W), next-to-worst (N) and best (B) 

responses. P is the centroid of the simplex calculated without W. 

r represents the response at the vertex associated with the reflection, 

R, which is accomplished by extending the line segment WP beyond P 

to the new vertex R, where

R = F + (F - W)

If the response at R is better than that at B, an expansion is 

attempted by extending the line segment WR to the new vertex E, where

E = P" + 2 (P~ - W)

and e represents the response at the vertex E. According to the 

expansion rules of Nelder and Mead, as stated by Shavers et al. 

(23): "If the response at E is better than the response at B, 

E is retained and the new simplex is NBE. If the response at E 

is not better than at B the expansion is said to have failed and BNR 

is taken as the new simplex". King modified the expansion rule of 

Nelder and Mead by comparing the response at E to the response at R, 

rather than that at B.

Although this modification appears to improve the rate of con­ 

vergence of the simplex, it was not discussed in an Analytical 

Chemistry review article by Deming et al. (24). Explicit use of this 

modification appears to be limited to an engineering application by 

Dowson et al. (25).
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In Fig. 1, CR and cy represent responses at the contracted vertices 

CR and GW Shavers et al. stated the contraction rules of Nelder and 

Mead as follows: "If the response at R is worse than the response at 

N, but not worse than at W, the new vertex should be closer to R than

to W: ______
CR = P + 0.5 (P - W)

The process is restarted with the new simplex BNCR. If the response at 

R is worse than the response at W, the new vertex should lie closer to

W than to R: _ _
Cw = F - 0.5 (F - W)

The process is restarted with the new simplex BNC^." A contraction 

fails if the response at CR is worse than that at R, or if the response 

at Cjj is worse than that at W and results in a massive contraction in 

which the size of the simplex is further reduced.

King suggested the following modification which was used by Morgan 

and Deming in their chromatography work: "If the contraction 

vertex is the worst vertex in the new simplex, do not reject that vertex, 

but instead the next-to-worst vertex, N".

It was not apparent at this point whether, in the event of a failed 

contraction, the contracted vertex was always to be retained or was 

to be retained only if the response at the contracted vertex was better 

than that at both R and W. This ambiguity led to the incorporation 

of the following contraction modifications. The CR contraction rule 

was modified so that the response at the contracted vertex, CR, was 

compared with the response at R. The vertex CR was retained only if
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the response at CR was better than that at R. The Cy contraction rule 

was modified in a similar manner, so that the contracted vertex, Cy, 

was retained only if the response at Cy was better than that at W.

Because the overall effect of these modifications is to slow 

the size-variation of the simplex without altering the directional 

movement, these modifications may reduce the likdihood of aimless 

wandering of the simplex in response to noise and thereby improve 

the efficiency of the algorithm in the presence of noise as well. 

No comparison was made, however, of the performance of the modified 

and unmodified algorithms under experimental conditions.

When the Nelder and Mead algorithm is used on responses subject 

to error, the simplices may retain a false high result as though it 

were a true optimum. Therefore, if a vertex has been retained in 

(k+1) successive simplices (where k equals the number of variables), 

the response at the persistent vertex should be re-evaluated and the 

results should be averaged with previous observations. Less difficulty 

is caused by false low results, as these vertices will be quickly 

eliminated through application of the algorithm rules.

If a new vertex lies outside the boundaries of the independent 

variables, it may be assigned an undesirable response to force the 

simplex back inside its boundaries. Alternatively, a Cy contraction 

may be performed to generate a new vertex lying between W and P. 

This latter approach was used in this work.



21

Because very often little is known about the response surface 

of the chemical system under investigation, it is difficult to estab­ 

lish response and variable termination criteria for the simplex search, 

Suggested approaches have included halting the search when the simplex 

step size becomes less than some predetermined value, when the 

differences in response approach the value of the indeterminate error, 

or when some predetermined number of iterations has been performed. 

In this work, the simplex was allowed to continue until the forward 

power and observation height coordinates converged to within the pre­ 

cision with which they could be adjusted.

A flow chart of the algorithm and computer programs in BASIC and 

in Fortran are presented in Appendix B.
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Experimental Measurements

Throughout this work a Jarrell-Ash Mark III, a direct-reading 

polychromator with an argon plasma source, was used. A nebulizer 

flow of 0.55 L min"1 of argon and a coolant gas flow of 17.0 L min" 1 

of argon were maintained. A signal integration time of two seconds 

was used for both peak and background measurements. The background 

for each line was selected at 10 spectrum shifter units (approximately 

0.032 nm) to the high wavelength side of each spectral line peak. 

Observation height above the upper loop of the coupling coil and 

forward power ranged from 7 to 27 mm and from 700 to 1900 watts, 

respectively. Prior to each determination, the reflected power was 

set to a minimum (_ 3 watts) while the sample solution was aspirated 

(sample uptake rate = 1.0 mL min" 1 ).

A stock solution was prepared from Fisher certified aluminum, 

manganese, sodium and titanium 1000 yg mL" 1 atomic absorption standards 

and Spex Industries phosphorus 997 yg mL" 1 atomic absorption standard. 

The emission lines and concentrations were: Al I 396.152 nro, 

6 yg mL" 1 ; Na I 588.995 nm, 2 yg mL" 1 ; Ti II 334.941 nm, 40 ng mL" 1 ; 

P I 214.914 nm, 1 yg mL" 1 . For this solution to better reflect the 

properties of the real samples that frequently are dissolved in HF 

or other acids, the following reagents were added: 4 mL (28.9 M) 

hydrofluoric acid, 2 mL (12.1 M) hydrochloric acid, 1 mL (15.9 M) 

nitric acid and Ig ^BO per 100 mL of stock solution. Under the 

operating conditions selected, Al was present at approximately 1000 

times its detection limit, P was present at approximately 10 times 

its detection limit, and Na, Mn, and Ti were present at approximately
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100 times their detection limits which were determined at 1100 watts 

forward power and at an observation height 16 mm above the coil 

(power and location suggested by instrument manufacturer). These 

elements, lines and concentrations were selected because they encompass 

a variety of conditions commonly associated with the analysis of 

geological samples.

Spectral line intensity data were acquired using a Jarrell Ash 

Mark III ICP. Data were recorded and processed using a Digital 

Equipment Company PDF 11/34 minicomputer with 64K words of memory 

and dual RL01 disk drives which was interfaced to the spectrometer. 

All simplex calculations were performed off-line using a BASIC language 

program on a Tektronix 4051 microcomputer.
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Results and Conclusions

Objective functions have been described for use in multiple- 

element determinations by X-ray fluorescence spectrometry and for 

use in multiple-component chromatographic separations. This work 

describes an objective function for use in multiple-element deter­ 

minations by atomic emission spectrometry. The objective function 

is then used with the sequential simplex optimization method to 

select optimal forward power and observation height settings for 

multiple-element determinations by ICP-atomic emission spectrometry. 

The sequential simplex optimization method was chosen because of 

its simplicity and its proven effectiveness in chemical applications 

where the functional relationship between response and variables is 

usually unknown.

Table III summarizes the forward power, observation height,

individual (S/B) ratios for each of five spectral lines, and the value
____n 

of the objective function (equation IV, F " ^ (S/B),"" 1 ) for each
L» > i=l 

instrument setting tested. The simplex was allowed to move until the

forward power and observation height coordinates had converged to 

within the precision with which they could be adjusted (20 watts for 

forward power and .20 mm for observation height). The asterisks 

indicate that random noise caused the background (B) to exceed the 

line intensity signal(S) for the designated spectral line. Whenever 

this happened (vertices 2, 8, and 13k in Table III), the corresponding 

(S/B) ratio and the objective function were assigned very unfavorable 

values. Vertices 13, 17, and 22 in Table III illustrate the retention
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of a vertex having a high response. The response at this retained 

vertex was periodically reevaluated and averaged with previous 

observations, resulting in an objective function value of 0.852 for 

an observation height of 14.0 mm and forward power of 1220 watts. 

Had the initial high response at vertex 13 been due to noise, the 

vertex probably would have been eliminated from the simplex when it 

was reevaluated. Once the optimum had been located (1220 watts and 

14.5 mm), ten replicate determinations of the objective function at 

those settings provided a response of 0.802 1. 0.032 units. The 

convergence criterion used in this experiment was the precision with 

which forward power and observation height could be adjusted. It 

was, therefore, relatively unimportant whether the optimum setting 

was considered to be the best point of the final simplex (1200 watts 

and 14.3 mm) or the center or average of the final simplex (1220 

watts and 14.5 mm).

The data and results in Table III are based on printout from 

optimization calculations performed off-line (see Appendix C). Table 

III indicates that the last simplex would not correspond to the best 

conditions for any single element. For example, a lower power and 

higher observation height setting such as the 1050 watts and 17.7 mm 

used at vertex 10 would have been better for an Al determination. Exam­ 

ination of the individual elemental S/B ratios indicates, however, 

that these conditions provide a very realistic compromise when deter­ 

mining the five selected elements in the concentration regions specified,
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At present, the value of the proposed objective function at the 

optimal instrument operating conditions is of importance only in that 

it specifies a preferred combination of settings relative to other 

settings tested. Software modifications could be made, though, to 

indicate low elemental S/B ratios and to suggest the possibility 

of deleting the corresponding element or elements from the optimiza­ 

tion procedure. During actual sample analysis, however, interest 

centers on the individual S/B ratios and information concerning noise, 

This information, not the proposed objective function, dictates 

whether a particular sample should be reanalyzed for a particular 

element.

The data in Table III and Appendix C show that the proposed 

objective function specifies an optimal setting which is in agreement 

with our a_ priori views concerning a preferred combination of S/B 

ratios for the five elements being determined. The relatively low 

S/B ratios of Ti and P are improved at the expense of the Al, Na, 

and Mn S/B ratios. Additional experimentation was not done to verify 

the location of the optimum because the region of the simplex search 

included the instrument manufacturer's recommended settings (1100 

watts and 16 mm for determination of any element or combination of 

elements in aqueous solution) and published recommended settings for 

the individual elements determined. Under different circumstances, 

the simplex algorithm could have been started from several locations 

to see whether it converged to the same point. Factorial designs and 

univariate searches could also have been used to verify the optimum.
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Thus, this work has demonstrated the feasibility of using the 

proposed objective function in conjunction with a variable-size 

sequential simplex algorithm to optimize operating conditions for 

simultaneous determination of five selected elements by ICP-atomic 

emission spectrometry. Although this search method can aid the analyst 

in locating optimal operating conditions, its usefulness in actual 

sample analysis will depend upon the frequency with which it specifies 

optimal operating conditions that improve the analytical capability 

of the system or that allow simultaneous determinations not possible 

at the instrument manufacturer's recommended settings. The search 

method described is general and subsequent work will expand this 

approach to a multiple-variable optimization (observation height, 

forward power, nebulizer gas flow, coolant gas flow, concentration of 

an ionization suppressing element, e.g. Cs) which is expected to 

facilitate the determination of major, minor, and trace elements in 

silicate rocks and minerals of geochemical interest.
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Appendix A

Brief Description of Inductively Coupled 

Plasma-Atomic Emission Spectrometry
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Brief Description of Inductively Coupled

Plasma-Atomic Emission Spectrometry

In ICP-atomic emission spectrometry, a radio frequency (RF) 

generator provides energy to a plasma torch and creates an RF 

magnetic field. Argon gas is passed through the field and is 

ionized to become the plasma. Sample solution is aspirated from a 

container and carried by another stream of argon gas to the plasma 

discharge, where excitation occurs. Excited elements emit photons 

of light which are directed by the optical system through an entrance 

slit onto a concave grating surface. The grating diffracts the 

light into its component wavelengths which are focussed to form 

images of the entrance slit on a focal curve. Exit slits isolate 

wavelengths of interest. Photomultiplier tubes behind these exit 

slits convert light to electrical energy proportional to the intensity 

of the spectral lines. A computer then converts these signals into 

desired concentration units and prints or displays the results. The 

location and magnitude of these emission signals and the noise from 

sample and discharge gas are influenced by physical properties of 

the plasma discharge. These properties are in turn controlled by 

the operating characteristics of the instrument system. Among the 

critical parameters for analysis are the power input to the discharge 

and the observation region in the plasma. Selection of these operat­ 

ing conditions affects the limits of detection for simultaneous 

multiple-element analysis.
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Appendix B

Flow Chart of Sequential Simplex Algorithm 

and BASIC and Fortran Programs
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Flow Chart of Sequential Simplex Alsorithn
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Appendix C 

Printout of Experimental Data
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