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S Y N O P S I S 

Instrumental neutron-activation analysis was used in the determination of silver in a number of 
copper, lead, and zinc ores and concentrates. By the use of epithermal activation, silvc could be 
determined within 4 days of imdiat'nn, with a limit of detection of about 10 p.p.m. ana a precision of 
2,7 per cent at the concentration level of 600 p.p.m. An increase in the decay time to 12 days 
improved the limit ot detection to about 3 p.p.m. and the precision to 1,7 per cent at the same 
concentration level as before. The total time required for the analysis was about 1 hour per sample 
excluding the decay time, which varied from 4 to 12 days depending on the precision required. 

S A M E V A T T 1 N G 

Instrumentelc ncutronaktiveringsanalisc is gcbruik vir die bepaling van silwer in 'n aar.tal koper-, 
lood- en stnkeruc en -konsentrate. Deur die gebruik van epitermiese aktivcring kan silv.Tr binne 4 dae na 
bestraling bepaai word met 'n opsporingsgrens van ongeveer 10 d.p.m. en 'n presisie van 2,7 persent op 
'n konsentrasiepeil van 600 d.p.m. 'n VerlenWng van die vervaltyd tot 12 dae het die opsporingsgrens 
vcrbetei tot ongeveer 3 d.p.m. en die presisie tot 1,7 persent op dieselfde konicntrasiepeil as voorheen. 
Die totale tyd wat vir die ontleding novig was, vnu ongeveer 1 uur per monster, met die uitsluiting van 
die vervaltyd wat van 4 tot 12 dae gewistel het, afhangende van die presisie wat verlang word. 
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1. INTRODUCTION 
Little work has been done on the application of neutron-activation analysis to the determination 

of trace elements in sulphide ores and bencficution products. Steinncs rt al.' showed that instrumental 
neutron-activation analysis (INAA) was especially favourable for the determination of cobalt, silver, 
antimony, and gold in sulphide ores, and a qualitative study1 of this type of material, based on the use 
of short-lived isotopes only, indicated that INAA could be used in the determination of many other 
dements. 

The present report describes an investigation of the potential of INAA in the accurate and precise 
determination of silver in copper, lead, and zinc ores and concentrates, based on the long-lived isotope 
silver-UOm. The use of the long-lived isotope presents a problem in that a rapid turn-round of results is 
not possible, but the alternative - use of the short-lived isotope silver-110 - was not possible because of 
the limited irradiation and counting facilities available for the measurement of short-lived isotopes. 

2. NUCLEAR DATA 
The thermal-neutron irradiation of silver produces three isotopes, two short-lived and one 

long-lived. Table 1 gives a summary of the reactions and relevant nuclear data. Silver-109 has a very 
strong resonance peak for neutron capture at 5,2 eV (greater than 20 000 b). which may give rise to 
self-shielding problems under certain conditions1. However this high cross-section in the epithermal 
region results in high epithermal 'advantage factors' relative to the major elements found in sulphide 
ores and concentrates, for exanple iron, copper, and zinc. This results in enhanced sensitivity for silver 
when cadmium-shielded irradiations are carried out. 

J. EXPERIMENTAL METHOD 
3.1 INSTRUMENTATION 

San.ples were irradiated in the poolside facility of the SAFARI I reactor of the Atomic Energy 
Board, Pdindaba, Transvaal. The neutron flux available in this position was approximately 
8 X 10 ' 3 n cm"' $"' with a cadmium ratio for cobalt of 30. 

After irradiation, the samples were transported to the counting laboratory of the Nuclear Physics 
Research Unit (NPRU). The counting system used was a Ge(Li) detector with a resolution of 2,6 keV 
and an efficiency of 10 per cent; this was connected to a 4000-channel analyser with data output to a 
magnetic-tape unit for later processing. An automatic sample changer4 was available, enabling the 
counting system to be used to its full capacity. 

3.2 PREPARATION OF SAMPLES 
The samples were sealed in quartz tubing and irradiated in cadmium cans having a wall thickness 

of 1,5 mm, which gave an effective neutron 'cut-off at a neutron energy of about 0,62 cV. The samples 
were monitored by iron foils wrapped round the tubes to the height of the sample'. All the results 
were normalhed to the area of the 1292 keV peak of the iron-59 isotope. 

After irradiation, the samples were returned to the counting laboratory at NPP.U and counted 
after a decay of 3 to 5 days, 12 to 14 days, and Í5 to 3 8 days. The iron foils were removed, and the 
quarts tabes were washed in hydrochloric acid, water, and acetone for the removal of any radioactive 
eomammetion. The tubes were prepared for counting in the automatic sample changer by being packed 
in polyethylene 'rabbits', being centralized in the rabbit by means of polyethylene spacers, which also 
acted as absorbers of beta particles (Figure 1). 

3.3 PREPARATION OF STANDARDS 
Standards were prepared by dilution of silver nitrate with tend sulphide, and were ground wet 

(acetone being used) in a Siebtechnik rotary mill. The results obtained on a repeated analysis of one 
standard showed no indication of unhomogencity. Errors arising from the preparation of the standard 
wen estimated to be between 2 and 3 per cent. 
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3.4 ISTERtERESCHS 
No direct interferences were found with the 13*4 keV photopeak used in the determination of 

si»ver, but theic were serious indirect interferences from high-energy gamma rays, which increased the 
background under the silver peak. These were typically obtained from the isotopes Sodiwm-24. 
lanthanum-140, and potasshim-42 at short half-lives, and from anrimony-124 at longc* decay time». A 
second source of indirect interference was that of isotopes producing a high acti-ity in the sample. 
Since the counting system was count-rate limited, the more-active samples had to be counted at greater 
sample detector distances, thus reducing the efficiency of detection for the silver-110« isotope of 
interest. 

Both these problems were overcome to a huge extsnt by the use of epithermal-neutron 
activation. Silver has a high advantage factor compared with the elements producing nigh lewis of 
activity in these samples, such as sodium, iron, copper, and line although it is at a disadvantage 
compared with antimony1. Also, the overall sample activity was reduced by a factor of J to 10 relative 
to the silver-110m activity, so that samples could be counted earlier, giving improved 
peak-to-background ratios. 

Finally, in these samples, which contain high levels of sulphur, the reaction 

J 2 S ( » ^ ) , 2 P , t H = 14 days. 0=1,7 MeV 

becomes important. This is a fast-neutron reaction, which is, of course, enhanced in cadmium-shielded 
irradiations, and produces a high-energy beta emitter. These high-energy beta particles can give rise to 
Bremsstrahlung radiation and thus cause a low-energy background in the spectrum. This can be 
significantly reduced by the use of an absorber of low atomic number to absorb die beta particles, and 
was one of the reasons for the use of solid polyethylene spacers in the counting rabbit (Figure 1). 

3.5 PRECISION OF ANALYSIS 
The choice of the analytical photopeak for the determination was made by the irradiation of ten 

samples of a lead concentrate containing about 600 p.p.m. of silver; and the peak areas of the fi*e most 
intense peaks of silver-UOm were measured after decay times of 4 to 6, 12 to 14, and 35 to J» days, 
and the coefficient of variation for each peak was calculated (sec Table 2). The two lowest coefficients 
of variation were obtained for the 937 and 13S4 keV peaks. The peak of higher energy was selected as 
the analysis peak because the possibility of interference from the oadmiun>115 peak at 934 keV was 
high in this type of material. The improvement in the coefficients of variation from a decay of 
4 to 6 days to a decay of 12 to 14 days was due to the decay of interfering high-energy gamma-ray 
emitters such as sodium-24 and lanthanum-140, and ;o the overall reduction m sample activity, which 
allowed the samples to be counted closer to the detector. 

The main interfering element at long «iecay times was antimony-124. In general, the 
concentration of this element is highest in the lead concentrates, and the mors for deterMinations of 
siivcr-llOm in copper and xinc concentrates arc therefore expected to be lower dan in lead 
concentrates (Table 2). 

3.6 DATA PROCESSING 
The data, stored on magnetic tape, were processed by the computer programme ARTUt*, which 

is based on the programme HF.VESY7*. This gave, as output, normalised peak areas, counting errors, 
and provisional identification of the isotopes. 

An alternative method of data reduction was to interface a Wang 600 ftoptmmH* calculator to 
die multichannel analyser. This was programmed ;o measure the peak area, to comet for diad time, to 
normalize to a constant flux factor and sample mass, and to correct for counting distance, kndktkm 
time, decay time, and counting time. This alternative method of dace uiuisssiij tassssred more tswaatt 
interaction but had the advantage of producing the results immediately after Ik* counting. 

3.7 PROCEDURE 
Samples and standards were irradiated, in batches of about 40 to 60, for 72 hours, aswf ware 

allowed to decay a mininum of 4 days before being counted for 1200 seconds. 
The total analysis time per sample was about 1 hoar. am. was matte a» of IS SJÉSSSJS» for 

preparation (weighing and sealing m quartz rials), 5 immttes for prcswstion of standards, ItafkswMi 
for preparation for counting, and 30 minutes for data reduction. 

The turn-round time in ideal cases was about 10 days, bat was dependent o» she avaflaMBty of 
die factor and counting system. 
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4. RESULTS AND DISCUSSION 
The calibration curve used for the determination of silver is khown in Figure 2. The method of 

mixing used in the preparation of the standards appears to be satisfactory for the standards of high 
concentration, b»,'. there is some evidence for lo». of silver in the standards of low concentration. This 
may be due ro the dissolution of some of the silver nitrate in the acetone and its deposition on the 
walls of the grinding vessel. 

The results obtained on a number of wcii-analyscd concentrates and two standard reference 
materials, MP-1 and SL'-l, are gi.^n in Table 3. The ^grccnent is good, except for lead concentrate C. 
and tor copper concentrate A, where low results were obtained by IWAA. These low results were 
initially thought to be due to self-shielding of the samples, but calculations showed that this could not 
account for the large differences. Further analyses are being carried out on the« two samples in -in 
attempt to find the source ( error. 

The errors shown in Table 3 are those calculated for the determination of peak area by Covell s 
method 1 0. For the sampln of high concentration, these are in good agreement with the precisions 
determined experimentally (Table 2). The limit of detection for silver varies with sample composition, 
and is dependent on both the content of antimony and the general level of activity of the sample. The 
silver content of standard SU-1 probably reflects the realistic limit of detection after a decay time of 
about 14 days. The limit of detection will improve with decay time as the shorter-lived activities in the 
sample decay. 

In addition to the determination of silver in these samples, a qualitative analv îs was made. The 
data from the above work were examined, together with those obtained after a short and a long 
irradiation of three typical samples in a thermal-neutron flux. The elements determined are listed in 
Table 4, and give an indication of th - elements that, in principle, can be determined quantitatively by 
INAA of this type of material. 

5. CONCLUSION 
Silver can be readily determined in copper, lead, and zinc concentrates with good precision and 

accuracy. The limit of detection depends on the presence of high-energy gamma-ray emitters and the 
general activity of the sample. Typical limits of detection of 10 p.p.m. (after 14 days' decay) and 1 
p.p.m. (after 35 days' decay) were found. The precision of analysis also varied with the presence of 
high-energy gamma-ray emitters and sample activity. For a lead concentrate containing about 600 p.p.m. 
of silver, the coefficient of variation on the 1384 keV peak area was 2,7 per cent after 4 days' decay, 
1,7 per cent after 12 days' decay, and 1,6 per cent after 35 days' decay. 

The only significant source of error that may occur in this analysis is «clf-shielding in mineral 
grains containing high concentrations of siK..r. However, this effect becomes significant only with 
coarse powders and can be ignored for fine material such as that analysed here. 

In general, die method is both accurate and precise, with no possibility of errors arising fron. 
differences in mmeralogical composition or chemical i tterferences. The results obtained for a series of 
sampan agree weii with those obtained by either a dire»-» atomic-absorption method, or one involving 
chemical separation of the silver. 
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TABLE I 

Tbermtl-memtrom rwoetmu on sever 

Reaction Cross-section Half-life* Gamma-rey energy* 

0 

b 

'o 

IteV (abundance %) 

' " A i d . . * ) ' " * 37 94 2,41 min É'. 632(1J)(« others! 
1 0 ' Ag<» .7 ) " °Ag 

, 0 ' A g ( » , » " o m A g 

89 1 

4.5J 
1450 

24 s 

260 d 

658(100)1 •others) 

658(94). 7*4(23). 

885(75). 937(34). 

1384(26)*| «other*] 

'Analyst» peak used in this work. 

TABLE 2 

Calculated coefficient* of varktwn OH tbt fht ttrongett photo peekt oflt* mAg 

Decay 

d 

Gamma-ray energy, IccV Decay 

d 658 76Í 885 9J7 1184 

* zo 6 

12 to 14 

55 to 40 

4,1 

2,1 

1,8 

2.6 

2,3 

1.9 

J.l 

2,9 

4,0 

2,6 

1,4 

1,9 

2,7 

1,7 

1,6 
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TABLE 4 

Qualitative analyses of typical concentrates by INAA 

Klement Concentrate Klement 

Lead Copper Zinc 

Klement 

Shcirt-lived Long-lived Shon-lhrwl Long-lived Short-lived Lonj-livrd 

Na 

isotope isotope isotope isotope isotope isotope 

Na • • • 

Al • • • 

K * 

Cr • • • 

V • 

Mn • • • 

Fc • 

Co • 

Ni 

Cu * • • 

Zn • • • 

As 

Se 

Mo * 

Ag 
Cd 

In • • • 

Sb 

Cs 

Ba 

U 

Sm 

F.u 

Ta 

W • 

In 

Au 

Th • 

U . 
Element detected 
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