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available to all potential users. Irradiations can be car-
ried out, for example, in nuclear reactors in the U.K.,
U.S.A., France, etc., and it is assumed that facilities will
shortly be available in the 10 MW heavy-water cooled
and moderated reactor being built at Wiirenlingen,
Switzerland.

Outline of Method

Activation analysis is a method of determining ele-
ments; and for some elements, a particular isotope. In
neutron activation analysis the amount of an element
present in a sample is determined by irradiating the
sample with neutrons, and then measuring the intensity
of the characteristic radioactivity induced in the element.
The intensity of this induced radioactivity is directly
proportional, other factors remaining constant, to the
amount of the element, irrespective of its state of chemi-
cal combination. The simplest and most important
nuclear reaction which is utilised in activation analysis,
is the (n,y) reaction, brought about by thermal neutrons
produced in nuclear reactors.

When an element is bombarded with neutrons, the
rate of growth of the number of radioactive atoms, is
given by the equation:

*
A5 = foN N~ (1)
where N = number of target atoms,

N* = number of radioactive atoms formed,

constant neutron flux in neutrons/cm?/second,

isotopic cross-section for the particular nuclear

reaction and energy distribution of neutrons

used, in cm?2,

time in seconds,

A == radioactive decay constant for the radioactive
species formed.
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The cross section, ¢, of a nucleus can be regarded both
as the ‘target area’ it presents to an approaching neu-
tron, and as a measure of the probability that a neutron
will strike and interact with the nucleus. Cross-sections
are measured in square centimetres and the unit of
magnitude is the ‘barn’, which is equal to 1072 cm?2.
For thermal neutrons the variation in cross section of
different nuclides is very large,!? e. g. the isotopic acti-
vation cross section for 23Na is 0:53 barns and that for
115In is 145 barns. Thermal neutron reaction cross sec-
tions are normally listed for 0-0253 eV neutrons, even
though the actual measurements were usually made with
neutrons of wide energy spread. Excitation curves, which
show the variation of cross section with neutron energy
for all the elements, have been collected in readily ac-
cessible form by HucHEs and ScHwARTZ.13

Equation (1) becomes on integration

AN* = foN(1—e*). 2)

12 D, J.HUGHES, Neutron Cross Sections, Pergamon, London 1957.
13D, J.HucHEs and R. B.ScawARTZ, Neutron Cross Sections, BNL-
325, U.S. Govt. Printing Office, Washington (D.C.), 2nd ed. 1958.
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Hence the amount of radioactivity,  4,, in disintegra-
tions per second exhibited by the atoms N*, produced
up to a time ¢, is given by

A1 = }-N* = fG'N (1 _e-0'6931/T) (3)

since the half life, T, of the radionuclide formed is given

by 4 0693
"

Hence for a weight W grams of an element of atomic
weight M, where the particular isotope undergoing the
(n,y) reaction has a fractional abundance 6, we have:

A, = 6:02 X102 f0 7 (1—e ¥3HT). (1)

The term in parentheses in equation (4), (1 — e~ %6%3//T)
is called the ‘saturation factor’ or ‘growth factor’, S.
It is seen that for values of ¢ very long compared with
T, that S =1, and when ¢t = T, then S = 0-5.

The maximum or saturation activity is obtained for
an irradiation time of more than seven half lives, and
is then A, where

Ay = 602 x 102 % fo0 -’—JZ-. 5)

When the irradiation is stopped, the active species will
decay with its own characteristic half-life, T.

From equation (4), it is seen that provided the magni-
tude of the flux, the activation cross section, the half-
life and the time of the irradiation are known, a know-
ledge of the absolute disintegration rate should enable
the mass of the element to be determined. In actual
practice a comparative procedure is used, in which the
sample, and a standard containing a known quantity
of the element being determined, are carried together
through the same irradiation, chemical separations and
final counting.

Although activation is a tremendously sensitive me-
thod of trace analysis, there are no difficulties caused by
working with minute amounts of trace elements, It is
usual to add milligram quantities of the inactive element
when the irradiated sample is being dissolved and this use
of a ‘ carrier’ simplifies the subsequent chemistry. It also
avoids the necessity of quantitative recovery at each
stage of the chemical separation, since the final deter-
mination of the ‘yield’ enables corrections to be made
for any losses.

Practical Procedure

The following steps outline the procedure that is nor-
mally used:

(1) The samples and standards are weighed, separately,
into silica ampoules, which are sealed, placed in
aluminium containers, and then irradiated in the
nuclear reactor for a suitable time.

(2) After irradiation, the samples are dissolved in the
presence of known amounts of the inactive element
(or elements) being determined.
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(3) Chemical exchange between the active tracer and
the inactive carrier is ensured and then a number
of separations are carried out, in which the element,
or usually some compound of the element, is iso-
lated having been radiochemically purified.

(4) A convenient aliquot of the standard is also pre-
pared in a similar way.

(5) The final precipitates from the samples and stand-
ards are mounted on weighed (aluminium) counting
trays and the chemical yield is determined.

(6) The samples and standards are now counted under
identical conditions in the appropriate counting
equipment.

(7) Radiochemical purity is confirmed by measuring
the half life of the particular nuclide, where pos-
sible, and by determining the energies of the f-
particles or y-rays that it emits.

The mass of the element X, is then calculated, using the
equation:

Mass of X in sample Total corrected activity produced by radio-
__ nuclide in sample
Mass of X in standard  Total corrected activity produced by radio-

nuclide in standard

An important advantage which activation analysis
has over many other methods of trace analysis, is that
it is unaffected by the normal ‘blank’ difficulties con-
tributed by reagents and equipment. If any inactive
trace amounts of the element being determined are
picked up during the chemical operations, the quantity
added is negligibly small compared with the milligram
amounts of inactive carrier already present. This free-
dom from blank difficulties makes it all the more im-
portant, therefore, to avoid any possible contamination
of the samples before their irradiation, and rigorous
precautions to this end must be taken.?

Sources of Error

Provided the samples and standards are subjected to
precisely the same irradiation conditions any external
variation in the flux intensity or neutron spectrum will
affect them equally. The position which the irradiation
container occupies must not be one in which any signi-
ficant flux gradient normally exists, since the samples
and standards may often be 1 to 2 cm apart. It is usual
to irradiate all samples and standards in duplicate, at
least.

However, internal variations of the flux, within the
samples and standards, caused by *self-shielding’ due to
large cross sections or ‘resonances’ can introduce serious
errors. Self-shielding occurs when excessive absorption
of neutrons takes place, such that the effective neutron
flux is no longer uniform throughout the combination
of sample and standard.

Thus where a major constituent of the sample has a
large cross section, the sample weight must be restricted
to a minimum. If necessary, the samples can be diluted
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with relatively low cross section material such as alu-
mina, magnesia or silica. It is usually more satisfactory
that the standards should be in the form of dilute solu-
tions, so that only microgram amounts of the elements
being determined are irradiated.

A further effect which can cause self-shielding errors
is that of ‘resonance capture’, where strongly selective
absorption of neutrons takes place, at specific neutron
energies. 115In for example, has an activation cross sec-
tion of 145 barns, but at a neutron energy of 1-46 eV,
the cross section rises to a value of 3 x 10* barns. It is
often overlooked that although many elements have a
low total cross section for thermal neutrons, they may
still possess large resonance peaks for neutrons of inter-
mediate energy. The thermal neutrons in a nuclear
reactor have a Maxwell-Boltzmann energy distribution.
However, in addition to thermal neutrons, there are fast
and intermediate energy neutrons, the fast neutrons
having energies above 0-1 MeV.

PLuMB and LEwis!4 have drawn attention to the
resonance effect in the case of antimony. They noted
that although the total cross section for antimony was
only 6-4 barns, resonance peaks at neutron energies of
5, 15 and 21 eV caused self-shielding effects in solid
standards of elemental antimony. A similar effect in the
case of caesium was observed by CABELL and SMALESS.
The large resonance for caesium at intermediate neutron
energies, caused observable self-shielding effects, when
solid standards of caesium chloride were irradiated.
However, when dilute solutions of caesium chloride (up
to 10 mg per g) were irradiated, self-shielding effects
were negligible.

Any contribution to the total self-shielding by inter-
mediate and fast neutrons will be reduced, if the ir-
radiations are carried out in the thermal column of the
reactor, but in this position the intensity of the thermal
flux is much lower.

Radiochemical Techniques and Measurement
of Radioactivity

Some samples become quite ‘hot’ during an irradia-
tion and consequently may require cautions handling in
the early stages of an analysis. However, once the initial
separations of the elements being determined have been
made, the intensity of radioactivity handled is at the
tracer level only.

The method of dissolving the samples are those nor-
mally used in analytical chemistry, except that it is
advisable to add the inactive carrier (or carriers, if more
than one element is being determined) at the earliest
possible stage of the dissolution, and to ensure that
chemical exchange between the activated trace element
and the inactive carrier has taken place. The particular
radiochemical separation used will depend on the nature

14 R.C.PLuMB and J.E.LEwIs, Nucleonics 13 (1955) No. 8, p. 42,
15 M.J.CABELL and A.A.SMALES, Analyst 82 (1957) 390.
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determined. In general, because of the low values for
the cross sections of (n,p), (n,a) and (y,p) reactions,
these limitations only become apparent when trace ele-
ments are being determined in the presence of a very
large excess of the adjacent elements. The use of the
thermal column eliminates the (n,p) and (n,a) reactions,
which are normally due to the fast neutron component
of the reactor flux, but with loss of sensitivity.

Another type of complicating nuclear process can best
be discussed by considering the determination of cobalt
in steels containing large amounts of nickel.?” The cobalt
is measured by utilising the reaction %Co (n,y) ¥Co, and
any spurious 52 y. %9Co produced by ®°Ni(n,p)Co
is not serious. However, the cross section for the reaction
%8Ni (n,p)%Co, forming 27 day 5%8Co is comparatively
large, and since 58Ni is present to the extent of 68% in
naturally occurring nickel, %Co will be formed in ad-
dition to %°Co.

If the final counting is made without energy discrimi-
nation (by using an end-window G.M. counter), then the
0-47 MeV B+’s of 58Co will be counted with the 0-31MeV
f7’s of °Co, and a spuriously high cobalt content will be
obtained. For steels, in which the ratios of Ni/Co are
often as high as 100, the error could be serious.

Since these isotopes, 8Co and %Co, cannot be separated
chemically, the final counting must be in a way which
will differentiate between these two contributions. Thus,
the y-spectrometer could be used to distinguish between
the 117 and 1-33 MeV y-photons of 8Co and the 0-51
and 0-81 MeV y-photons of 58Co. Or counting methods
involving absorption measurements would distinguish
the different energy f-particles.

Precision and Accuracy

Many methods of trace analysis possess high sensi-
tivity, but ‘blank’ contributions often reduce their pre-
cision. Activation does not suffer from this disadvantage,
and SEYFANG?® has demonstrated that high precision
can be achieved in activation analysis, in his work on the
determination of 235U in pure U;04, of natural isotopic
compositon. The 235U content was determined with a
coefficient of variation of only = 0-53%, of which the
statistical errors in the counting rates accounted for
£ 0-44%. It is clear that activation analysis should give
a coefficient of variation of no worse than 10% for a
single determination, at the levels for the different ele-
ments listed in Table I.

The absolute accuracy of the activation method is
best shown by analysing samples whose trace element
content is accurately known. Such samples are, how-
ever, extremely difficult to obtain but where work has
been carried out in this way the results obtained have
been satisfactory. The results reported by SmaLEs,
MaprPER and Woopn?? on the determination of nickel,

27 A.A.SMALES, D.MAPPER and A.J. Woob, Analyst 82 (1957) 75.
28 A.P.SEYFANG, Analyst 80 (1955) 74.

Chimia 14 - 1960 + Juli

copper and cobalt in British Chemical Standard Steels
confirm the accuracy of the activation method, and
indeed the activation method for cobalt is now used as
a referee method for testing the accuracy of conventional
methods.??

Since the accuracy of activation analysis depends ulti-
mately, as in all other comparative methods of analysis,
on the validity of the standards, these must be prepared
with the utmost care. The possibility of errors, such as
self-shielding and conflicting nuclear reactions, have
been mentioned earlier. Provided these errors are elim-
inated and no losses of trace element occur during the

disolution, then the accuracy of the activation method
is high.

Applications of Neutron Activation

It is impossible to cover all the numerous fields in
which activation analysis has proved of value. The large
number of papers published each year indicate the in-
creasing application of the activation method in all
branches of chemistry. The following is merely to in-
dicate briefly some of the more important uses to which
activation has been put.

A survey of neutron activation in analytical chemistry
has been given by LEDDICOTTE et al.,?° in which they dis-
cuss the work of the Oak Ridge National Laboratory,
U.S.A., in this field. They have determined 70 elements
in many different sample materials, over the last six
years. JARvVIS and MAckiINTosB3! have discussed acti-
vation analyses of interest to atomic energy programmes
as carried out in Canada. YAKOVLEV et al.?? have repor-
ted on the Russian work in this field, describing the
determination of trace impurities in pure materials such
as silica, germanium, bismuth, antimony, silver, etc.
ALBERT?® has described in detail a chemical separation
scheme for many elements in high purity materials such
as aluminium.

Semi-conductor materials such as silicon and germa-
nium, have attracted much attention because of their
importance in the manufacture of transistors. Neutron
activation has been successfully applied by numerous
workers?26: 34,35, 36,37 jp jnvestigating the trace element
content of these materials. Silicon is particularly suitable
for direct spectrometric examination, since the half-life
of 31Si is only 2-6 hours. To achieve the lowest sensiti-

2 B.I.S.R.A. Report, J. Iron Steel Inst. 191 (1959) 236.

30 G.W.LEDDICOTTE et al., Proceedings of the Second U.N. Inter-
national Conference on Peaceful Uses of Atomic Energy 28 (1958) 478.

31 R.E.JArvis and W.D.MACKINTOSH, Proceedings of the Second
U. N. International Conference on Peuceful Uses of Atomic Energy 28
(1958) 470.

32 Y.V.YAKOVLEV et al., Proceedings of the Second U.N. Inter-
national Conference on Peaceful Uses of Atomic Energy 28 (1958) 496.

33 P. ALBERT, Rev. Ind. Nationale 1959 (Juillet) p. 49.

3 G.H.MorrisoN and J.F.CosGROVE, Anal. Chem. 27 (1955) 810.

35 G.H.MorrisoN and J.F.CosGROVE, Anal. Chem. 28 (1956) 320.

36 A, A.SMALES, D.MAPPER, A.J. WooD and L.SaLMON, A.E.R.E.
Report, AERE C|R 2254, U.K.A.E. A. (1957).

37 B.A.THompPsoN, B.M.STRAUSE and M. B. LEB&UF, Anal. Chem.
30 (1958) 1023.
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A further extension of this work has been reported by
SMALES, MAPPER and WooD% in the investigation of the
possible ‘cosmic origin’ of black magnetic spherules
obtained from deep sea-cores, and from other terrestrial
sources. The extremely sensitive activation method en-
abled a few micrograms only of these spherules to be
analysed for their nickel, copper and cobalt content, and
a clear distinction could thus be drawn between spher-
ules closely similar in. chemical composition to iron
meteorites and those in which no such similarity ex-
isted. As little-as 0-03 ug of nickel, 0-0006 ug of copper
and 0-01 ug of cobalt were determined in some of the
spherule samples. ‘

Conclusions

The present review has been devoted to neutron ac-
tivation, as carried out in nuclear reactors, but it should
be remembered that other radioactivation methods,
utilising protons, deuterons, high energy j-photons, and

50 A.A.SmaLEs, D.MAPPER and A.J. Woob, Geochim. Cosmochim.
Acta 13 (1958) 123.
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high energy neutrons, can often be used for those ele-
ments, for which ordinary activation is unsuitable.
ATkINs and SMALES® review this. aspect of activation
analysis and a recent paper by GILL5! deals with the
proton activation analysis of microgram amounts of
boron in silicon.

The limitations, as well as the advantages, of activ-
ation analysis have been dealt with, but it should be
quite clear that activation analysis is an outstanding
addition to modern methods of trace element analysis.
Its chief advantages are very high sensitivity, freedom
from reagent ‘blank’ difficulties, high specificity, and
comparatively simple radiochemical operations not re-
quiring quantitative separations. It has already played
an important part in many branches of chemistry and
with the greater availability of nuclear reactors and the
extension of facilities for their experimental use, the
applications of the activation method will clearly in-
crease.

51 R.A.GLL, A.E.R.E. Report, AERE C|R 2758, U.K.A.E. A.
(1958).





