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Aux Etats-Unis, de nombreux chercheurs dans diverses branches de la science se servent
maintenant de la radioactivation qu'ils considerent comme un outil utile et commode aux
fins d'analyse elementaire. Leurs travaux ont consiste surtout jusqu'a present a determiner
des concentrations de l'ordre du microgramme ou des concentrations encore plus faibles,
d'elements divers contenus dans des echantillons de substances biologiques, de produits
pharmaceutiques, d'engrais, de substances chimiques fines, de produits alimentaires, de
carburants, de verre, de matieres ceramiques, de metaux, de mineraux, de peintures, de
derives du petrole, de resines, de sols, de substances toxiques, d'eau et d'autres matieres.

II existe de nombreux types de sources neutroniques, mais la plupart des analyses faites
au cours de ces recherches l'ont ete au moyen de reactions neutroniques produites soit par
une source de faible intensite, soit par un accelerateur, soit dans un reacteur. Dans certains
laboratoires et notamment au Laboratoire national d'Oak Ridge, on se sert de l'analyse
par radioactivation neutronique de facon presque courante. Le Service des analyses par
activation de la Division des analyses chimiques du laboratoire a resolu des problemes
d'analyse nombreux et difficiles au moyen des flux neutroniques produits dans les reacteurs
d'Oak Ridge.

Le mernoire a pour objet d'exposer les connaissances que Ies chercheurs des Etats-Unis
ont acquises en employant cette technique. Il est consacre en partie a l'emploi, presque
courant, de l'activation neutronique dans le cadre du programme d'Oak Ridge et donne
des details sur la facon dont d'autres chercheurs ont applique cette methode a l'etude de
problemes speciaux. Dans chaque cas, l'auteur indique par quels moyens les substances
etudiees ont ete irradiees et comment les substances irradiees ont ete ensuite traitees, En
outre, il cecrit des pro cedes d'essai sans alteration des materiaux et de separation radio
chimique ainsi que les methodes et l'appareillage utilises dans la metrologie des radio
nuclides. Dans tous les cas, il indique le degre de precision de la mesure pour chaque
application.

Radioactivation analysis has become a well-established analytical method
in the United States of America, and is being used on an increasing scale
by lnany American researchers in analysis problems requiring a most
sensitive and specific technique. This paper cites in a cursory way the
applications that this method is finding in many different analytical
problems. Significantly, most of these applications have been concerned
with problems in elemental microanalysis; however, applications in
macroanalysis and isotopic analysis have also been made. In addition,
radioactivation analysis has been used as a complementary method to other
analytical techniques employed in analysis problems ofelemental segregation
and diffusion, and in the determination of particle-size distributions.

THEORY
Excellent discussions of the overall theory of radioactivation analysis are

available-r". The basic principles might be briefly stated by indicating
that a sample, when placed in a nuclear particle source, is subjected to a
bombardment, or irradiated, by the nuclear particles of that source so that
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the element or elements to be determined are transformed into unstable
isotopes or radioactive nuclides. Each radionuclide decays with a
particular mode of decay and radioactive emission and by virtue of these
characteristics it may be detected. A measurement of the radioactivity
of a nuclide by applying counting procedures, usually, but not always,
after suitable chemical separation, is then a measure of the mass of the
stable isotope(s) of the element present in the sample being analysed. The
characterization or identification of the radionuclide chosen to complete
an analysis is made by examining its nuclear radiations and half-life by
some type of counting method.

Most research workers find it practical to irradiate and process simul
taneously both the sample being analysed and a weighed standard of the
desired element or elements. This practice has minimized such problems
as those concerned with an accurate measurement of the nuclear particle
flux and the determination of the absolute disintegration rate of the
observed radioactivity. Boyd's! formula is most generally applied to
obtain the concentration of the element being determined:

activity of unknown activity of standard
weight of unknown weight of standard

Here, a relative counting of the radioactivity in the standard and unknown
samples is made. The standard and unknown are usually counted in
sequence and under similar counting conditions. After corrections for
weight and radioactive decay in each sample, a direct comparison of their
radioactivities can be used to measure the element concentration.

ADVANTAGES AND LIMITATIONS OF THE
RADIOACTIVATION ANALYSIS METHODS

Although radioactivation analysis may be used to estimate qualitatively
and quantitatively the concentration of a major elemental constituent in
a sample matrix, it has been most often used as a microanalytical method.
In this area, most of the American researchers using radioactivation analysis
methods have done so because the trace element concentrations were
beyond detection by other analytical methods. Radioactivation analysis,
particularly with neutrons, generally possesses limits of measurement that
are potentially more sensitive than those that can be obtained by other
analysis methods. Table 1 gives Morrison's comparison- of the limits of
measurement for various analytical chemistry methods.

Table 1. A comparison of the limits of measurement of various
methods of trace element analysis"

Method

Gravimetric
Volumetric
Colorimetric
Spectrographic
Mass spectrographic
Radioactivation
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10- 2

10- 2

,.....,10-5

,.....,10-5

,.....,10-5
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Table 2. Quantitative determination of trace elements in metals and alloys
by neutron radioactivation analysis

Smallest
concentration Limit of measurement Limits ofmeasurement (parts/million)
determined* (parts /million) t by other methods"

(parts/ at neutron flux Copper I Flame Colour Ampetometric
million) 5 X 1011 1013 spark spectrometer reaction titration

---
Sb 1)'4- 0·004- 0'0002 5 0·03 10
As 0'1 0'002 0'0001 5 0'1 0'4-
Ca s 4 0·2 0·1 0·03 100
Cd 1 0'05 0'003 2 20 0'01 5
Cs 0'1 0·03 0·002 0'5 1
CI 2 0-03 0-002 10
Cr 1 0-2 0·01 0·05 1 0-02 1
Co 0-05 0'02 0-001 0'5 10 0·03 100
Cu l 0'007 0'004 0'2 0-1 0-03 10
Ga 13 0'007 0'0004 1 1
Au 1)-3 0'003 0'0002 0-2 200
Hf 10 0-02 0'001 0'5
Fe 1)-2 9 0·45 0'5 2 0'05 2
Mn 0-1 0-0006 0·0003 0·02 0·1 0·001 0-0003
Mo 1 0'1 0'005 0'05 30 0'1 5
Ni 0'5 9 0·45 0'1 10 0-04 0'5
P :~ 0'02 0'001 20 0'01 15
K t 0'08 0·004 0·1 0-01 100
Se 0'2 0-02 0'003 200
Si ~~ 1 0'05 0-1 0'1
Ag 0'2 0'1 0·005 0'5 0·1 1
Na '7 0'007 0'0004 0-1 0-002
S 10 4 0'01 5
Ta ~~ 0-007 0'0004 1
Sn 6 0-2 0·01 10 2
W 0-2 0'003 0'0002 0'5 0'4
U ()'06 0·01 0'0005 1 10 0·7
Zn 1'5 0-04 0'002 2 2000 0'02 10
Zr s 0'3 0'02 0·1 0'1

'" By the Oak Ridge National Laboratory Activation Analysis Group,
t Based 011 measurement of 40 disintegrations per second of radioactivity produced in an irradiation at a

neutron flux (neutrons cm- 2 sec-I) indicated for a " saturation" or one-week irradiation, whichever is shorter,

Table 2 shows Leddicotte's" interpretation of the possibilities of the
neutron activation analysis for trace element impurities in metals and
alloys. The comparison study by Meinke" in which the limits of measure
ment of neutron radioactivation has been compared with that obtained by
several other methods of analysis has been used in part to compile Table 2.
These comparisons show that a radioactivation analysis method using
neutrons as the nuclear particles may be inherently more sensitive than
most other analytical methods. Increased neutron fluxes, i.e., greater
than 1013 neutrons cm- 2 sec>', will greatly enhance the limits of measure
ment by neutron radioactivation.

Radioactivation analysis is a most specific analysis method in that the
radionuclide of an element produced by a nuclear particle irradiation
disintegrates in a manner unique only to that radioactive species. The
characteristic half-life of the radionuclide and the type of radiations emitted
in its decay are never exactly duplicated by any other radionuclide product
so that it is possible to detect and identify the radioactivity of interest
without too much difficulty.
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Radioactivation analysis is also greatly favoured because of its almost
complete freedom from the spurious contamination that is most common
with other analytical methods. Unless the trace element is added to the
sample in some manner before the nuclear particle irradiation, contamination
in very high orders of magnitude can be tolerated without seriously affecting
the analysis.

The limitations of radioactivation analysis have been recognized.
Smales? classifies these as being physical, chemical and nuclear. The heat
tolerance and the effective physical area available for irradiation are usually
considered as physical limitations. Typical examples of irradiation
facilities used in radioactivation analysis are given elsewhere in this report.
With regard to heat tolerance, the activation analysis programme at the
Oak Ridge Laboratory frequently uses a water-cooled irradiation facility
in which it is possible to irradiate gaseous, liquid, and solid samples that
can withstand temperatures of 40°-50°C.

Smales7 has stressed the importance of structural damage and decomposi
tion processes during irradiation, and effectively describes compensations
to be considered to take care of this limitation. In addition, all the
experimenters USing radiochemical analysis methods for the isolation of the
desired radioactivity in the work described here recognize the need for
obtaining a radiochemically pure, i.e., free of radioactive contaminant,
separated radionuclide to complete an analysis. Each in his own way
has established the" best" separations method for his particular problem
and gives a description of his method for each example that is cited.

With regard to nuclear limitations, each experimenter has also con
sidered these in the light of the type of analysis that is required to complete
his problem. Most sample materials when analysed have been found to
be virtually transparent to the impinging nuclear particles. However, in
those instances where the sample contains a relatively large amount of some
material ofhigh cross-section, a neutron particle flux attenuation, or slowing
down of the particles as they pass through the sample, can result in a lower
production of radioactivity than would be expected, since the inner portion
of the sample is exposed to a lower nuclear particle flux than the outer
portion. The presence of appreciable absorption, or self-shielding, can be
compensated for either (I) by employing a smaller sample in analysis, or
(2) by diluting the sample with a diluent of low cross-section, or (3) by
using comparator or standard samples made up to contain a known amount
of the element determined for in a mixture containing an amount of
the nuclear particle absorbing material equal to that contained in the
unknown sample, or (4) by correcting for self-shielding by means of a
suitable calibration curve, separated by the use of standard. Mullins
et at. 8 in their work on determining trace elements in zirconium-cadmium
alloys by neutron radioactivation analysis have used the technique of adding
to the standard sample an amount of cadmium equivalent to that in the
unknown samples being irradiated. The Activation Analyses Group at
O.R.N.L.9 in its investigations on the determination of trace selenium in
biological materials and trace cobalt in metals and alloys has shown that
small errors can result from self-shielding even if milligram amounts of
these elements are used as comparator samples. The results of this study
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Figure 1. Self-shadowing effects during a neutron irradiation: A, 74Se(n,y)75Se;
B, 59Co(n,y)60Co

are given in Figure 1. Similarly, Guinn and Wagner!" recently reported
the results obtained in the analysis of a series of organic samples of increasing
chlorine content and show a typical calibration curve used in their study.

In those areas of nuclear limitation concerned either with the production
of the same radionuclide by some other type of nuclear reaction, or by a
second nuclear particle reaction upon the stable decay product of the radio
nuclide produced by an original nuclear reaction, it has been possible to
use a pre-irradiation separation of the trace element by chemical means
with a subsequent irradiation of the separated materials, or irradiations
in a flux area of a nuclear particle source essentially free of the type of
nuclear particle capable of producing an additional amount of the desired
radionuclide, or differential counting techniques. For example, the
Activation Analyses Group at O.R.N.L.9 has used thallium sulphide as a
carrier agent for manganese-55 in order to determine microgram amounts
of m.anganese in iron. The radioactivity produced by the primary nuclear
particle reaction 55Mn(n,y)56Mn is greatly distorted by the amount of
radioactivity produced in the reaction 56Fe(n,p) 56Mn. Thus, by putting
the unknown sample into solution and adding a known amount of thallium
as a carrier reagent, and subsequently precipitating the thallium plus
manganese as a sulphide, and then irradiating the separated sulphide in
a neutron flux for several hours, it was possible to determine microgram
concentrations of manganese in an iron sample. Following the irradiation,
the ii6Mn(t! = 2·56 h) was separated by a radiochemical analysis method.
Similar pre-separation techniques must be used if phosphorus is to be
determined in silicon and its compounds. Long irradiation intervals are
required in a radioactivation analysis for 3lp and appreciable amounts of
32P(tt = 14·3 d) radioactivity can be produced by the radioactivation of
the stable 3lp formed from the decay of 3lSi(tt = 2·6 h) produced in the
activation of 30Si by the neutron reaction 30Si(n,y)31Si.

An example of the production of the same radionuclide by another
nuclear reaction is found in the work of Leddicotte and Reynolds-! and
Plumb and Silverman-P on determining microgram amounts of sodium
in aluminium. The primary nuclear reaction is 23Na(n,y) 24Na; however,
copious quantities of 24Na(tt = 15 h) are also produced by the fast neutron
reaction, 27Al(n,cx) 24Na. In these investigations, it was possible to eliminate
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this fast neutron interference by irradiating in an area of the Oak Ridge
Graphite Reactor completely free of high energy neutrons. Although
thermal neutron flux levels of somewhat smaller magnitude were used, the
limits of measurement, parts/million, were increased by the use of samples
of large size (2-10 g).

As a further example of another nuclear limitation, it is known that
wherever microgram amounts of arsenic are being determined in
germanium and germanium tetrachloride by the thermal neutron reaction
75As(n,y)76As, compensation must be made for the production of 77As

(tt = 40 h) by the neutron reaction '76Ge(n,y)77Ge ;:,~ ) 7'7As. This

difficulty has been resolved by differentiating between the radiations emitted
by the two arsenic isotopes by means of counting techniques involving both
beta and gamma counting. Green and Kafalas-" report on the use of
neutron radioactivation analysis to determine trace arsenic in purified
germanium. Samples from this study were analysed by the Activation
Analyses Group at Oak Ridge National Laboratory and the results obtained
showed that arsenic-75 in concentrations as small as 6·3 X 10-1 0 mole
fraction of arsenic trichloride could be easily determined by this technique.

As these examples show, it is possible to overcome most of the inherent
problems based upon nuclear limitations.

RADIOACTIVATION ANALYSIS METHODS

Any nuclear particle reaction producing a radionuclide can be used in
radioactivation analysis. In the United States, alpha particles, protons,
deuterons and fast and thermal neutrons have been used as the activity
particles. It is significant that radioactivation by use of charged particles
from a charged particle accelerator such as a cyclotron has had little use
after 1950. At this time, reactor facilities were becoming available to
most researchers and the rigid requirements on the type and size of samples
that could be irradiated were relaxed. The heat dissipated within the
accelerator chamber and the small area of the beam define these require
ments. Another difficulty that greatly limits the charged particle method
is that many different nuclear reactions can occur simultaneously during
an irradiation, so that competitive reactions greatly influence the facility
with which an element could be determined. Thus, the availability of
the high neutron flux from various nuclear reactions, and the ease with
which neutrons could be produced from targets inserted into Van de
Graaff accelerators, have made it possible for most American scientists to
promote neutron radioactivation analysis.

Research workers in the geographical areas in proximity to the reactor
facilities of the U.S. Atomic Energy Commission have found much use for
neutron radioactivation analysis in their problems. However, the most
significant effort in neutron radioactivation analysis has been that accom
plished at the Oak Ridge National Laboratory. Here, the advantages in
the use of this method of analysis for problems arising in the research and
development efforts of the Laboratory were soon realized, and in 1950 an
Activation Analyses Group was formed within the Laboratory's Analytical
Chemistry Division-". This analysis group has done considerable research
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iRE _IR RAD IA TION. Place in suitable irradiation containers:

Sample: Unknown amount of element

Comparator: Known amount of element

t
I~RADIATION.
L:.urce.

Irradiate for some predetermined time in a nuclear particle

1

~)ST.IRRADIATION. Process either by a nondestructive analysis or by aI destructive analysis with chemical separation.

1

~
estructive Analysis: Dissolve

in:adia ted sample, add known
amount of non-radioactive carrier
and mix until homogeneous.

Chemical Analysis: Separate de
sired radioactivity and carrier
from mixture by some chemical
means (precipitation, ion ex
change, solvent extraction, etc.).
Correct for chemical yield of
carrier Place separated carrier
and radioisotope on mount for
counting.

1

Nondestructive Analysis: Place
all, or portion, or irradiated
sample on mount for counting.

~
adioactiVity Measurement: Place sample mount in counting instrument.

Determine radioactivity in each sample. Characterize by half-life and
radiati.ons emitted.

1

~
lement Concentration in Uri/mown Sample: After making required corrections

for radioactive decay, etc., compare radioactivity per unit weight of unknown
sample with radioactivity per unit weight of element in comparator sample.

Figure 2. A typical procedure for radioactivation analysis
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and development in neutron radioactivation analysis and, in addition to
assisting in the Laboratory's programme, it provides a service analysis for
industry, various research organizations and government agencies, particu
larly those with problems in trace element determinations. Thus, a con
siderable number of the applications in neutron activation analysis by this
analysis group will be presented throughout this paper.

GENERAL PROCEDURE OF ANALYSIS

Most of the American investigators, particularly those involved in
elemental microanalysis, follow an activation analysis procedure similar
to that shown in Figure 2.

In almost all investigations, the sample materials as they are received
are placed in some type of irradiation container. A typical irradiation
facility used in neutron radioactivation analysis at the Oak Ridge National
Laboratory is shown in Figure 3. Many different types of containers have
been found suitable for use in radioactivation analysis and can be chosen
for any particular experiment.

The period of irradiation is usually determined by the half-life of the
radionuclide and the accessibility of a nuclear particle flux. However, in
general, arbitrary values of at least one half-life or one week, whichever is
shorter, is the basis for most analyses, especially those being completed by
neutron radioactivation analysis.

The post-irradiation processing of an irradiated sample is usually depend
ent upon the desires of the analyst and the radioactivity measuring equip
ment available in his laboratory. Radiochemical procedures have been
most frequently used; however, at the O.R.N.L. a considerable number of
analyses are being completed by nondestructive mcthods-",

From radioactivation analysis have evolved many useful radiochemical
methods based upon techniques involving precipitation, ion exchange,

device

counter

Figure 3. Fast pneumatic'[tube-s-Oak Ridge National Laboratory
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solvent extraction, electrolysis, etc. Typical precipitation radiochemical
analysis methods used in determining the constituents of aluminium-base
alloys have been reported by Brooksbank et al. l6 Excellent examples of
other quantitative analysis methods can be found in many of the references
given to this report. Another rcporr-? has provided the outline of a qualita
tive analysis scheme that is used routinely in neutron radioactivation
analysis at the Oak Ridge National Laboratory. The Oak Ridge group?
has also found much use for the ion-exchange techniques given by Kraus
et al.I s and Gilbert et al.1 9 in its radioactivation analysis applications.

In the measurement of the radioactivity, the beta radiations from a
radioisotope after its isolation can be measured best by means of a Geiger
counting technique. The recently developed technique of gamma
scintillation spectrometry can be used in conjunction with radioactivation
analysis to determine many of the isolated radionuclides. The principles
of this method have been described elsewhere-. 20. Typical spectral data
obtained by this method are given in several reports'"- 21-24.

The general analysis method outlined above results in the greatest
sensitivity. Modifications of the method certainly can be instituted to
increase this sensitivity.

SCOPE OF APPLICATION
Solid, liquid and gaseous materials are now being analysed by radio

activation analysis methods. Submicrogram and microgram concentra
tions of at least seventy-five of the elements have been determined
in these investigations. Applications in macroanalysis are also reported
and the use of radioactivation analysis, particularly with neutrons, as a
complementary method to other analysis techniques has also been reported.

This discussion concludes with a description of selected examples of the
applications being made by American scientists of radioactivation analysis
methods. Where appropriate, the information is given in tabular form.

Charged particle radioactivation analysis
American work on charged particle radioactivation analysis has been

somewhat more limited than on the Continent. This is probably caused
by the fact that more nuclear reactors have been available and much work
has gone into these efforts, while charged particle accelerators have been
used in basic research programmes. As early as 1938, Seaborg and
Livingood25 used cyclotron deuterons for determining gallium in iron,
copper in nickel and iron in cobalt. King and Henderson 26 used alpha
particles to determine small amounts of copper in silver. A summary of
these applications is presented in Table 3.

Table 3. Charged particle radioactivation analysis

Anabsis
for'

Ga

Fe
Cu

Material Element
Reaction analysed found Ref.

69Ga(d,p) 70Ga Iron 10- 6 g 25
71Ga(d,p) 72Ga
58Fe(d,p)69Fe C0 20 S 10-6 g 25
6SCu(a:,n) 66Ga Ag 10-5 g 26
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Radioactivation analysis with high intensity alpha sources
Reiffel-" reports on the use of a 30-curie polonium source to initiate an

(o,n) reaction upon beryllium-9 to determine microgram concentrations of
beryllium. A prompt gamma of 4·5 MeV is given off which is measured
by gamma counting. A typical apparatus used in this analysis has been
described by Reiffel.

Radioactivation analysis with neutrons
Many uses for neutron activation analysis have been found by American

scientists. In most instances, quantitative analyses have been completed
by the use of neutrons from different neutron sources. However, the
O.R.N.L. group" has used reactor neutrons in many qualitative applications
in this radioactivation analysis method. Some of these have been completed
by qualitative schemes similar to that outlined elsewhere-? while other
analyses have been completed by nondestructive or direct radioactivity
measurement methods-". One of the examples given in this description
was concerned with the determination of trace elements in beryllium metal.
Figure 4 shows the results obtained in an analysis by means of a gamma
scintillation spectrometer equipped with a multichannel analyser and by
radioactive decay measurements. More recently, Leddicotte and Bate28

have used similar methods of analysis by means of a 200-channel analyser
to determine qualitatively trace elements in tobacco, limestone, zinc are,
cement, graphite and sand.

B

Gamma'
'112 energy

MeV

2·57h 0·82 ':77

"28h 1· 34
2'33d 0·11 0·23 0·28

27·4 d 0·11 0,31

27·8 d O'32

85d 0·89 1·12

5·3. Y 1·17 1'33

Tentative identification

Isotope

.;,
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'!i
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nl
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E
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Q.I
.:::
:§
Q.I

a:::

.S 1,000,...----------------.,....-------.
E

<,

0'1e

Energy MeV

Figure 4. Activation analysis of beryllium metal. Irradiation period: 155 h. Flux:
6·5 X 1011 neutrons cm- 2 sec>'. Instrument: 20-channel gamma scintillation spectro
meter. Crystal: solid NaI. Spectra recorded: A, 11 h ; B, 30 h ; C, 52 h after reactor

discharge
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Table 4. Fast neutron radioactivation analysis

ron Nuclear Flux Analysis Neutron Material Element
gy source (neutrons for reaction analysed content Ref.
V) cm-2 sec-I) (g)

0 Low voltage 5x 107 Si 28Si(n,p)28AI Si02 0'4 29
accelerators

(100-250kV), !

D-T reaction
'0 Low voltage 5x 107 Al 27Al(n,ex) 24Na A1203 0·4 ·29

accelerators
(100-250 kV),

I
D-T reaction

1523 Reactor 109_101 0 S 32S(n,p)32P HF, 10- 6
fluoride
salts

5 Reactor >109 Ni 58Ni(n,p)58CO Soils, 10--6 52
metals,
ores

Reactor >10 9 Ti 46Ti(n,p) 46SC Metals 10-5- 10- 6 52
'3 Reactor 108_101 0 AI 27Al (n,ex) 24Na Water <10-6 308

4'

2'

14

Neut
ener,

(Me

14·

Although most of these applications have been made with slow or thermal
neutrons, examples of fast neutron radioactivation are beginning to be
reported. Turner29 has determined silicon and aluminium with fast
neutrons produced by an accelerator. Leddicotte et at.30 have recently
used fast neutrons from a reactor to determine trace sulphur, nickel,
titaniurn and aluminium (see Table 4). In addition to fast neutron reactions,
Bate and Leddicotte'" have been using tritons produced in the interaction
of neutrons with 6Li in the nuclear reaction 6Li(n,a:)3H, to determine
microgram concentrations of oxygen in lithium, zirconium, aluminium
and tantalum metals by the secondary nuclear reaction 160(n,t)18F.
Fluorine-Ld decays with positron emission and a half-life of 112 min.

APPLICATIONS OF NEUTRON RADIOACTIVATION ANALYSIS

Use of accelerators as neutron sources
Low voltage accelerators of the Cockroft-Walton and Van de Graaff

types have been used in a number of radioactivation analysis applications.
In particular, the fast neutrons produced at voltages of 100-200 kV and with
a deuterium-tritium target have been used for determining silicon and
aluminium29. The results of this work are given in Table 4.

Prolific neutron outputs are obtainable from Van de Graaff positive-ion
accelerators by means of the 9Be(d,n)1°B reaction. Burrell and Gale32 have
tabulated the limits of measurements for irradiations at a flux of 109neutrons
cm-2 sec-I. Typical information obtained in the use of this method of
radioactivation analysis by several other research workers'P- 33 is given in
Table 5.

Use of low intensity neutron sources
Meinke and Anderson'" have used a 25 mg radium-beryllium neutron

source to develop a method for the activation analysis of rhodium, silver
and indium in concentrations of 1 per cent or more. In another study,
Meinke and Anderson'" have reported on the determination of europium
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Table 5. The use of Van de Graaff accelerators in radioactivation analysis

Material analysed Element determined ! Obs. cone. Ref.
(parts/million)

Brominated polymers Br 20-40 33
Synthetics Cl 102-103 33
NH4I, CaI2 I 50-66 33
NH4F, NaF, LiF, Organics F 103-105 33
Polymers Cl 3-190 10
Re-forming catalysts Pt, CI 103 10
Inhibited sulphuric acid Na, As 103 10

in the presence of samarium and of dysprosium in the presence of holmium
by use ofsimilar equipment and techniques. De and Meinke 24 have recently
used a 1-5 curie antimony-beryllium source and nondestructive methods
based upon gamma scintillation spectrometry to analyse silver-cobaltic
oxide, silver-lead iodide, copper and aluminium in synthetics, sodium iodide
in various mixtures with other salts, manganese in ferromanganese and in
various other mixtures. More recently Strain et al.36 have been using
americium-boron, americium-beryllium and radium-beryllium sources
and an irradiation time of 1 h or less to determine a number of elements in
concentrations of 0·1 per cent or less. Typical results from this unpublished
study are given in Table 6.

Table 6. Neutron radioactivation analysis with low intensity neutron sources*

Element

Sc
Co
Mn
Cu
238U

Na
Ai

Irradiation time

1 min
10 min

1 h
1 h

0'5 h
1 h

5 min

Units per minutet
from the detection of

1 mg ofelement

54'3
2·8

17'2
1·0

20'0
0·2
1'0

* J. E. Strain et al., O.R.N.L. Activation Analyses Group.
t Detection limits for gamma scintillation count at discrete gamma energies. Count rate expressed as total

scaler unit counts in channel of maximum energy. I unit = 16 counts per minute.

All of these studies would indicate that apparatus employing low intensity
neutron sources can be applied to many analysis problems concerned with
determining many different elements in which these occur in macro
concentrations. Less time for analysis, smaller sample sizes and, in many
instances, non-destructive analysis of sample material can result from the
use of such apparatus.

Use of reactor neutrons
The application of large reactor neutron sources is well defined. Boyd.',

Taylor and Havens- and Leddicotte and Reynolds''- 37, in particular, have
based much of their descriptions of radioactivation analysis upon the use
of the prolific sources of neutrons from a nuclear reactor. Leddicotte and
Reynolds-? and Leddicotte'" have described the types of sample materials
to which neutron radioactivation analysis can be applied.
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Applications in biochemistry
Table 7 shows the use of neutron radioactivation analysis in biochemistry

by a number of investigators. Its use in medical research is most
prominent; however, some work has already begun on its applications to
the problems of nutrients, plant ecology, etc.

Table 7. Neutron radioactivation analysis applications in biochemistry

ment Material Element
mined analysed found (g) Ref.

In medical research
la Blood serum 10- 2 39

Muscle 40,41
Bone 42

Blood vessels 43
Tissue 44

~ Muscle 10- 2 40,41
Tissue 44
Muscle 10- 4 40,41

a Blood vessels 10- 4 43
:0 Tissue 10-7-10-6 44-
b Tissue 10-8-10-5 44-
.s Tissue 10- 9-10-6 44-
r Tissue 10- 6-10-5 44
ld Tissue 10- 6 44
:s Tissue IO-L I O - 5 44
lu Tissue 10-7-10-4 44-
fi Tissue 10- 7-10-6 44
~b Tissue 10-5-10-4 44
e Tissue 10- 9-10-0 44-
r Tissue IO-LI0-5 44-,45

Bone 46
.n Tissue 10- 6-10-3 44,47
.r Tissue 10- 6-10-5 44-
dn Tissue 10- 6 22

Blood proteins 10-1°_10-6 '~4, 48
.u Tissue 10-8-10-6 4.-9,50

Other biochemistry applications
,0 Plant ash 10- 9 51

Sugar cane 10- 7-10-6 52
Faeces 10-8-10-6 45

T Plant ash 10-9 51
e Soybean meal, yeasts, 10-8-10-5 53,54

kidney powders
L-cystine 55

;u Sugar cane 10- 6 52
e Grasses and grains 10-cI0-3 52
;fa Sugar cane 10- 7-10- 6 52

(
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Applications in petrochemistry
An extensive study of at least twenty trace elements in petroleum and

similar materials has been recently completed by the Activation Analyses
Group at O.R.N.L.9 A report of this work is now being compiled.
Typical information obtained in the neutron radioactivation analysis of
nickel in silica-alumina catalysts is given in Table 8. The data obtained
are compared with those from the analysis of the same material by other
methods. Work by other researchers-"- 45, 56 also shows the usefulness of
neutron radioactivation analysis in trace element determinations in
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Table 8. Determination of nickel in silica-alumina catalysts

Nickel per cent by weight

Sample Neutron
activation Chemical Electrolysis Chemical
analysis colorimetric colorimetric gravimetric Spec. X-ray

A Base material 0·00095 0·00045 0·00065
Base + 0 ·005% 0·0052 0·005 0·0056
Base + 0·01% 0·0114 0·010 0·0104
Base + 0·018% 0·0224 0·0197 0·0190

D 0·0075 0·0090 0·0110 0·008
E 0·0145 0·0140 0·0170 0·0170
F 0·0120 0·0110 0·0090 0·0130

petrochemicals. In particular Guinn's report-? shows the possibilities of
the method in analysing on a routine basis, and with nondestructive
techniques, some twenty-seven different elements in petrochemicals. Many
of these can be analysed in concentrations as small as a few parts per million.

Applications in metallurgy
Most of the applications of neutron activation analysis have been made

in determining trace elements in metals and alloys. One of these57 has been
used in studies concerned with the reduction of the iron and nickel contents
of zirconium iodide by a floating zone purification of zirconium. The
data obtained by the Activation Analyses Group at O.R.N.L.9 were used
in the preparation of the curve given in Figure 5 to show the distribution
of nickel as a function of displacement after several passes of the molten
zone. More recently this analysis group has been concerned with the
determination of trace impurities in ultra-pure semiconductor materials
and in silicon and its compounds''. Typical data obtained in some of this
work are given in Table 9. In addition to this work, Leddicotte et at.52

0130
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Figure 5. Nickel content as a function of displacement after six passes of the molten zone
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Table 9. Radioactivation analysis of trace elements in
semi-conductor materials

Material Ana(}lses for Elementfound
I (parts/million)

Trichlorosilane

Arsenic

Gallium

Cu
Na

Mg, Ti, AI, Fe, Sn
Ag, Sb, Mn, As

Se
Te
S

Na
Zn
Sn
eu
Pt
In
W
Hg

0·4 X 10- 3

25·0 X 10- 3

<15 X 10-3

<10-3

0'37, 0'36, 0'38
12·12

69·6, 64·1
5·0,6·7
268, 260

25,26
1·0
2'0
3'2
0·17
0·018
0'68

Table 10. Some applications of radioactivation analysis in metallurgy

eni Material Element content Ref.
ined (g)

Silicon 10-7-10-6 58
Silicon 10-4 59
Aluminium 10-3 16
Tungsten 10-0 60
Silicon 10-6 59
Tungsten 10-6 60
Germanium 10-4 61
Silicon 10- 7 59
Titanium 10-6 23
Silicon 10-5 59
Tungsten 10- 4 60
Silicon 10- 7 59
Tungsten 10- 6 60
Silicon 10-8 59
Tungsten 10-6 60
Germanium 10-5 61
Silicon 10- 6 59
Aluminium 10- 5 59
Aluminium 10-6-10-4 16
Tungsten 10-6 60
Germanium 10-"-10-6 61,62
Aluminium 10-6 59
Tungsten 10- 4 60
Metals 10-"-10-6 31

.l Beryllium 10-5-10-4 45
Aluminium 10-3 16
Tungsten 10-6 60
Tungsten 10-4 60
Germanium 10-6 61
Aluminium 10-6 45
Zr-Hf 10-11 63

K

Na

Fe

Cr

w

As

Au
Zn

Ta
eu

Zr

o
Mr
Ti
Me
Sn
Ga

Elem
determ
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have reported many other applications at the Oak Ridge National
Laboratory.

Applications of neutron activation analysis in the field of metallurgy by
other American investigators are shown in Table 10.

Applications in geochemistry
Important studies have been undertaken to determine trace elements in

meteorites, ores, soils, waters, etc. by neutron activation analysis. Typical
applications are given in Table 11.

Table 11. Applications of neutron radioactivation analysis in geochemistry

Element TYpeof Element
determined sample content Rif.

(g) .

Au Meteorites 10- 7-10- 6 64
Re Meteorites 10- 6 65

K (as 41A) Minerals (Age dating) 66
Th Thorium meteorites 10- 11 67

Stone meteorites 10- 8 68
Ores, water, soils 10-8-10- 6 69
Minerals 10- 9 • 70

U Stone meteorites 10-8 71
Phosphate ores 72

Bi Stone meteorites 10- 10 73
Pb Stone meteorites 10- 7 73
Tl Stone meteorites 10- 10 73
Mn Water 10- 6 74

Various Water 10- 10-10-5 75

Miscellaneous applications
Miscellaneous applications of neutron radioactivations include the

analysis of 10-9 g of antimony in zirconium oxide?", Cosgrove et al. 77

have used neutron radioactivation for the determination of 10-6 g of chloride,
10-6 g of iodide and 10-9 g of bromide in studies of the luminescent qualities
of zinc sulphide phosphorus. Brooksbank et al.45 also report on determining
10-5-10-6 g of cadmium in vinylite resins. Sayre et al. 21 have used neutron
activation analysis and gamma scintillation spectrometry to determine the
presence of AI, Mn, Na, La, Sm, Cr, Sc, Cs, Fe, Co and Eu in ancient
pottery. Rona et al. 74 have determined lO- 6 g of manganese in oceano
graphic studies.

In addition to these analyses, Leddicotte 78 has determined the isotopic
ratio of 235U to 23SU in shales, and Rona 70 has used neutron radioactivation
analysis for 232Th/230Th isotopic ratios. Emery and Leddicotte?" have
used neutron radioactivation analysis in the determination of trace argon
in gaseous mixtures.

Radioactivation analysis as a complementary technique
A number of analytical methods have been complemented by radio

activation analysis. Benson''! reports on its use as a complement to radio
autography of tissue specimens. Leddicotte et at. so have used it to assist
in the analysis of particle size distribution in thorium oxide and uranium
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oxide samples, and it has been used in studies of particle size distributions in
multicomponent systems.f" In addition, Leddicotte and Bate82 have used
it in studying the diffusion rates of chromium in Inconel in contact with
corrosive solutions. Schultz et at. 83 have used radioactivation analysis to
measure gear wear in various types of lubricants. Each of these applications
is aptly described in these reports and data are presented for each application.
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DISCUSSION
G. B. COOK (U.K.): What safety factors do you impose on samples so

that they should not endanger the reactor? I am thinking, for instance,
of organic liquids and solids which may also be inflammable and which,
under the action of the intense ionizing radiation, may decompose and
build up dangerous pressures in sealed containers.

G. W. LEDDICOTTE (U.S.A.): The containers used satisfy the require
ments of the Reactor Safeguards Committee. They are never filled to
more than about one-third of their volume so that sufficient room is left
to allow for pressure effects. By July 1960, there will be a vertical facility
with a cross-section of about 4 in. surrounded by a shield to permit the
pouring in of liquid nitrogen or water.

]. HasTE (Belgium): When chemical separations are required after
activation it is of advantage to use specific reagents to speed up the process
and reduce contamination. Copper, for instance, can be extracted
specifically with isoamyl alcohol as the diquinolyl complex. As regards
the difficulties mentioned in connection with the isolation and purification
of chromium, the chromium can be isolated by distillation as Cr02C12
from perchloric acid through which hydrogen chloride is passed. The
yield is quantitative. Other volatile chlorides such as those of arsenic,
antimony and tin can be removed before the Cr02C12 distillation.

W. W. MEINKE (U.S.A.): I should be interested to hear further details
about the pricing of radioactivation analysis.

P. LEVEQUE (France): The fee in France is 50 new French francs per analysis,
including the irradiation. The price is not a cost price; as the method is
relatively new, the price has been fixed as low as possible.

G. W. LEDDICOTTE (U.S.A.): The price in the United States was originally
fixed on an analysis-hour basis. The original price was $35 per element,
taking into account the analytical time and the cost of buying neutrons
at the reactor. More recently, a price of $16 has been fixed for any
irradiation service; monitoring would cost a further $35, bringing the total
to $51 per irradiation. The object is to cover costs and, once a procedure
becomes routine and can be taken over by commercial firms, the general
policy is to discontinue the service.

D. GIBBONS (U.K.): There is no fixed scale of charges for the Harwell
industrial activation analysis service. The charge for each analysis is made
up of the cost of the radiation plus the cost of the experimental work in
terms of the number of man-hours involved in the actual analysis. No
charge is made for development work, which is regarded as research. We
are not prepared, however, to undertake routine repetitive analyses for a
large number of samples. Under such circumstances it would be in the
interest of the user to set up his own laboratory. The average cost for the
last 250 samples was £5 each. This may seem rather low, but the majority
of irradiations have included up to about six samples so that the contribution
of the irradiation charge per sample is small. Our irradiation charges have
been increased and I estimate that the average charge will in future be
£6 to £8 per sample and this will, of course, be higher for a single analysis
and lower for multiple analyses.
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