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SUMMARY

- The actual use of neutron activation analysis (NAA) in environmental

science is surveyed. The emphasis is on the routine applications

within the framework of larger (monitoring or short-terra effects)

studies.

- It appears that NAA adds a minor but essential contribution to the

knowledge of the environment.



1. GENERAL

- Radioanalysls is nowadays just one of the analytical techniques which

are applied in environmental studies. Its relative importance depends

on the balance between its inherent advantages and the drawback of

its restricted nature.

- The scope of radioanalysis, even when restricted to the environmental

application, is very wide. Table 1 gives a survey. Here we will re-

strict ourselves to neutron activation analysis (NAA) and, occasion-

ally, prompt capture y-measurements (PGAA).

These three major applications are:

. instrumental multi-element analysis (INAA);

. che determination of a few elements which are hard to determine

otherwise;

. as a reference technique;

. in tracer experiments with stable but good activable elements.

- INAA is based on the simultaneous irradiation of up to 50 small ali-

quots, followed by Y~ray spectrometry. A continuously working reac-

tor, combined with an "automatic" system of y-ray spectroraetry may

process = lO2* samples a year and yield 1-2.105 data. This capacity is

important but still modest if compared to that of AAS or ICAP on

dissolved samples. A selective use of INAA is thus mandatory. It

should be directed towards those materials which are difficult to

dissolve or from which elements are lost during dissolution.

- A special application of NAA are prompt capture y-ray measurements

(PGAA). This technique enables the on-line and simultaneous determi-

nation of the major constituents and some trace-elements, normally B,

Cd and a few la'nthanides.

- The materials to be analysed may be divided into three groups: water,

dry organic ("biological") material and the combination of air-dust,

fly ash, coal and silicates in general.

The current main applications of NAA (and PGAA) to these categories

are briefly considered here.



2. PRACTICE OF NAA

2.1. The laboratory

- Radioanalysis implies the handling of "open" radioactive sources and,

at the same time, of samples liable to non-active contamination.

Moreover cross-contamination between the often widely differing mate-

rials is possible. Essential features of the radioanalysis lab are:

. Lab-rooms with some 4-5 mm water underpressure. Equipment should

include an air-filtration system, storages for solid and liquid

waste, a lead-walled storage for active samples, working "island"-

tables and washing facilities, a plastic hood or box as a dust-

protected area.

The handling of silicates and "biological" material should be done

in separate rooms.

. A "dust-free" room for ultra-trace analysis.

Here a sluice-entrance and a dust-poor laminar flow-box are manda-

tory, as are plastic tools and capsules.

. A balance-room kept under "dust-poor" conditions.

. One ore more counting-rooms. The coaxial Ge(Li) detector(s) should

be mounted in a concrete and/or lead-shielding. They should stand

as far away from each other as possible and from the Nal-detec-

tors.

. One or more data processing facilities. An "on-line" (dedicated)

micro-computer is applied for the processing of short-lived radio-

nuclides where irradiation is one by one and the' y-lines of inter-

est are relatively few.

For routine INAA, the off-line mode is preferable. Spectra are

stored on mag-tape and fed into a large central computer.

2.2. Irradiation facilities

- For routine (I)NAA one needs a standard system of polythene capsules

and corresponding shuttles. Capsules are preferably made of high-

pressure polythene and prepared in a special workshop to prevent

contamination. For irradiations at > 1013 cm~2s~1 for more than a few

hours, high-puricy quartz capsules are necessary. For flg, quartz is



to be preferred in all cases.

- Irradiations are performed in two ways: batch-wise in cans or cap-

sules, and one-by-one in rabbit systems.

The first option is used for radioisotopes with Tl/2 > ~ 10 hours;m

small research reactions for even shorter-lived radionuclides.

- The quality of the radioanalytical laboratory is primarily governed

by that of the irradiation facilities. To judge these, four factors

must be considered:

. Spacial capacity.

. The (average) neutron flux
} and its variation

. The neutron spectrum

. Gamma-heating.

Fc one-by-one irradiations in fast rabbit systems two other criteria

are added:

. Tne reproducibility of the return at the counting-position.

. The contamination due to scraping from the shuttle tube.

- It appears that up to 40 aliquots can be handled as one series. Thus

a batch facility should have enough space to contain about 60 ali-

•(•!.; r s, provided that multi-element standards are used. The device

PROF used In the poolside of the HFR 45 MW reactor at Petten consists

of a 400 ml polythene flask (figure 1) in a dry aluminium pipe whicH

is shielded by 2 cm lead and turned at ~ 1 r.p.m. during irradia-

tion .

The obvious drawback of such a large facility is variation of the

neutron flux. The alternative, used in medium-size research reactors,

is the "Lazy Suzan" facility which rotates around the core. The ver-

tical fLux gradient, however, remains. For a Triga Mark III reactor

It Is ~ 0.4 - 0.5% mm"-1. As snch a reactor has a very reproducible

ilu.v over lon6 periods, the flux gradient may be eliminated by cali-

brating c:ia positions within the capsules. A more general solution

which is mandatory for high-flux reactors is the use of separate "flux

roi:. J:-S as discussed in the next section. The principle is simple:

the specific count-rates (r) in the sample and the standard are

co'i^red ro th-u of their respective flux monitors. The standards may



have been irradiated earlier.

If "e" denotes the element, "m" the monitor, "x" the sample and "s"

the standard, one has:

r a + I . (<fr ,/4> •) o + I . (<J> J$ , )
x e e epi th x m m epi th s ,, .

r * c + I . ( • " / * . ) * a + I . ( • ' / • . ) (1)

s m m epi th x e e epi th s

Thus a flux monitor based on a single nuclear reaction will do only

if the neutron spectrum does not change with the position or in time.

A flux monitor should thus be:

. Reactive to thermal, epithermal and, if possible, fast neutrons,,

giving rise to different radionuclides.

. Of low self-absorption.

. Of reasonable activity at the end of the irradiation.

. Of reproducible weight.

. Easy to handle.

. Cheap.

A convenient choice is pure iron as small rings of 10-30 tug which may

be clamped around the capsules or Inserted in the snap-caps. The

reactions involved are 58Fe(n,y)59Fe, Tl/2 = 45 d and 54Fe(n,p)5i*Mn,

Tl/2 = 313 d. For the 25 rag rings, used at ECN, the standard devia-

tion in the mass is < 0.3%. Iron rings are not suitable for rabbit

irradiations.

- Variations in the neutron spectrum over the irradiation facility can,

in general, be neglected. An appropriate check, should be made by

observing the ratio in the specific count-rates from reactions with

widely different I/a -ratios. A suitable combination is
58Fe(n,Y)59Fe, Tl/2 - 45 d, I/a - 1 with 123Sb(n,Y)12uSb,

Tl/2 - 60 d, l/oQ - 5A.

2.3. Routing of NAA

- Table II gives the flowsheet of routine activation analysis by batch-

wise irradiation at ECN. It combines three data-streams:

. The codes of the samples and the standards with the weights of the

corresponding aliquots.

. The specific count-raf^ of the flux monitors.



. The yspectra.

The first two converge in the left-hand branch of the scheme; Che y-

spectra follow the central line while the right branch comprises the

(updating of the) specific count-rates and the control by in-house

standards and SRM's.

- The storage of samples requires an accurate administration as well as

various amenities, from closed plastic boxes kept in closed cupboards

to freezers. It is mandatory to store biological samples in a sepa-

rate area.

- Standard irradiation-time in the batch-facility PROF (figure 1) is

12 hours; standard counting-time is 10^ seconds. The Y-spectra of all

analysers are stored on one central magnetic tape. Each analyzer Is

equipped with a data-unit to label the spectra. Moreover, each series

gets the code-numbers of the detector, the analyst and the geometry

used. The time of the end of measurement is recorded for each spec-

trum.

The channel-width, OJ, in keV.channel"1, should reflect the compromise

between high resolution and good statistics. At ECU

oj - 1 keV.channel"1 is the usual choice for coaxial Ge(Li) detectors;

for the planar detector oi = 0.3 keV.channel"1.

A small to implies the necessity of a large memory to store the spec-

trum in. Thus the choice of m • 1 is also inspired by the limitation

imposed by the computer.

- Counting geometry is limited to a few standard positions which are

all calibrated in terras of the specific count-rates. These data have

been stored in the computer.

The use of a planar detector Implies a meticulous care for the geome-

try. The use of pelletized aliquots is necessary.

- Pea.-.-area determination Is mostly done off-line, preferably by a

.simple non-iterative programma "KEKEN". Alternatively an iterative

fi rt-tng-programma "SPECFXT" is used; It is based on the combination

of gaussians and exponential tails and a quadratic compton back-

ground- In both cases a large computer la necessary. The limitation

to the programme set at ECN is 7.101' octal words. The costs of

"REKEN" are about one tenth of that of "SPECFIT". The result



conprises the locations, widths and interpretations of the peaks; the

latter according to a library adapted to the irradiation involved. A

tolerance of i 2 keV is usually applied; as a result there are multi-

ple options which are all recorded.

The specific contents of the photopealcs ara given, corrected for

decay from a given time (usually the end of the irradiation), pils-up

by a 50 Hz pulser peak and flux differences relative to a standard

count rate of the flux monitors.

Selection of a portion of the spectrum is possible. •

Processing of the y-spectra takes place during the night making

results available by the next day.

It is desirable to have an interactive mode available for detailed

a.id/or rapid processing.

The performance of a computer programme should be tested. For this

three options are convenient: the IAEA test spectrum; a mixed

lanthanides-spectrura in the region 50-300 keV and, finally, y-spectra

of SRM's or rank and file samples.

It should be remarked that each laboratory has to make a short—list

of reliable y-lines, if necessary for each matrix separately. Such

short-lists can be found in many publications.

- The results from the peak evaluation are stored in a file and printed

out for inspection (dotted line in table II). A selection of peaks is

now made and fed into a second programme for concentration calcula-

tion. This is based on the specific count-rates obtained earlier for

synthetic standards and stored in the computer.

The output is controlled by the data obtained for the "in-house"

standard (see below). It may be arranged in report-fora or on punch-

cards for further processing by statistical programmes.

2.A. Standards

- Synthetic standards may be prepared by loading pure active carbon [l]

with known amounts of standard solutions.

The principal combinations are listed in table III. Aliquots are

irradiated with each batch for controlling and updating. Moreover, an

"in-house" standard material is applied. As such a homogeneous batch



of illice is used.

Final checks are made by one or two aliquots of some SRM.

Other carriers for multi-element standards are filter paper [2,3],

Al-foil and CaCO-, [4]. The use of filter paper may cause losses [ 5];

in the Al-foil the elements should be present as an alloy. The CaCO,-

based standards have to be checked against AAS or XRF in view of the

carrier-blank [4].

2.5. Neutron Induced prompt capture gamma-measurements (PGAA)

- A survey of the literature on practical aspects of PGAA can be found

in ref. [6]; a recent description and a short-list of gamma-rays

found in refs. [7] and [8J. The systems usually consist of:

. A neutron source. Most often this is a beam-tube of a reactor with

a thermal neutron flux of 106-109 cm^s" 1.

. A neutron-moderator. Mostly this is the water of.the reactor pool;

blocks of concrete or paraffin are applied too.

. An epithermal neutron filter; at ECN this is a liquid-nitrogen

cooled bismuth crystal.

. A rotatabl<? beam-shutter. It consists of some combination of a

polymer and boron, iron or lead. In some cases a second mcyable

neutron-absorber of L12CO3 is applied.

. A collimator consisting of some combination of steel, boron and

Li2CO3. The beam spot is 2-4 cms in diameter. The collimator also

acts as a biological shield and a background-suppressor.

• A sample-holder and, preferably, a sample-changer. Various forms of

holders are used; in any case the whole aliquot should be covered

by the beaa.

. A Ge(Li) or intrinsic Ge-detector. This should be as large as

possible in view of the low detection efficiency for high-energy

photons.

. A beam-stop. It consis us of a thick neutron absorber followed by

* 10 ens of lead. It is advisable to have a BF3-counter In front of

the beta-stop to monitor the neutron-beam.

The facility should meet four requirements:

. The undisturbed r--<-ron flux is constant and/or be monitored %



. The blank is low and constant.

• Differences in sample-position are negligible.

. Self-absorption is small.

2.6. Presentation of data

- The presentation of the data should be such that the essential Infor-

mation can be extracted from it at a glance. Thus it is obvious that

the best way to present the data depends on the problem involved. At

least four situations can be distinguished:

. The interest is in a single element only and each sample is repre-

sented by one aliquot.

An example is the determination of V in rainwater or of Hg in

hair.

. A single element is considered and the sample is divided into sev-

eral aliquots.

The determination of trace elements in soil samples, split accord-

ing to grain-size is of this type.

- Multi-element analysis is used to find the relation between one

concentration and all the others. Examples are met in physiological

and geochemical studies.

. Fingerprinting by multi-element analysis. Examples are the charac-

terization of hair, drug samples, potsherds etc.

- Single-element determinations in one or a few samples should be

reported with their standard deviation, the result for a Standard

Reference Material obtained in the same way and its certified value.

For large series the frequency distribution can be shown. Given large

numbers of data on single elements, which partly consist of limits of

determination, one may assume a log-normal distribution and thus

Include the non-determined concentrations in the calculation of the

mean value and its standard deviation [9,10].

The procedure is simple:

. Plot y - log (cumulative frequency in %) against x • log (concen-

tration) and determine the best linear fit y » a + bx.

. Extrapolate the line to the 502-frequency level (y • 1.7) and

determine the corresponding concentration, .which is the nedian-

value.



. The standard deviation is obtained as the difference between the

median-value and the concentration at 86% (y • 1.92) or 16*

(y - 1.20).

For markedly skew distributions the arithmetic mean may still provide

an unbiased estimation of the expected value.

- The relation between the concentration of a single element and the

other parameters determined is done by factor analysis [ll]« Possi-

ble relations between two elements are detected by application of

standard regression techniques.

Multi-element characterization by simultaneous determinations may be

visualized by using one of the pattern recognition techniques [l2].

The n-dimensional space in which the samples are points is reduced to

a plane. This procedure may be the "Minimal Spanning Tree" [l3]

followed by "Non Linear Mapping" [l4J or "Cluster" [l5J.

In the latter case a "similarity factor" is defined which is used as

the discriminating tool.



3. APPLICATION" TO WATER

3.1. Sea- and fresh water

- Present water research implies the measurement of many elemental

concentrations and their speciation. The usual sample size is 100-

1000 ml. Starting from this It Is possible either to scavenge many

trace elements on < 0.5 g active carbon after the addition of chelat-

ing agents [16-19J or'to Isolate one or a few elements by a specific

solvent extraction or ion-exchange procedure.

Table IV gives a survey of the carbon technique for 12 elements-

Decontamination factors from Na*, K* and Br' are - 103. The

anions are the most important here, as they are not easily determined

otherwise. The obvious advantage of active carbon is its inertness

under neutron irradiation. Eventually the trace elements may be

desorbed into dilute acid. Preferably, one uses ultra pure carbon

[!]•
- Alternatively small columns of a chelating resin tnay be used [201 but

the blank, may be prohibitive. Examples are met in the determination

of U [2l], the lanthanides, Cu and Zn [2l].

Hydride volatilization can be taken as an example of a technique

which aims at one group: As, Sb and Se (IV and VI) [23].

3.2. Rain water

- The role of NAA in the analysis of rain water is rather small in view

of the possibilities of AAS, ICAP and ion-chroraatography with on-line

detection. Yet INAA on small aliquots and mainly based on short-lived

radlonuclides yields an essential addition of, e.g. V, Cu and Br. After

preconcentration on active carbon Se is determined by way of
77mSe, Tl/2 - ;8 s.

- Chemical separation after irradiation enlarges the scope of NAA.

Table V and figure 2 pertain to the short irradiatior. of an APDC/MIBK

extract of 10 ml rain water [24].

An important application is the determination of I* and TO;* after

pre-irradiation separation under very clean conditions 25 _'.



4: DRY ORGANIC MATERIAL

- The collective term "biological material" Is often used in (radio-)

an-'"tiral literature. It comprises all samples, both fluid and dry,

which can be obtained from the plant or animal kingdoms. In a more

strict sense, It refers to the dried residues of such samples.

From the viewpoint of elemental analysis, the following classes may

be distinguished:

1. Dried plant mat-erial.

2. Whole blood and serum.

3. Dried animal tissues.

4. Bone and teeth.

5. Tartar, bile, kidney and bladder stones.

6. Hairs and nails.

- Comparison of the limits of determination, observed for neutron acti-

vation analysis (NAA) at a flux of ~ 10*3 cm~2s~i with the chose for

the most Important other analytical techniques reveals that In many

cases some other technique is more sensitive. This situation is

unlikely to change as higher neutron fluxes are hardly applicable to

biological rr-terial. Further-more, the turn-over time of MAA is often

longer.

However, the innate advantages of high sensitivity together with

matrix and contamination-independence make SAA an attractive tech-

nique for trace element determination, if the range of elements

covered is wide enough. Instrumental neutron activation analysis

(INAA) of dry biological iiaterial will give reliable results for a

few elements only: Na, Cl, K, Sc, Fe, Co, Zn, 3r, La, Ce, Eu and Th.

The elements Al, V, Cr, Mn, Rb, Cs, Sb, Hf, Hg and '.' nay be assayed

sometimes. Occasionally Au is within reach [26 . Sophisticated spec-

trum-treatiaen: may increase the range somewhat but usually at the

cost of precision.

• In NAA, vet ashing in a closed system Is the most versatile method.

It can be performed In a teflon covered stainless steel pressure

bomb 7.""' or n Carius-tube [28]. Destruction takes 1-2 hours and can

often be effectuated by cone. HNO3 alone. The maximal sample weight

is ~ 1 gram for the steel vessel and ~ 500 mg for the Carius-tube.



Losses by evaporation during the recovery of the destruate from the

vessel or tube can be avoided by cooling in liquid nitrogen. A set of

destruction vessels or a multiple Carius-furnace is a convenient

basis for routine analysis.

- The active carbon procedure for post-irradiation separation is summa-

rized In table VI. Values obtained by this technique are in good

agreement with data from single element procedures. This general

scavenging approach can be completed by separations of simple ele-

ments or groups, like the hydride technique for As, Sb and Se [23].



5. SILICATES, COAL AND RELATED SOLIDS FROM EXERGi PRODUCTION

5.1. Survey

- The environmental radioanalyst is invariably confronted with large

series of solid samples which mainly consist of silicates. They may

be divided into three categories:

• sediment and soil;

. parulculate matter, collected from the atnosphere or from water;

. ash obtained from various places in a coal-fired plant.

Ir. addition to these materials and often within che scope of the same

investigation, there are a number of matrices which pose similar

analytical problems. One nay quote fertilizers, wood and plant-ash

an.i (brown-) coals.

Usually two questions have to be answered- The first pertains to the

(trace-)eletnent contents and the second to the leaching and adsorp-

tion-properties-

?-.oa the elemental composition orse hopes to deduce the potential

hazard of the material or sorae evidence about its provenance and this

r^Lation to other, similar,- sanples. The leaching and adsorption

properties bear on the actual risks and benefits, caused by the pres-

ence of this particular material in nature.

• The materials involved are often grain-sized and almost always

visibly inhoraogeneous. This presses for a further definition by some

pretreatraent such as sieving, selective dissolution or separation

according to specific gravity differences. Occasionally magnetic

separation may be applied. Thus the r.urr.ber of aliquots nay increase

considerably.

The distinction between total and available concentration extends the

task of the analyst still further. Often the availability is defined

in terms of leachability by ground or rain-water. The direct measure-

ment of the leached amounts thus implies the analysis of minor

-.i jes in the concentration of water samples- Alternatively, radio-

tracer experiments with pre-activated solid aliquots aay be applied.

JV ieav-rir.g :.h«. total dissolved mass as well as the released amounts



of trace elements it is possible to define the preferential leaching

of individual elements.

- A further difficulty is presented by the f3ct t'ut particulate matter

has to be collected on some support from which it often cannot be

retrieved. One ha.-, then to analyse a thin layer of material, of the

order of 1 mg.cm" , on a much thicker support. The blank has to be

controlled sharply and the limit of determination is now chiefly

determined by this blank value.

This situation may be turned to advantage by combining INAA and PIXE

as the thin-layered aliquots are ideally suited for the latter tech-

nique.

- As in other domains of environmental analysis, the trend is towards

purely instrumental elemental analysis, conpleted by some determina-

tions based on chemical group separations. Table VII gives a general

estimate of the scope of instrumental radioanalysis and its comple-

tion by a few chosen radiochemical separations.

- Finally the (radio-)tracer experiments should be nentioned as one of

the major contributions of radioanalysis to environmental investiga-

tions. Nowadays, the trend is primarily towards acnivable tracers.

The spiking of water with bromide or of air with an indium-containing

aerosol can be mentioned.

5.2. A system of INAA

- The major limitations of the technique are, except in the need for a

reactor with a sufficiently high flux and an adequate irradiation

facility, mainly found in the spectral interferences and the rather

long turn-over time of 2-4 weeks, due to the necessary decay of short

and medium-lived activities. This classifies IN'AA of silicates as a

typical off-line technique.

The system used at ECN consists of three branches:

. A short irradiation for 1 minute at a thermal neutron flux of

1011 cm~2s~1 in the Low Flux Reactor, using a pneumatic shuttle,

followed by Ge(Li) y-ray spectrometry for Al, V and Mn.

. A 2 hours irradiation at 5.1011 cm^s"1 in the Low Flux Reactor for

the medium-lived radionuclides. The integrated flux is monitored by



<\ f i s s i o n c h a m b e r . M e a s t i r v m e r i i f o l l o w . ; - : ; ' t « r 1 1 — 1 2 h o u r s .
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6. CONCLUSIONS

- Research reactors are of vital importance to environmental investiga-

tions for four reasons:

. The simultaneous determination of up to 30 elemental concentrations

in a large variety of materials by INAA.

. The determination of a number of "difficult" trace elements by NAA

including radiochemical separation.

. As a reference technique.

. (Radio)-tracer experiments on transport phenomena.

- The rather long turn-over time of (I)NAA restricts the technique to

carefully chosen "off-line" applications.

- The limited availability and capacity of radioanalysis press for a

carefully planned use, preferably within the framework of a national

or regional programme.



7. REFERENCES

[ l] Sloot, H.A. van der et al.

Report ECN-80, 1980.

[ 2] Randa, Z. et al.

J. Radioanal. Chem. 46_ (1978), 95.

[ 3] Imahori, A. et al.

J, Radioanal. Chem. 52. (1979), 167.

[ 4] Neitzert, V. and Lieser, K.H.

Fresenius" Z. Anal. Chem. 294_, (1979) 28.

[ 5] Takeuchi, T.

J . Radioanal . Chem. 57_ (1979) 81 .

[ 6] Gladney, E.S.

Report LA-8028-MS, Los Alamos, 1979.

[ 7] Failey, M.P. et al.

Anal. Chem. 51_ (1979) 2209.

[ 8j Anderson, D.L. et al.

J. Radioanal. Chem. 63_ (1981), 97.

( 9] Imahori, A. et al.

J. Radioanal. Chem. 52_ (1979) 167.

[10] Ryabukhin, Yu.

J. Radioanal. Chem. 60_ (1980) 7.

[ll] Beauchamp, J.J. et al.

Report K/UR-28 ORNL, 1979.

[12] Ginste, B.G.M. van de

Anal. Lett- 10 (1977) 66.



,13] Boulle, G.J. and Peisach, M.

J. Radioanal. Chem. 39_ (1977) 33.

[14] Fukunaga, K.

Introduction to statistical pattern recognition. Electrical

Science Monograph. Academic Press, N.Y. 1972.

^15; "Clustan 1C" package. London University Computer Service.

;16] Jackwerth, E.

Fresenius' Z. Anal. Chen. 2_7J_ (1974) 120.

[17] Sloot, H.A. van der

Report ECN-1, 1976.

[18] Sloot, H.A. van der et al.

J, Radioanal. Chem. 125 (1976) 99.

•19] Piperaki, E. et al.

Anal. Chim. Acta K)0_ (1978) 589.

[20] Riley, J.P. and Taylor, 0.

Anal. Chim.-Acta 4Q_ (1968) 479.

[2l] Htrose, A. and Ishii, D.

J. Radioanal. Chem. 46_ (1978) 211.

[22] Hirose, A. et al.

Anal. Chim. Acta 97_ (197 8) 303.

[23j Unpublished work, Radiochemical laboratory of ECN, Petten (N.H.),

The Netherlands.

[24] Luten, J.B.

Report ECN-20, 1977.

[25] Woittiez, J.R.W. et al.

J. Radioanal. Chem. 43 (1978) 175.



26 Stella, R. et al.

Radiochem. Radioanal. -etc. 3Q_(1977) 6 i .

27' Winkel, P. van der

Determination of trace elements in biological material by NAA.

Thesis Ghent 1970.

28 Faanhof, A. et al.

Radiocheo. Radioanal. '.ett. 30 (197"". aOS.



(•Scattering

analysis

Radio-

analysis

rUse of

radiation-

sources

Absorption

measurements

rIsotope

dilution

analysis

Addition

of radio-

activity

-Classical isotope

dilution

Reversed isotope

dilution

Spiking isotope

dilution

.Jladiometric

nitrations

Radiotracer

measurements

rPrompt

techniques

Activation-.

Delayed

•techniques

.Prompt capture

procedures

Resonance

•PIXE

Delayed neutron

counting

Activation

analysis

rwith
neutrons

with
photons

with charged
.particles

Table I» Survey of radioanalysis



Arrival, of s^-lc !

Read-out
of code and
weight on
punch-Cape

Measurement of
fluxrings under
standard con-
"diCidns With
Mai detector

Calculation
corrections
difference :

of
for
'rom

standard flux

Read-out of
correction, code
and weight on
punch-card

Control of package-
and label
Registra tion

S t v r 3 5 e

Production of
iron fluxrings
(< 0.3 7. error)

Encapsulation.of
alicuots
Mounting of flux-
rings
Addition of standards

Control of
•weight •

Irradiation

Periodic control
of standard data

I

_ ^ r

I7issolution and j :
_checi.C£l separation J :

Measurement of
J specific count-
i rates under stan-
i dard conditions

Measurement under
standard conditions
with Ge(Li) detector

I :

j Preparation of
; standards on
active carbon

"Soecfit" -r-,,--" !

L-cU - .-. I

Detemir.ation of areas
under photopeaks.
Corrections for decay
and flux.
Division bv weight.

Calculation of concen-
trations by comparison
to specific count-rats
of standards from librarv.!

Cluster
programmes

Read-out on paper and
punch-card .

X?̂ Li5_7iĴ . Flrurgheet of routine activation analvsis



Standard Elenen: Concentration

in ug.g"

Sc 1.24

Cv 107.4

I Fe 7750

Co 10.74

Br t _ 3.85

Zn ' 467.2

As 1.12

Rb 111.6

II Cs 10.6

La 1.23

Ce 48.9

Sa 0^44

K 142.9

Mh 6.0

Zn 100.2

III As 1.00

Ce 52.4

if 2^56
Cu 19.9

Mo 25.0

IV Cd 39.8

Te ' H6.9

Nd 301.6

H3 ].00

La 0.44

?r }4.5

Sm 0.24

V Eu 0.026

Dy 2.94

Ho 0.51

Yb 0.44

Table III. Multi-element standards based on active carbon



-,,. t. •. Summary of the determinations of trace eleraentrs In water by chelatton and adsorption on active carbon

[Flietnant Species Volume of

aliquot In

ml

pH of

collection

Reagent Concentration

range In fresh

surface water

in pg.l-1

Average concentration

In sea-water In tig.I"1

Se

Mo

and

W

total

total

100 3.6 ± 0.1

500

500

2.1

1.1 ± 0.2

APDC

Cr

Mn

Co

Cu

Zn

Cd

("total)

total
r I l l
Cr

total

total

300

100-200

500 (sea)

200 (fresh)

d
s

7.

± 0 .

- 9

8 ± 0 .

5

5

APOC

APOC

APDC

ascorbic

1-6

1-6

50-500

0.1-1

1-50

10-500

0.01-1

0.7

0.4

0.5

/.

10

a d d

APDC

0.05-5

0.5-5

0.01-0.1

0.?

11

0.1



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

**
Determination limit

( • - g . l )

0.002

1 .5

0.003

0.07

o.oos

At the end of the irradiation
» 1 3 - 2 - 1

Experimental conditions: Irradiation ti~e 2 days £> . = 3 x 1 " cm s

Cooling time 3 veeks; Counting tine 50 minutes; Original sample volume 100 ml.

Detector 45 cm Coaxial Ge(Li).

Element

Chromium

Iron

Cobai:

Zinc

Antimony

Radio-
nuclide

3ICr

59Fe

60Co

65Zn

124Sb

27.8

45

5.26

245

60.3

d

d

y

d

d

Parana-ray
measured

(keV)

320

1099

1173

1115

602

Specif 1C

(counts.

5.7

3.3

1.3

5.0

6.2

X

X

X

X

X

count rate
.-1 -1.
a ,'j.g )

io5

io3

io6 •

io4

1C3

,1
Table V. The specific count rate and limit of determination of some

long-lived radionuclides for INAA of rain water



I
I
I
I

Preparation of samples drying, weighing and encapsulation

Irradiation for 12 hrs at 5.10 cm ''s . Cooling: 12 hrs

Wet destruction in 1:I H SO^/HNO- for one hour at 140

in a pressure decomposition vessel

i 24
Dilution of the sample to 100 ml.(Aliquot for Na and

42,

Separation of trace elements by adsorption en active carbon

using filtration through a layer of -50 mg carbon on a membrane

filter

:Scen ': Direct filtration through carbon

j pH s* 0.2, no reagents

2: Filtrate adjusted to pH 1.5 +

APDC + oxine

I
Steo 3: Filtrate adjusted to pH 2.5 +

APDC + ascorbic acid + oxine

I [Step 4: Filtrate adjusted to pH 5
i

I
APDC • asc. acid + cupferron

oxine + PAN

Step 5: Filtrite adjusted to pH 7.5

198. 110m, 197a 64_
Au, Ag, Hg, Cu,

233?a(Th).

99
Mo,

64
Cu.

187
w,

122
Sb,

197,,
Hg,

46

47

1 1

Sc,

Sc(

Cd

75
Se,

-)
Ca)., -

60
Co

1

39

5

" S b ,

Np(U),
53

CrO

64
Cu
69m

•>-

t

Zn,
56
Mn.

60,, 69m, 56 M 58_ ,„..
Co, Zn, Mn, Co(Si),

59_ 115^, 113_ 46 C 47
Fe, oc, Sn, Sc,

Sc,

)75Yb,
6°Tb.

56.
Mn, R.E.

Counting of carbon concentrates and Al.,0, on

Ge(Li) detectors

Table VI. Flow ocheme for the determination of trace elements in

biological material



Technique

INAA

with thermal and epi-

chennal reactor neutrons

Elements

(Li), Na, Al, Cl, K, (Ca), Sc, Cr, Mn, Fe,

Co, Cu, Zn, (Ba), Ga, (Sb), (Se), Br,

lanthanides, Hf, Th, (Ag), (Au), U.

with 14 MeV neutrons

N, 0, (F), Mg, Si, P.

Prompt capture Y-ray

measurements (PGAA)

H, B, (N), S, some lanthanides, major

constituents.

Proton induced X-ray

measurements (PIXE)

S, Cl, K, Ca, V, Ji, Mn, Fe, Cu, Zn, Rb,

Sr, Zr, Mb, Pb.

Neutron activation an-

alysis including radio-

chemical separation

As, Se, Rb, Mo, Ag, Sn, Sb, Te, I, Cs, Ba,

Au, noble metals.

Table VII. Survey of the possible application of radioanalysis to

silicates, aerosol and coal



f a c i l i t y C o n t a i n e r

PRS 1

Re la t i ve f l u x d i s f n b u t i o n M a x i m a l

d i f f e r e n c e
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Figure 2« The gamma ray spectrum of an APDC/MIBK extract after a short
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