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SYNOPSIS 

Aluminium, manganese, and vanadium were determined in chromium, 

ferrochromium, and slags. Because of the short-lived isotopes produced, 

the technique is rapid, and the total analysis time per sample is 15 

minutes. Th«? reproducibility is 3 to 4 per cent, and this value can be 

improved by certain modifications, particularly to the irradiation 

facilities. A similar method could be applied to on-line or in-plant 

analysis if an isotoplc source of neutrons were used. 

SAÏ4EVATTIÏÏG 

Aluminium, mangaan en vanadium is in chroom, ferrochroom en 

slakke bepaal. Vanweë die kortduurisotope wat voortgebring word, is 

die tegniek vinnig en die totale ontledingstyd per monster is 15 

minute. Die reproduseerbaarheid is 3 tot 4 persent en hierdie waarde 

kan verbeter word deur sekere wysigings, veral aan die bestralings-

fasiliteite. 'n Soortgelyke metode kan op inbaan- of binneaanleg-

ontledings toegepas word as 'n isotoopbron van neutrone gebruik word. 
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1. INTRODUCTION 

Instrumental reactor-activation analysis is widely accepted as 
a sensitive technique for the determination of trace elements in a 
variety of samples. It can also be used for the rapid and reasonably 
accurate determination of particular elements. This ability suggested 
its use for the routine analysis of industrial samples, particularly 
those associated with mineral processing and metallurgy1. 

A previous experimental survey2 of a suite of fifteen typical 
mineral-processing samples demonstrated that some 38 different elements 
could be determined with precisions (estimated from the counting 
statistics) of between 1 and 20 per cent, estimated sample through-puts 
of between 50 and 150 samples per day, and a maximum turn-round time of 
two days. The suite included lead, copper, and zinc concentrates, 
ferrochromium and chromite samples, samples from the platinum-group 
metal-extraction process, and samples of copper, platinum, manganese, 
and iron ore. 

On the basis of those results, the present analytical problem was 
chosen as a means for the establishment of the speed, reproducibility, 
and accuracy obtainable in practice with the apparatus available. The 
criteria in the choice of an example were its relevance to the overall 
analytical programme of the National Institute for Metallurgy and its 
favourability as a candidate for instrumental neutron-activation 
analysis. In addition, the problem had to be one for which activation 
analysis was competitive, that is, one for which simple conventional 
techniques were not available. 

The method chosen for development was that of the determination 
of aluminium, manganese, and vanadium in chromites, ferrochromium, 
and slags, in which these elements are major or minor but not trace 
constituents, and occur in the range of a few hundred parts per million 
to a few per cent. A rapid instrumental method is desirable for these 
materials since conventional methods often require lengthy manipulations 
involving fusions or dissolutions prior to the analysis, or both. 

These three elements have particularly favourable characteristics 
for determination by instrumental neutron-activation analysis. Neutron 
activation has been used to determine them in a variety of materials 
but usually at trace level. Notably, the determination of vanadium 

1 



RAPID INAA DETERMINATION 

in petroleum products has found many applications3 **, and manganese 
and aluminium have been determined in rocks5 6 and aerosols7 for 
example. The use of the reactor technique has not yet found widespread 
use in the analysis of ores and ore-beneficiation products. Bayer8 used 
this method to determine extractable aluminium, and Galli et al.^ 
determined aluminium in phosphate minerals. Sterlinski10 determined 
manganese and other elements in copper ores. Lamb et aZ. 1 1 determined 
manganese among other elements in sulphide ores in one of the early 
applications of Ge(Li) spectrometry. 

As far as alloys are concerned, Gruber and Sorontin 1 2 determined 
vanadium in iron alloys. Brooksbank et a£. 1 3 determined manganese in 
base alloys by this method, and Soltys and Morrison11* used it for the 
determination of the stoichiometry of sodium-vanadium bronzes. 

2. APPARATUS 
Irradiations were carried out in the pneumatic facility of 

SAFARI I, an Oak Ridge research-type reactor. The pneumatic facility 
uses an irradiation position external to the core. In this position 
the neutron flux is approximately 2,9 x 10 1 3n cm~ 2s _ 1 and the cadmium 
ratio for cobalt is 33. (This is equivalent to a value of 5,1 fjr gold.) 

The gamma-ray spectra were measured with a 45cm3 Ge(Li) detector 
connected to a 4000-channel pulse-height analyser having an analogue-
to-digital converter with a clock frequency of 100MHz. The amplifier 
incorporated pole-zero cancellation and base-line restoration. A Wang 
600 programmable calculator was interfaced15 to line multi-channel 
analyser and was used for the integration of the peak areas. 

3. EXPERIMENTAL METHOD 

3.1. PREPARATION OF SYNTHETIC STANDARDS 

Standards were prepared from aluminium oxide, manganese oxide 
(M^Oi,), and ammonium met a vanadate (NH4VO3), all of A.R. grade. 
Aluminium oxide was ignited at 1000 C for two hours before use. 
Manganese oxide was prepared by the ignition of manganese dioxide 
for three hours at 950 C. The range required was covered by a series 
of calibration standards made by mixing of the prepared compounds with 
pure quartz in an agate bowl of a rotary mill (Siebtechnik). 

2 



RAPID INAA DETERMINATION 

3.2. CHOICE OF ANALYTICAL PEAKS AND INTERFERENCES 

Table 1 lists the nuclear data 1 5 1 7 for (n,y) reactions with 
aluminium, manganese, and vanadium. 

TABLE 1 
Thermal-neutron reactions with manganese, 

vanadium, and aluminium 

Reaction Half-life 1 7 Cross-
section 1 6 

(b) 

Isotopic 
abundance 

7. 

Gamma-ray 
energy 
keV 

Intensity 

% 
2 7Al(tt,Y) 2 8Al 
5 1 V ( n j Y ) 5 2 V 

5 5Mn(n j Y) 5 6Mn 

2,24m 

3,76m 

2,587h 

0,230 

4,88 

13,3 

1Q0 

99,8 

100 

1778,9 

935,6 

1333,4 

1433,9 

1530,8 

846,6 

1811,2 

2112,6 

2523,2 

2658,0 

2960,4 

3370,6 

100 

0,068 

0,63 

100 

0,15 

99 

30 

15 

1,6 

0,66 

0,29 

0,20 

The peaks from 2 8 A 1 at 1778,9keV, 5 1 V at 1433,9keV, and 5 6Mn at 
1811,2keV were free from interference of overlapping peaks, and these 
were used for the analysis. The peak at 846,7keV from 5 6Mn, although 
more intense, wa? not used because of the interference from 2 7Mg at 
843,8keV and the possible interference from 1 5 2 m Eu .̂t 841,4keV. 

Direct interference occurs when the same isotope is produced 
through different reactions, these interferences are usually important 
only when the constituent of interest is present in trace amounts. As 
can be seen from Table 2 1 8 , a sample with an iron content of 100 per 
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RAPID INAA DETERMINATION 

cent would yield a blank value of 10 p.p.m. of manganese and a sample 
with a chromium content of 100 per cent would yield a blank value of 
22 p.p.m. of vanadium. These interferences were negligible in the 
present work. 

TABLE 2 
Reactions producing direct interference 

Analytical 
reaction 

Interfering 
reaction 

Abundance 

% 

Cross-
section 1 8 

mb 

Interference 
ratio* 

2 7 A 1 ( H , Y ) 2 8 A 1 3lV(nJOL)28M 100 1,3 9,0 x 10 _ t > 

2 8Si(n,p) 2 8Al 92,3 4,0 2,6 x 10"3 

55Mn(rc,Y)56Mn 5 9Co(n,a) 5 6Mn 100 0,23 2,8 x 10-6 

56Fe(r.,p)i'6Mn 91,7 0,93 1,0 x 10"5 

5 1V(n,Y) 5 2V 5 5Mn(n,a) 5 2V 100 - -
5 2Cr(n,p) 5 2V 53,8 0,8 2,2 x 10"S 

*Ratio of interfering to primary activity for equal amounts of the 
elements 

The interference of silicon with the determination of aluminium 
is greater, anH, as '.he standards were diluted with SÍO2, the blank 
value had an effect on the calibration curve for aluminium (see Section 5). 

3.3. IRRADIATION AW COUNTING CONDITIONS 

Portions of the samples and standards (50mg each) were packed in 
small (0,5ml) polyethylene vials. For irradiation, a vial containing the 
sample or standard was packed, together with a similar vial containing 
a flux monitor of aluminium oxide, into a polyethylene rabbit. Polyethylene 
spacers were used to keep the sample and monitor in position during the 
irradiation so that errors arising from changes in the irradiation geometry 
could be minimized. 

It was found th t the activity from 2 8 A 1 , 5 2V, and b 6Mn could all be 
measured in the samples with adequate counting statistics by use of an 
irradiation time of 20 seconds and measurement of the gamma-ray spectrum once 

A 



RAPID INAA DETERMINATION 

for 200 seconds after a delay time of 5 minutes. 
One of the aims of this investigation was to establish how 

rapidly the analysis could be carried out, and conditions were thus 
deliberately restricted so that the spectrum was measured only once 
for each sample. 

Corrections for dead-time losses were made with the use of a 
fixed-frequency pulser according to the method described by Strauss 
et al. 1 9. 

The sample-detector distance was adjusted so that the analyser 
dead-time did not exceed 10 per cent at the start of the measurement 
period. This reduced errors from effects arising from variation of dead-
time during the measurement. All the samples and standards were counted 
at a fixed distance between sample and detector so that the errors 
introduced by distance corrections would be eliminated. 

The activities of the flux monitors were measured on a 75mm by 
75mm Nal(Tl) detector connected to a single-channel analyser. Here, the 
delay time was 3 minutes and the measurement period 1 minute. The 
irradiation and decay times were timed manually with stop-watches. 

4. DATA REDUCTION 

When a large number of Ge(Li) spectra are to be treated, some form 
of automatic data reduction is essential. The usual procedure is to 
record the spectra on magnetic tape and submit them to a central computer 
for processing. In routine analysis, the delay involved in this procedure 
is a sericus disadvantage, but the use of an on-line mini-computer is 
an expensive solution. In the present project, the use of a programmable 
calculator was investigated as a simple means of overcoming these 
disadvantages. 

Details of the programme will be given in a separate report 2 0. 
The computer carried out the following operations: 
a. integrated the net peak area between fixed limits set on 

thumb-wheel switches on the analyser, 
b. calculated the error in the peak area from the counting statistics, 
c. cyirected for dead-time losses in the system by integration of 

the peak derived from the pulser in the same way, 
d. performed tha necessary corrections for decay time, irradiation 

time, and sample mass, and 
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RAPID INAA DETERMINATION 

t. calculated the concentration from a previously determined 
calibration factor. 
The use of fixed boundaries for the extraction of the peak areas 

is essentially a simple form of Covell's method 2 1. Methods of this 
type have been rejected in the past 2 2 2 3 for Ge(Li) spectra because the 
peak widths change appreciably with count rate. Because of the 
simplicity of this method it was re-investigated in the present 
experiment. The technique was modified in that the same method was used 
in the determination of the pulser peak on the assumption that its 
shape would be affected in the same way as that of the full-energy peak 
by pulse pile-up. 

With this procedure, the corrected peak area for the 662keV peak 
from 131*Cs was constant to within 1 per cent when the analysed count 
rate was varied from 3KHz to over ?.0KHz (corresponding to an analyser 
dead time of 30 per cent) by the movement of a 1 3 3 B a source in relation 
to the detector. Typical results are shown in Table 3. 

It is felt that these results have important consequences for 
data reduction in activation analysis, and it is intended to pursue 
this topic further. 

5. RESULTS 

Typical calibration curves for aluminium, manganese, and vanadium 
are shown in Figures 1, 2, and 3 respectively. For aluminium the non
zero intercept in the y axis stems from direct interference by the 
silica us°d as a diluent, as was shown in Table 2. 

5.1. ACCURACY 

Five international standards were analysed for all three elements 
in the manner described. A comparison of the results obtained and the 
best available values is shown in Table 4. The results are considered to 
be acceptable, except for the manganese result on 6CS 302, and the best 
available result is not a certified value in this instance. 

Table 5 shows a comparison of the results from neutron-activation 
and chemical methods that were obtained for a suite of samples analysed 
for vanadium under routine conditions. The agreement obtained is 
reasonably good, and, where discrepancies are evident - as in the results 
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TABLE 3 

Integration of peak areas by use of fixed boundaries with pulser-peak aorreation 

(131*Cs in fixed position; count rate is varied by moving of l 3 3 B a relative to the detector) 

Analyser 
dead time 

% 

Analysed 
count rate 

counts 

Counts for uncorrected 
i 3 1*Cs peak area 

Pulser-peak 
correction 

factor 

Corrected 
13"*Cs peak area 

Coefficient 
of variation 

(8 measurements), % 

Analyser 
dead time 

% 

Analysed 
count rate 

counts 

Counts for uncorrected 
i 3 1*Cs peak area 

Pulser-peak 
correction 

factor 
counts 7. erroi Uncorrected corrected 

4 
20 
30 

3 400 
14 000 
21 400 

118 192 
86 724 
63 624 

1,0891 
1,4795 
2,0406 

_ _ i . — 

128 723 
128 309 
129 331 

• . . . . — . i . 

+ 0,32 
+ 0,86 

0,22 
0,88 
1 ,00 

0,27 
1,10 
1,20 

"T 
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TABLE 4 

Comparison of the results obtained for international standards 

Standard no. Description Literature values INAA results Standard no. Description 
Al 
% 

Mn 
7. 

V Al 
% 

Mn 
% 

V 
% 

BCS 302 

BCS 174/2 

BCS 303 

NBS 50B 

NBS 64B 

Northhamp-
shire iron 
ore 
Lincoln 
iron ore 
Iron ore 
sinter 
Tungsten-
chromium-
vanadiutn 
steel 
Ferrochromium 

3,83+ 

2,25 + 

3,60 + 

* 

* 

0,28 

1,18+ 

0,9I + 

0,33+ 

0,2I + 

* 

* 

* 

1,02+ 

0,1 5 + 

3,o5 

2,30 

3,54 

ND 

ND 

0,17 

1,10 

0,88 

0,?2 

0,21 

0,053 

0,062 

J,06C 

0,950 

0,150 

Certified values 
•Results not available 
ND not detected 
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TABLE 5 
Comparison of the results obtained for vanadium by neutron-aativation and other methoda 

Sample 1 
V205 concentrations 

Emission 
spectrography 

% 

Sample 

Neutron 
activation 

(Mean of duplicates) 
% 

X-ray 
fluorescence 

% 

Spectrophotometry 

7. 

Emission 
spectrography 

% 

69/69 Ilmenite 
48/69 Lead-zinc-
vanadium ore 
50/69 Zinc ore 

39/73 titanium-
vanadium slag 
40/73 titanium-
vanadium slag 
1/68 Chromite 
64/68 Chromite 
65/68 Chromite 
66/68 Chromite 
17/70 Chromite 

0,28 
0,97 

0,26 

1.17 

1,12 

0,12 
0,32 
0,21 
0,23 
0,32 

0,29 
0,83 

0,37 0,35 0,35 
0,80 1,01 

0,27 (mean of 10 determina
tions) 

0,12 
0,34 
0,27 
0,24 
0,37 

1,15 

1,02 

-r-
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for chromite standard 65/68 - further work is necessary to decide 
which technique is in error. 

The principal source of lack of accuracy, as opposed to 
reproducibility, in the activation technique used here is variation 
in the dead time during the spectrum-measurement period. This effect 
is important in the present method because of the short half-lives 
of the isotopes contributing to the spectrum. 

In the present work, the maximum dead time of the analyser was 
kept below 10 per cent so that '.his effect would be minimized, and, as 
can be seen from the calibration curves, this was not a major source 
of error. However, the accuracy could undoubtedly be improved by the 
use of a method for the correction of the effects of varying dead 
time such as that of Barto^ek et at. . 

5.2. PRECISION 

The precision cf the method was determined by the analysis of 
twelve portions of sample BCS 301. The results are shown in Table 6. 
The contribut ion of the counting statistics to the precisions obtained 
was under 1 per cent (coefficient of variation) in all samples, but it 
was largest for vanadium. 

TABLE 6 
Experimental precision 

(determined on the analysis of twelve portions of standard BCS 301) 

Al Mn V 
Mean concentration, % 2,30 1,10 0,062 
Standard deviation 0,074 0,038 0,0025 
Coefficient of variation, % 3,2 3,5 4,1 

The main contributor to the random error was inaccuracy in the 
timing of the irradiation step with a stop-watch. With the irradiation 
facilities at SAFARI I, it is difficult to time a period of 20 seconds 
with a reproducibility better than 3 per cent. Automation of the timing 
would greatly reduce this error. 

It was hoped that flux monitors might be used to overcome this 
problem, but the sinple single-channel analyser equipment had to be 
positioned in an environment with a widely varying temperature. Owing 
to fluctuations of temperature and count rate, it proved impossible 

10 
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to monitor Che neutron fluence wich Che required reproducibility, and 
flux correccions were Cherefore noc made in the results reported here. 

The short-term flux variations in realtor power are approximacely 
1 per cent when under aucomatic control and 2 per cent when under 
manual control. It is thus necessary to have a reliable flux-monitoring 
technique if a reproducibility of better than 1 per cent is to be 
achieved. 
5.3. ANALYSIS TIME 

Under the prevailing conditions, it should be possible to do 24 
analyses in one man day (3 hours). This estimate includes both 
the time required for the preparation of calibration standards and the 
travelling time from che Nuclear Physics Research Unit to the Atomic 
Energy Board, Pelindaba - a distance of 70km. 

The actual analysis time per sample, once the calibration factors 
had been determined, was 15 minutes, including sample preparation 
(weighing and packing), data reduction, and the calculation and printing 
out of the concentrations oi the elements by the programmable calculator. 
Since three elements were determined at the same time, this implies a 
rate of 12 determinations per hour. 

Automation of the timing and daca read-out would make it possible 
for the irradiation and counting steps to be staggered and the analysis 
time to be reduced to under 10 minutes per sample. 

An alternative wet-chemical procedure would probably involve sample 
dissolution and determination by titrimetric or spectrophotometry 
inetnods. These methods are time consuming. For example, the analysis time 
wich che esCablished speccrophocomecric method is 5 hours for 10 samples 
for che determination of vanadium only. 

6. DISCUSSION AND CONCLUSIONS 
The object of che present work was Che development of an 

activation-analysis technique for che determination of aluminium, 
manganese, and vanadium as an example of what can be achieved with the 
facilities at present available ac SAFARI I for the measurement of 
short-lived isotopes. 

The resulCs obtained demonstrate that this method can bs used for 
the determination of aluminium, manganese, and vanadium with reasonable 
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accuracy and a precision of 3 to 4 per cent (coefficient of variation) 
at the concentration levels shown in Table 5. 

The most important possible improvement to the precision of the 
procedure would be the automation of the timing steps in general and 
the irradiation timing in particular. Because of the high power-level 
of SAFARI I, short irradiation times must be used and errors are 
thus introduced by manual timing. A significant improvement in accuracy 
could be achieved by the development of a correction for dead-time 
variations2"*. It is believed that the technique is capable of an 
accuracy and precision of better than 1 per cent relative. 

It should be noted that good accuracy can be achieved with a very 
simple method of peak integration provided that the same technique is 
applied to the pulser peak. This technique is to be investigated further 
and to be applied to multi-element analyses. 

One improvement in methodology was made as a part of the project: 
the use of a programmable calculator for data reduction, including the 
determination of peak areas 2 0. The results showed that this method is rapid 
and convenient where the number of peaks involved is not too large 
and where it is not necessary to correct for interferences. The fact 
that the final results were available as soon as the spectrum measurement 
was completed was found to be of particular value in the development of 
the analytical method. It is recommended that this technique should be 
investigated further in relation to improved automation of the extraction 
of peak data and minimization of the need for operator intervention in 
the process. 

It is clear that neutron-activation analysis is a powerful technique 
for the determination of these three elements with the reactor as a 
neutron source. 

An isotopic-neutron source could also be used. The average neutron 
flux in such a source would typically be more than five orders of 
magnitude lower than the reactor value, but it would be possible for 
sample sizes up to threa orders of magnitude larger to be accommodated, 
for a more efficient detector configuration ?" be used, and for the 
irradiation and counting times to be increased to compensate for this. 

Such sources have been used for the determination of aluminium 
in ores and mineral-processing samples 2 5, and in chromium ore and 
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chromium concentrates b. Manganese has been determined in ferromanganese 
products 2 7, minerals, solids, and a variety of ores , and vanadium has 
been determined in magnetite ore and limonite" . 

These sources are of potential importance in on-line applications, 
particularly in the vanadium, ferromanganese, and ferrochromium 
industries. 
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Calibration curve for aluminium 
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FIGURE 2 Calibration curve for manganese 
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FIGURE 3 Calibration curve for vana'Jium 
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