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CHAPTER 10
SYSTEMATIC ERRORS IN ACTIVATION ANALYSIS

I. General Considerations

The activity induced in an element after an irradiation time ¢, can be
calculated from equation (5.36), in the case of “simple activation”.
A more practical form of this equation is

R(by) = “’z____”i Aoy [1 — exp ('(;,?f "’)] (10.1)

R{i)3.1 x 107 gives the activity in milliourie (mc). After s waiting
time ¢, the activity is obviously given by equation (5.37):

R{ty, t) = R{ty) exp (—0.603 §)T'yy4) (10.2)

In the case of more complex systems, including isomerio activation,
parent-daughter relationships, eto. equations .(5.44), (6.47), (5.52),
(5.53), (6.65), {5.56), (5.59), (5.60)... or their practical equivalents
should be used. In the above equations:

R = measured activity in cps (R = zD, where D = disintegration
rate in dps); .

w = weight of the irradiated element in gram; (if a compound,
such as an oxide, is irradiated, itsa weight must be multiplied
with the appropriate analytical conversion factor);

z = efficiency of the detector; '

& = abundance of the activated nuclide (100%, = 1);

A = atomic weight of the irradiated element;

N4 = Avogadro’s number = 6.023 x 103%;

y = chemical yield (if the activity is counted after a chemical
separation);

T112= half-life of the radionuclide formed;

ty and ¢ = irradistion and waiting time respectively; (expressed in
the same unit a8 T'yyy: 8, m, h...);

o = isotopic activation cross eection. If only thermal activation
ocours (i.s. at the irradiation position the cadmium ratio of

Q s
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the _.clide is high, say 260), ¢ = oy, {it can be proved that
oy = oy {2200 mfs cross section). :

® = neutron flux in n om~* s~! (in most cases gy X @rucion 88

normally at least 959 of the neutrons are thermal).

The exact nature of o, has been explained by Stoughton and
Halperin (1). For any nuclide the value of ¢,;, depends slightly
on @¢fpy, 85 well a3 on the thickness of the Cd-shield used to
determine oy, The tabulated (n, y} cross sections (D, J. Hughes
(2); Appendix 1, Table 2) are in most cases for noutrons with
2200 m/s velacities, usually denoted by o,. For most nuclides
o, approximates oy very closely and can be substituted for
oy in neutron flux equations with only a small error. The
authors described how oy, can be calculated if oy and some
experimental parameters are known.

If resonance activation is not negligible, ¢ is expressed in
terms of a “reactor” cross section: v, q0r = g0g + (PP,
where I = total activation resonance integral for the
nuclide of interest (I = I’ 4- 0.44 a,, where the latter term
is the 1f/v contribution to the resonanca integral) ¢y =
thermal flux (Maxwellian distribution); ¢, = epithermal or
resonance flux (d%/¥ component with a low-energy cut-off at
ca. 0.5 eV). In most cases g = 1 (Table 10.1).

TABLE 10.1
g-values for some elements after H. Roso el al. {3)

Be, Al, Co, Zn, Mo, Cs, Pb, Na, V, Ni, Zr, Sn, Ta, Bi,
Mg, Fe, Cu, Nb, Te, Pt :g= 1

Cd : g = 1.321

In :g = 1.017

Sm:g = 1.620

Gd : g = 0.893

Au:g = 1.006

If a radicnuclide is formed by & (n, p) or {1, &) reaction in a
reactor, ¢ = ¢ and obviously o = @ (n, p) or & (n, «), (ses
Chapter 3; methods for determining the thermal, epithermal
and fast flux in a reactor are described in the same chapter).
If a radionuclide is formed by a (n, p), (n, «) or (n, 2n) reaction
during 14 MeV activation, ¢ = F (14 MeV flux) and o =
OLlé MeV.

"
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After counting the induced activity, equations (10.1) o _‘ﬁ;)
allow in theory the calculation of the weight w of the element present
in the sample. In the cass of “‘absolute” activation analysis this is
actually done. However, some parameters must be known, such as
the absolute value of the conventional thermal flux (accuracy +5%
according to Hughes), the value of the sadmium ratio (this value being
either directly or indirestly required tc obtain the absolute value of the
thermal flux; acouracy estimated 329, (4)), the irradiation time (this
factor being sigmificant for short irradiation times, +3%,(4),the half-life
{average error +27, if 0.6 d < Ty < 10d; 3% if16d < Ty <
60d; £119%if 0. 8y < T4 < 4y, with exceptions, of course, such
a8 %Co, +0.7% (4)); the decay schemes, including the ratio efy,
branching ratios, etc. {errors between +2 and 1509, (4)), the thermal
activation cross section (from %5 up to +£309% for a large number of
(n, y) reactions (4)), the counter calibration (in the case of y counting
+1.5 to +4.5% (4).

Fast neutron cross sections and average cross sections in a fission
neutron spectrum are even less well known snd often differ by up to
a factor of 10.

In practice a relative method is normally followed which eliminates
the foregoing uncertainties inherent in the absolute method. A known
smount w; of the element to be determined is irradiated together with
the sample as a flux monitor (comparator). From the ratio of the
induced activities in the unknown sample (4;) and in the standard
(4s), the weight w; of the element of interest in the sample can be
readily caleulated from

Wafwy = Az[d, - (103)

on condition that all the other parameters (6, z, o, ¢} are identical
and that the radionuclide is not formed from another nuclide in the
sample (interfering reactions). If this condition is not fulfilled, errors
are possible, which will be discussed below,

II. Sources of Error. Using the Comparator Method
(A) AxoMaLoUs IS0TOPIC ABUNDANCES

Variations in the boron isotopic abundances with samples of different
origin as high as 3-49, have been reported by Thode et al. (5). This
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has an impurtant consequence in terms of the use of boron s &
standard in precise measurements of neutron capture cross sections,
since the 1°B content, on which these measurements are based, is not
rigorously constant.

Measurements carried out by Thode (8) with sulfur from different
sources (native sulfur, pyrites, natural sulfates, hydrothermal sulfides,
ete.) also showed differences of approximately 4%, in the 323S/338 ratio
and of 8% in #5345, due to fractionations by physicochemical and
biochemical processes. Natural variations of several per cent in the
relative isotopic abundance of *!Ca in samples of diverse geological
origin have Yeen found (7). Other elements which can have anomalous
isotopic ratios are Ar, Sr, Sn, Ba, Ce, Nd, Yb, Hf, QOs, Tl, Pb and the
heavier elements (8).

Sautin (9) found that the isotopic abundance of #52Gd in a gadolinium
standard was different from that in & didymium sample, probably due
to fractionation on an ion-exchange column used for the purification
of the standard. Even if the fractionation is small for the natural iso-
topes a3 & whole, it can be relatively important if the activation
enalysia is based on 1%3Gd, as 252Gd has a natural sbundance of 0.2,
only. Indeed, an error of 50%, was observed if the results were compared
with analyses based upon **?Gd or 141TkL.

Isotopio ratios of soms elements like U, Li, B have intentionally
been modified in recent years on a large scale, with the aim of preparing
samples enriched in certain jsotopes. Besides the expensive enriched
mixtures, the depleted ones are also sold and often without adequate
warning that the product concerned is of a different isotopic composi-
tion. De Goeij el al. (10) measured Li isotope ratios in & number of
commercial preparations. Out of 9 samples investigated, 4 had a
very abnormal isotopic composition. The results were 0.98 - 0.98 - 1.00
-0.98-0.87~1.16 (1.19)-1.44 (1.54)-2.53 (2.60)~2.94 for the
Lif*Li ratio; the values Letween brackets were determined by activa-
tion analysis according to Born and Aumann (11) combined with
flame photometry; the other values by mass spectrometry. Another
typical example is uranium. This element cen be determined by the
reaction 3*%U(n, f)14%Ba (suitable fission product} or by the reaction
2380(n, )**9U £ 239Np, When the standard has the same isotopic
composition as the wranium in the samplo, both methods will give
correct regulta,

1U. SYSTEMATIC ERRORS IN AOTIVATION ANALYSIS - M‘i!’

(B) Ernors Dux To DIFFERENT FLUXES IN SAMPLES AND STANDARDS

The main source of error is due to the fact that standard and sample
are not exposed to the same neutron flux, i.e. ¢(s) # ¢(z).

(1) Neutron flux variations are possible as a function of time. For
that reason standards and samplea are irradiated simultaneously, or
an internal standard, as proposed by Leliaert ef al. (12), is used for
normalizing all the irradiationa to the same flux.

(2) Of more importance than time stability are flux variations as &
function of irradiation position and for that reason standard and
samples are irradiated together in one irradiation can. In the large
core of a graphite-moderated reactor, the neutron flux varies slowly
with distance (max. oca. 0.5%/om), ensuring that the flux reaching the
sample and standard is the same (error <29;). Near the reflector
however (highest “cadmiu ratio”) the flux may vary by as much as
2-3%,/cm; as sample and standard may be separated by as much as a
few em, considerable errors are possible. It is then necessary to make
sure that the sample and standard are as close together as possible
(13,14). Difficulties with an inhomegeneous flux can be overcome by
irradiating the targets one after another and using a small flux monitor
attached to a fixed position in the irradiation can or “rabbit”, particu-
larly in the case of short irradiations,

In the case of more compact small.core water-moderated reactors,
still higher flux gradients are observed with distance from the core and
gradients of 10%/om ars possible (15). To correct for flux gradients in
the material testing reactor BR-2, De Neve (16) surrounded samples
(A, B) and standards (I, II, III) in an aluminium block with cobalt
needles {1 to 6) as flux monitors (Figure 10.1).

From nos. 1,2 and 3 the average flux for sample A was calculated,
from nos. 1, 3 and 4 the average flux for standard I, eto, Flux gradients
of 0 to 89 fem (average gradient 3%,/cm) were observed, as appears
from Table 10.2, where the thermal fiux for the irradiation places 1 to
6 is given for three different irradiations.

Even in the case of an apparent low flux gradieat, flux variations
are possible if strong neutron absorbers are placed near the activation
position. This can give rise to deep flux depreasions and hence to a
steep unknown flux gradient in the sctivation tube (see further:
definition of flux perturbation, flux depression and self-absorption).
It is obvious, that ;e Will not be constant for all the samples and
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. TABLE 10.2
Thermal flux for irradiation positiona 1 to 6 (Fig. 10.1)

Flux monitor t‘ = 10h ‘. =156h i = 20h
1 0.92 x 10 1.00 x 1014 5.48 x 1012
2 0.95 1.00 5.45
3 0.93 0.98 5,00
4 0.93 —_ 6.12
5 0.93 1.06 5.28
6 0.95 1.08 5.14

0.5 ¢ x8 mm
Co-neads

15 (4
¥

{16} {3

T+ 7

o

n

TR S S

Fig. 10.1. Irradiation block which permits correction for flux gradienta (16).

1-6: cobalt needle flux monitors; I-III: standards; A-B: samples.
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Fig. 10.2, Fast neutron flux pattern for & 14 MeV nsutron generator: Axial
flux distribution (20). -

standards, if they are irradiated at a reactor position, where the
cadmium ratio changes rapidly with the space coordinates.

Flux gradients are even more important in fast neutron activation
analysis. Experimental data are given by Lepetit (17), Mott (18) and
Kenna (19).

14 MoV neutrons are produced by deuteron bombardment of a
tritiated titanium target (diameter 15 to 30 mm). Flux variations in
the samples are primarily due to geometrical factors, Op de Beeck (20)
calculated the axial flux distribution as & function of the distance r
from the target and found agreement with experimental values deter-
mined by means of copper foils of 0.4 mm thickness (Figure 10.2}.
The relative flux as a function of distance @ across planes parallel to
target is presented in Figure 10.3, for any distance r normalizing to
F =1 (20).

From Figure 10.2 appears that at r = 10 mm an axial displacement
of 1 mm corresponds to a flux variation of ca. 149, in the sample.
At r = 18 mm this value is cs. 8.6%. Transversal displacements d can
also induce considerable errors, as appears from Figure 10.3. Similar
results were found by Girardi ef al. (21). Moreover, irregularities in the
described flux are possible due to scattering or to a nonuniformly loaded
or depleted target {19). :
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{3) Anoth. iactor that can cause variation of the flux within an
irradiation unit is neutron attenuation by different sample-packing
materials (14).

Flux (F)

Fig. 10.3. Fast neutron flux pattern for a 14 MeV neutron generator: Trana-
versal flux distribution (20),

(4) Attenuation of the neutron flux by the samples or standards
themselves makes the inside part less active than the outside. Thia
can directly be seen from Figure 10.4, where the induced specifio
activity in subsequent shells of an antimony sphere is represented as a
function of depth (22). Consequently, the specific activity will decrease
with the sample siz3, this being & measure for the neutrou absorption
in the sample (viz. standard).

If this effect is different in standards and samples, @(s) # ¢(z)
and equation (10.3) is again not valid. As sppears from Figure 10.4
the shielding effect in antimony spheres depends on the neutron
spectrum, Whereas for & CR,, = 155 no shielding effect is observed,
it is very important for a CR,, = 5.5, indicating resonance absorption
in ¥318b and 3238b,

At AN A Rkl A A GAASAR W ARRS bt e P oA A A A et s A A - ™
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Fig. 10.4, Specific activity of }*33b and 1M38b in subsaquent layers of antimony
spherea (22).

Some effects, causing p(s) 7% @(z), are schematically shown in Figure
10.5.

(a) Definitions. As much confusion exists concerning self-absorption,
flux depression and flux perturbation, it can be useful to point out
the differences between these concepts (23). When an absorber is
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Flux gragient Flux depression by slrang

neulron obsorber

Self obsorption in stondard Sélf'obsorption in sample

Fig. 10.5. Neutron flux differences in standards and samples.

placed in a diffusing medium, the neutron flux will be perturbated
inside and outside the sample (Figure 10.6). In the vicinity of the
absorber a flix gradient exists such that the neutron flux decreuses
towards the sample. This effect is called flux depression and is due to
the fact that neutrons which are absorbed in the sample are unable to
scatter back into the moderator so as to maintain a constant neutron
flux,

The neutron flux decreases inside the sample because neutrons are
removed by absorption. This effect is called self-absorption. The total
effect of flux depression -+ self-absorption is called flux perturbation.
If the unperturbated flux is represented by ¢, the average dux over the

 =unperturbated flux
L&faverage flux over the sample surface

p, caverage flux inside the sample

Fig. 10.6. Flux perturbation, flux depression and sclf-absorption.
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. }
surface of the sample by g, and the average flux inaide the sam_ . by
P.y the three factors mentioned can be defined as follows:

flux depression factor gfe
self-absorption factor ¢,/
flux perturbation factor ¢,,/¢

For practical purposes in activation analysis, a factor f will be defined
(equation (10.10)) which is only an estimate of the absorption effect. An
accurate theoretical treatinent of the three separate factors above is
indeed too difficult.

Several calculation and approximation methods to correct for
neutron shielding are described in the literature (24-29). In most
cazesd they are only valid if resonance absorption is negligible, i.e. that
the nuclide of interest has_s high cadmium ratio at the irradiation’
position used (see further). If this condition is not fulfilled & distinction
must be made between two cases: (a) self-absorption in the standard
(one element) or (b} in the sample (more elements): the element being
determined is usually — though not always — present in a low enough
concentration for self-shielding effects to be negligible, even if it has &
wvery high absorption cross-section. Self shielding is thetefore only
likely when strongly absorbing major constituents ocour in the matrix
or when the matrix itself has a high absorption cross section: in this
case the neutron absorption will influence the activity induced in the
trace constituents.

These problems are discussed in detail by Hegdahl (23, 30).

(b) Calculations according to Hegdahl (reactor activation). The
convention of Hogdahl will be followed in the next discussion, including
the simplification that most nuclides in reactor neutron activation
have absorption cross sections that follow the “1/v law™ (see Chapter
3). For 14.MeV neutrons: see section I, B, 3(b) of this chapter (remark).

(1) Caleulation of tolal absorption effect. For these nuclides the re-
action rate per atom for a substance at high dilution or in very smsll
amounts, including both thermsl and epithermal (but not fast®)
reactions can be written:

R = Ry + B¢ = ny29; + Pod = Bu¥e%escior (10.4)

*The contribution to the total (n,y) reaction rate, due to fission neutrons be-
ing negligible,
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where

Pe

Prenctor = g + ~—~ (10.5)
Tl
#y = neutron density for energies up to Cd cut-off (Eg,)
vy = 2200 ms-?
g, = 2200 m s~ cross section
®¢ = epicadmium flux (> E,)

1MoV U( E)
V7 dE

I = the infinite dilute resonanco integral = J‘
Ecd

(I contains the “1/v-tail”, the latter being 0.44 ) {cf. section V, C, 2

of Chapter 3).
The ratio gefnyv, (or @ofpy,) can be determined by irradiating appro-
Priate monitors with and without cadmium cover, ie. by determining
the cadmium ratio CR = (nywe0q + god)pel (see Chapter 3).

The disintegration rate of the nuclides at the end of the irradiation
is given by

1w
D = A 6N 4 Oreuctor¥olhen {1 — €xp (= Afy)] (10.6)

assuming that there is no absorption effect.

I neutrons are absorbed by the substance, the above equations
must be modified. '

Reaction rate inside an irradiated sample:

R = R:.h -+ R:.

It can be shown that Ry, = #i,,v0, (i, being the sverage thermal
neutron density inside of the sample, assuming & “lv-law™ for o,,
up to Eg.

It is difficult to write down a general expression for R! 23 a function
of the peutron density inside a sample. It can, however, be written in

terms of an effective resonance integral I*7, defined by R, = ¢, I°f.
Hence:

h R = figvag + 9"105 = ﬁlh”oa:g;ntor (10.7)
where:
O = gy + o IoT (10.8)
thuas: o
’ w el =
D= a ON 4 Oferstar?ofign [1 ~ exp (—Mp)] (10.9)

h-..:_ia
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From the ratio D'/D a total “absorption” factor f can be defi..d for
the nuclide in question (equations (10.9), (10.8))

_ Tronctorin Ry R, 1 1
1= s -0 R Y=\ ~og )t g%
(10.10)

where CR = the cadmium ratio for the nuclide of interest, of which

the activity is measured;

fiw = the thermal absorption factor, defined by fiy,fny, (= Ryf
Ru)s

fe =the epicadmium absorption factor, defined by I*%/I,
(R, R, in the empirical approach of Reynolds and Mulling
{31)); R,/R, is desoribod a8 the average resonance flux
within the sample divided by that value, if the sampl
wero absent, sce equation (10.22). :

If the neutron sbsorption is only due to a nuclide which is & main
constituent of a sample, the absorption factors f, f,, and f, are true
self-shielding factors. Note that from equation (10.10) it appears that
the contribution of epithermal neutron absorption to the total absorp-
tion depends on the degree of thermalization of the neutrons, i.e. on the
cadmium ratio for the nuclide of interest (¢f. Figure 10.4}.

(2) Thermal absorption, thermal flux enhancement and flux hardening.
The thermal absorption can be computed reasonably accurately using
equations given by Zweifel (26), on condition that &,/or < 0.1 (32).
Analogous relationships are formulated by other authors (24-28). The
calculation of f,,, taking into account the neutron scattering is dis-
cussed by several authors (33-36), but will not be given here.

1
For a foil (slab):  fiy =1 — -2‘5(0.923 + In;) (10.11)
where z = ¢/ (¢ = thickness of foil in om).
For a sphere: fa=1- -g-z (10.12)

where 2 = 2rfl (r = radivs in cm).
A sample of powder or irregular pieces can be treated in terms of an

equivalent sphere.
For a wire (cylinder): Jou=1- §z {10.13)

where z = rfl (r = radius in cm).
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In these equations / is the ahsorption mean free path in the sample,
defined by

1 = 3 Nio(o); (10.14)

where N; = density of ith nuclide (atoms. cm=3); =6.10%330/4 where
the density 3 depends on the physical form of the

sample. For a powder, the apparent density must be
taken;

o{D);= average absorption cross-section for ith nuclide. Assum.
ing a Maxwellian distribution for n(v), an approximate
value for o(B) is given by

293.6\V2
o) = ag Jg(——; 6) (10.15)

(¢f. section V, C, 1 of Chapter 3) -
where oy = 2200 m s-1 absorption cross section for ith nuclide {sce
Appendix 1, Table 1);
T = Maxwellian temperature.

In the case of 1 absorbing nuclide, equation (10.14) is simplified to
I-! = No{)

In the case of one element containing different nuclides, the same
simplification holds, where '

7 (293.6\V2,
a(?) = a, —"-/2—-(—)

T

o being the average absorption cross section for the element, and N
the atom density of the element.

Reynolds and Mullins (31) observed that when an equal amount of
substance was irradiated as a solid or in solution, an enhancement of

the reaction rate of 59, for 1.5 ml and of 12% for 30 ml solutions
occurred. Hence:

R
= = {10.16)
'Rsolutlon
The proportionality factor f* is the product of two components:
the total absorption factor f, correcting for the finite dilution of the
solid sample and a, which takes into account the enhancement in

neutron density (@ = 0.95 or 0.89 for respectively 1.5 1l and 30 ml
solution).

10. 5YSTEMATIC ERRORS IN ACTIVATION ANALYSIS & Spu

This allows the calculaticn of the reaction rate at infinite dilutioa 2,
as follows:

B 1%9 = 4B pyon (10.17).

The effect of flux enhancement with increasing volume from intra-
sample neutron moderation and reflection has alsc been studied by
Johnson (37). )

The effect of *“‘flux hardening” (slower neutrons being absorl':ed
more strongly than faster neutrons by nuclides whose oross-'seot,}on
follows the lfv-law) was shown to be neglibible in most aotivation
analyses (38). .

It is essential to realize that the factor fi will be'the same for .a.ll
constituents of a sample, at least for nuclides having a o, whm?x
follows the 1jv-law up to the Cd cut-off energy: /i, can therefore be
called a thermal self-shielding factor, applicable both to standards and
samples. . .

(3I)) Resonance absorption. In order to caloulate fy = I*%/I, according
to Hogdahl, both the infinitely diluted resonance integral I and the
effoctive resonance integral I*" must be known for the nuclide of
intercst, or at least the ratio I*%/I. : .

(a) Standards (comparators) '

In the case of nuclides responsible for the main absorption and t.l:.ms
for the removal of the neutrons, f, can be caloulated, e.g. when_ dealing
with pure materials. However, even approximate computations are
laborious and lead not always to consistent results (39). Reasonably
simple analytical expressions are given by Chernik and Vomon {40} for o
single Breit-Wigner resonance , without any correction for .Dop?le:
effect. The first equation is the“narrow resonance™ (NR)-appronma.ton},
the second one the “narrow infinitely heavyabsorber” (N R{A)—appron-

mation.
I B Bl 1™ noas
(NR):":T"[1+.+1"I‘(3+1)’] 1049)
phl L\ 10.19
(NRIA).-I—‘- - (1 + ;r') (10.18}
PO (10.20)

B op ' 4No M
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where T\, aL [, are the partial widths for gamma, respectively
neutron emission and ' = ', + Iy
&, § and M: density, surface and mass of the lump
N: number of absorbing nuclides per cm?
or(E;): total cross section at maximum of resonance {Table
10.3)
potential scattering cross section = 4w R% (B4 = radius
of the nucleus).
Whether to use the NRI4 or NR approximation depends on whether
the practical width I'o,(E,)/o5]¥/? is > or < than the maximum loss
in a collision of & neutron with energy E; (resonance energy) with a
nuclide of atomic number 4

sl (5]

For the NRIA approximation, f, = 1.1 J**/I; (30), whereas for the
NR approximation f, = I$%/I;. Some characteristic resonance para-
meters and material constants are given in Table 10.3.

If practically ono resonance (I,) determines I, (i.e. YIi~1)
these calculations can lead to reasonably good results (e.g. In, Ag, Au).

If the contribution from many resonances must be taken into
account, the calculation becomes too complicated (41) to be of practical
interest in activation analysis.

In many cases it has no sense to have very “good”’ formulae, because
they cannot be applied to practical problems due to the fact that
accurate data are lacking (such as resonance integrals).

A very simple but different approach, which can therefore be recom-
mended in many cases, has been described by Reymolds and Mullins
(31) and is based upon data of self-shielding in cobalt (42). It was
assumed that for any absorber of resonance neutrons an “effective
thickness” ¢,; exists, such that

Lo TNz
el = ICONCO
where I; = resonance integral for element X
¢, = resonance integral for cobalt (65 b)
Nz = atom density of element X (atomsfem3) (in foil, powder...)
N, = atom density of cobalt (in foil, powder . . .)
¢ = thickness {cm) of foil, radius of wire, 23 of radius of
sphere,

t (10.21)
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TABLE 10.3 :
Some charactoristic Resonance Parameters and Matorial Constanta (43}

§{g. cm-%)

elom. N (cm=-?)

massive

I.blr Iul *
(total, 4 1fv)

L/ (Er)

{barn)
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760 (Ag)

0.311 478 (2499 19.3 6.2
355 (W)

0.266

0.045

18.8 14,000

28.4

2
-

5,72

40 (= As)

-

8.9

8.71

77 (= Co)

-
=
-]

7.42

L 11.5 (= Mn)

!

1

0.335

0.039
G.016
0.070
4.78

0.206
0.269
0.330

3100
653
1160

47
92
253

100

AL

0.416

9700

132
4220
337

1080

100
2360

Co

21.6

21

6
8
]

0
0
0

2830

100

M n

14.6

340

14
340

420

702

8.48

8,84

5.0 (= *3Cu)

0.32 (= Na)
8.8 (Cu)

405
1.30
324

1.26

404.6
‘320

34
4
4

t 3]

0
0.
0.

870
1550
626

2860
517
2040

100
69.1

$¥Ns,
9Cy

75.6 76.0

04

240

5340

* For a given resonance, J- can be calculated approximately from the other resonance paramoters by the equation

I, = aTy0,(E)2 E, (without 1jr — *tail™).

The 1fv contribution = 0.44 o, (I = I’ + 0.44 g,).
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By fitting empirical data on self-shielding of epicadmium neutrons
in cobalt (42), the equation for the “attenuation factor” is:

TNy

Co*' Co

Je=—020logty = —0.29log ¢ (10.22)
where fs = ¢!"/p,, i.e. the average “resonance flux"” in the sample
divided by this value if the sample were abssnt. This is equivalent to
the approach of Hogdahl, where f, = I*"/I. Indced at high dilution
R, = g d, thus:

R, = @oI°f (Hogdahl) = ¢7I (Reynolds)
hence:
fo= BJR,=I|I or ¢fp,

Obviously equation (10.22) is inaccurate for ¢ -0 (f, > 1). Better
results are obtained in this case by taking the effective cross section
for the most important resonance as 1/10 the peak vulue and using
equations (10.11) to (10.13). Some characteristic rescnance parameters
and material constants are given in Table 10.3.

The epithermal self-shielding factor can only be used to calculate
the effect of absorption of resonance neutrons on the activity induced
in the nuclides which are responsible for the main absorption of the
neutrons, as is the case for resonance self-shielding in the standards.

The effect of resonance self-shielding in standards can be avoided
by irradiation at a position where the fiux ia well thermalized. As will
be shown further, the effect can be considered to be negligible if, for
the nuclide of interest, CR = 60 (Figure 10.4). Another possibility is
dilution of the standard in inert material. This is apparent from the
experimental data reported by Eastwood ef. al. {44), which are summa-
rized in Table 10.4.

TABLE 10,4
Self shielding date for cobalt and dilute cobalt alloys (44)

Wire diameter Cobalt content,

{om} (mass %) RATETRY) Ju
0.127 0.104 1.00 1.00
0,127 0,970 .95 0.99
0.00254 100 0,81 0.99
0.0254 100 0.42 0.94
0.0635 100 0.32 0.38
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Some experimental and caleulated values of f,; (equations (10.11)-
(10.13)), Js (equations (10.18), (10.19) or (10.22)), f (equation (10.10),
assuming & cadmium ratio for gold = 2.85) and f' (=0.95 f in 1.5 ml
solution or 0.89 f in 30 ml solution to correct for flux enhancement,
according to Reynolds and Mullins (31)) are given in Table 10.5.

Experimental data with powdered material were not checked by
calculation, because the apparent density of the poivder was nob given.
(b) Samples

In activation analysis of samples the picture is usua.lly more com-
plicated. The effective resonance integral for the nuclide of interest
(e.g. minor or trace constituent) is often less than the dilute integral
(according to the terminology of Hegdahl), because of neutron -
absorption by the matrix or by nucdlides which make up the main
constituents of the sample. Usually J*® & J, but in some cases where

- the bulk materials have absorption peaks which coincide with resonance

peaks in the nuclide of interest, the effect of epithermal neutron absorp-
tion can be quite large. As an illustration Hegdahl considers I** for
gold in samples of silver and cobalt (main resonance peaks, see Table
10.3).

Even if the gold content in silver is & few ppm, J*F for gold will
decrease rapidly with sample size, as appears from Table 10.8: J* for
gold in a silver sphere of only 48 mg is ca. 859, lower than the dilute
I, which can cause errors in activation analysis of 20-45%,.

On the other hand, I*T for gold at 4.91 eV is only a few percent
lower than the dilute I in the case of 3%, gold in & cobalt sphere of 1 g
{resonance Co: 132 eV), because the resonances do not coincide.

It is very difficult to give general rules for calculating J* in the
equation R} = ¢,I*T (30) for & specifio nuclide in a particular sample,
because the calculation will deper:d on the nuclide of interest and on
the composition of the sample.

However, as already mentioned in the case of the standards, the
effect of epithermal absorption can be made insignificant by dﬂutmg
the sample with an inert material or, if this is not possible, by irradiat-
ing the sample in a proper reactor position, even if I*T<Z 1.

Assuming 0.5 < fi, <1 and f, < 1, Hegdahl dérives the following
expresaion {30):

2
' /- f‘? 5 GR (10.23)
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TABLE 10.56
Calculated and experimental valuea for fiy, f., f and f * for “pure substances’ (stendards) at an

irradiation position CR,, = 2.85
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i.e. if the CR of the nuclide of interest in the irradiation pusition
used is > 50, the acouracy of the analysis will be practically unaffected
even by the existence of a serious absorplion of epithermal neutrons
by other constituents, as fi, & J (or feBdB <€ fuRu/R). It can be
useful to express the cadmium ratio for any nuclide in terms of the
cadmium ratio for gold:
CR; = 1 + (OR,, ~ 1) 32502 Tyous
I %%, 4u
or

Cg, x

CRs =1+ 168(CRy — 1) 3 (10.24)

~ Measured and calenlated values for resonance integrals are tabulated

by Drake (47) (Appendix 2, Table 1).

Example: (i) Consider a silver sphere; 1°%Ag has a prominent resonance
peek at 5.1 V. If.copper is a minor constituent in the silver, the
absorption of epithermal neutrons by the matrix will not seriously
affect the specific activity of copper, even at an irradiation position
where OR,, = 2.8 (or OR(*Cu) = 32, from equation (10.24)). This
follows from equation (10.23) and can be seen’in Table 10.6 (f(Cu) ~
fu)-

(ii) Consider again & silver sphere, containing gold 28 & minor
constituent. The resonance peaks of 1*Au (&, = 4.81 eV, ~079 of
the total I} and of 19%Ag (E, = 5.1 eV + many others) overlap con-

TABLE 10.8
Correciion factors for neutron shielding of copper and gold in ailver spheres (30)
{(a} OR,, = 11,400
(b) OR,, = 2.8

Weight Radius fi (Ag) = JiCu)  f(Cu)  flAu}  f(Au)

{mg) (mm) fi (AgAu,Cu) * (s (b) (s} (b)
1020 058 0.88 097 088 058 017 088 080
48.38 .01 0.81 005 0.81 082 014 081 0.6
158.8 1.53 0.74 053 074 075 0.12 074 052
704.3 2,54 0.62 ©0.80 0.62 043 010 082 042

* It was not necessary to caloulats f,(Cu) (see text), as could be expected
from equation (10.23) that f (Cu) 2 fu.
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siderably and thermal neutron absorption by silver will have a
large influence on the specific activity of 1*®Au. However, if the
irradiation is done at a place where OR,, is sufficiently high (e.g.
11,400, see Table 10.6) the effect is negligible and again f{Au)
Ju{Au) = f,(Ag).

If the sample cannot be diluted andjor if CR for the nuclide of
interest is not > 50, f, must be caloulated. There are two possibilities:

(i) No overlapping of resonances occurs.

(ii) The main absorption resonances in ths nuclide of interest overlap
practically completely with main resonances in the nuclides which
make up the main constituents in the sample.

Ezamples: (i) copper in silver.

Caleulations are given by Hegdahl (23,30), but will not be repeated
lere, as the f, value docs not influence f(Cu), sce above.
(ii): gold in silver,

Je was caleulated as follows. As 197Au has its main resonance at
approximately the same neutron energy whers °9Ag also has a
prominent peak, it is reasonable to assume that I:T(Au) will decrease
at the same rate as I$(Ag), i.e.

(] Ieﬂ Ieﬂ Ieﬂ'
L] a~(-L) Further (—L) ~ (ﬁf’) . {10.25
(I:)Au (Il )Ae -Il Au 'Itol. Au )

{(I¥/1,} 54 can be calculated according to Chernick and Varnon (40)
if the resonance parameters are known (see Table 10.3; op = 4.7 b).
As [or{E))fop|V? = 0.1525 (34,000/4.7)1/% = 12.95 eV; since this is
more than A¥,,; for neutrons of 5.1 eV, the NRIA approximation
must be followed, and 109, added to the calculated valus of JS%/7,.
By putting the approximate resonance parameters and the value
0.4865 x 5.86 x 10%2 for the number of **°Ag nuclidesfem? (N) into
this equation, one gets

(I§%1,), = (1 + 1180 )12 . {10.26)

where r = radius of the sphere in cm (S/A for a sphere = 4nr?finris =
3/8r). Only approximate calculations for 1°? (the total resonance
integral) are possible a8 reliable data for all the resonance parameters
are lacking: consequently differences of 2040%, for I, between two
extreme values are found.

However, the difference between the corresponding f-values is only

l.‘::?-"
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3.59% even in an irradiation position where OB, = 2.6. Cale dd
values for f are given in Table 10.6. f,;, was caloulated from equations
(10.12) and (10.14) assuming an alloy containing the average between
949, Ag, 1% Au and 59, of elements with zero absorption cross section,
and 98% Ag, 19, Au and 1%, Cu (! s= 0.0187,/T om, where 7' = 395°K
for OR,, = 2. 6 and T = 340°K for CR,, = 11,400). f was caloulated
from equation (10.10). The copper content of the silver spheres can be
calculated from: _ .
A; Wx ) .

0% 4; =~ : (1027)
where 1w, is the weight of the copper standard (30 mg pellets). The
factor 1.025 correots for self-shielding in the copper standard (f = 0.97).

The gold content can be calculated from

-Az 1‘3
0974, w

where 1, is the weight of the gold standard (10.50 and 75 pg gold
in 0.75 ml solution); the factor 0.97 correcte for thermal enhancement
in the gold standard solutions, Good agreement was found between
results of activation analysis and olassical analyais,

nl. Cu: act, anal. 1.03%,; olassical analysis 1.07%,
Au: act. anal. 1.08%,; classical analysis 1.03%

fia 1028)

From Table 10.6 it is apparent that even for silver spheres, weighing
only 10 mg, errors of 12%, for copper and 12-409%, for gold (depending
on the irradiation position) can be made, if no corrections are made.

Because the general complexity of the problem of caloulating the
effects of neutron sbsorption often prohibits an acourate theoretical
treatment, an analysis should, if possible, he carried out by a method
which either eliminates or experimentully determines the absorption
effects. The above disousaion is, however, useful to design the a,na.lym
80 a3 to minimize errors.

Remark: In the case of absorption of a directed flux of monocenergetio
neuirons (e.g. 14 MaV neutrons from & small accelerator} the problem
is simpler. The attenuation process can, indeed, be expressed as a
simple exponential law. It is, however, important to use the appropriate
attennation coefficients, nl. the croas sections for effective removal of
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14 MeV neut. ,, as indicated in Appendix 4, Table 5. The problem is
illustrated by an example, given in Chapter 7, section II, A.

(¢) Corrections

(1) Choice of neutron spectrum. If the self-shielding is due lo
resonance absorption only, the effect can be made negligible by irradiat-
ing in a well thermalized neutron spectrum (e.g. Figure 10.4). If a
thermal column is used, where the cadmium ratio for 13'8b or ¥*35b is
large (> 50), antimony spheres weighing up to 100 mg can be irradiated
without introducing any errors due to absorption effects. At an
irradiation position where CR,, = 2.6 (CR '*'Sb = 2.08; CR 138h ==

1 R S
"\ [
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\ N [T\ pes2s,
0.9 ] R L
' N ' \ h NB|S132
| \ \ \ Th
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\\ \
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Sample weight {mg}
Fig. 10.7. Influence of sample size on the noutron self-shielding (48).

&?

b1
1.5) errors of 40%, can oceur with an antimony standard of 100z {).

(2) Dilutionmethod. If the self-shielding is due to resonance or thermal
absorption, the effect can often be eliminated by using sufficiently
small samples. Some practical dats for the influence of sample aize on
the neutron shielding for different NBS steels, containing cobalt and
tungsten, are given in Figure 10.7 {48). Some elements have, however,
such large absorption cross sections, that f will be significantly smaller
than unity, even for samples of lesa than 10 mg (Ag, Au, Rh, Ir, In,
Hg, Cd, ...). If such an element is the matrix material, the high a,,,
value can be compensated for by a sufficiently low value of Ny or N
(atomsfom3) (see for instance equations (10.11)-(10.13) in the case of
thermal absorption and equations (10.18)-(10.20} in the case of
resonance absorption), in other words, by diluting them with materials
which have low absorption cross sections (water, graphite, lead
powder, sugar, Mg0, Ca0, Al,0,, 8i0,. . .). If large volumes of water
are used for dilution, flux enhancement must be taken into account
(32,37). The effect of diluting Sb,0, with graphite or lead is represented
in Figure 10.8 (CR,, = 5.5 at the irradiation position used).

For a total weight of 3 g, SbyO, must be diluted with at least 50

times ita own weight of graphite to obtain a constant specifio activity
(22). : .
From Table 10.4 it appears that even for thick wires of a dilute
Co-Al slloy, thermal and resonance self-absorption are negligible. If
such an element is used as & standard, it is normally irradiated as &
dilute solution or a known quantity of that solution can be spotted on &
filter paper and dried (49).

Remark: The dilution method ean eliminate self-absorption effects, but
it is atill posaible that samples and standards are not exposed to the
same external neutron flux, The difficulty of an inhomogeneous flux can
be overcome by irradiating the targets one after another and using a
small flux monitor attached to & fixed position in the irradiation can or
rabbit, In some cases an internal standard can be used (see further),
not only for reactor, but also for 14 MeV neutron irrediation, where the
flux inhomogeneity can be an important source of error.

(3) Standard addition method. It is not always possible to eliminate
self-absorption effects, particularly if the matrix has a high absorption
cross section. A typical example is the determination of impurities in
cobalt metal by Speecke and Maes (40). It is then simpler to design the
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cadmium ra..v for the isotope used in the determination is large (> 50).
Then:

A, az + ¢

A_:‘ "
where 4; and 4} are the measured activities of a suitable radionuclide
of the element under investigation, at time ¢, in the sample containing
az + ¢ and bz mg of the element respectively; x is the concentration of
the element, which can be caleulated as @, b and ¢ are known and as
Ay, A} and « (from equation 10.29) are measured, Note thet the two
samples need not be irradiated in the same canor even at the same time,
and that the correction factor « corrects for hoth inhomogeneities of
the neutron flux and for a different thermal neutron absorption in the
two samples.

If the CR for the nuclide of interest is not >50, some specific
requirements must be added (23). Indeed, by using equations of the
same form as equation (10.9) onc gets:

Al(St) _ E ale'glcl.or\ ft_h
ArSt) b )s: Ah

(19.30)

o (10.31)
Oreactor
and o

Ay ax + ¢ ofcior

[ well -k
Al bx Treactor b

Therefore, the condition which must be fulfilled is:

(agglclnr) = ":ga star (10.33)
3t

*efl *etf
Creactor Creactor

(10.32)

From equation {10.8) and the definition of the cadmium ratio follows,
that this condition will be fulfilled {1°) if the absorption effect for
thermal neutrons is the same:

Ay, = Af/nd, i.e. that the samples are approximately equal in
weight and in geometrical shaps; {2°) if the R for the two irradiation
positions is the same for the two samples: @.fny, = ¢fnd, i.e. the
O R does not change rapidly with the space coordinates if the samples
are irradiated simultaneously and {3°) if I*® = [**T and I*5(St) =
I%*9(St), i.e. that the isotope of the element of interest, of which the
induced activity is used in the determination, has no large resonance
peaks, so that its addition (c) does not change J*® or I*%(St) (53).

If this nuclide has peaks which overlap resonance peaks in the
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nuclide used as internel standard or overlap resonance peaks L. the
nuclides which make up the main constituenta in the sample, restric.
tions must be set to the amount ¢ of the element added (see above:
hypothetical example of determining gold in iron). In the above
references, the activities of tungsten, vanadium and manganese and
of the internal standards were counted in steel without chemical
separation. In the following example, the addition method is used
together with the internal standard method for the determination of
traces of iridium in ruthenium (54). Six ruthenium samples of § mg,
containing ca. 0.04%, of Ir, were irradiated in solution; to three samplea
2.5 pg of Ir (i.e. 0.050%) was added prior to activation. After irradia-
tion, the ruthenium matrix was distilled and its activity used as an
internal atandard, The iridium activity could be measured in the
residue without further chemical separations. Some data are given in
Table 10.7. -

TABLE 10.7
Determination of Ir in commercial Ru by the addition msthod
and using the ¥3Ru sctivity as an internal standard

Height 498 KoV

o Ir Height 317 KoV photopeak (#*Ru  Height 317 KeV
added  photopeak (1) in distiliate) (normalized)
0 11,500 12,650 (=1) 11,500

0 9,150 12,260 9,440

0 11,070 13,750 10,185
0.050 20,020 11,618 22,005
0.050 26,350 13,200 24,205
0.050 16,300 8,070 26,560

Another example (65) where the addition method and the internal
standard method are used togsther is the determination of gold
(}*%Au measured, 411 XeV photopeak) in platinum after separation
of the gold activity from the sample, using 1**Au (daughter of 1*°Pt,
photopeaks at 168 and 208 KeV) as an internal standard. Counting is
carried out using a lead absorber to reduce pile up of the 1#%Au activity.

The ratio 1%8Auf19%Au is directly proportional to the gold content
in platinum and is independent from flux inhomogeneities, from
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absorption . .Jts and even from different weight, different chemical
yield and different counting time (as 7'y,,(*8Au) =2 T'yy,(19%Au)).
Some data are shown in Tabls 10.8.

TABLE 10.8
Measured net activitiea of 1"%4u (411 KeV) and
1094y (208 KeV)

411 KeV
Counting 208 KeV 1ll KoV —— 0 ——
Samples mg time {nsot) {not) 208 KoV
Ptl 54 0m 160,240 1,040 0.01123
Pt 1 100 30 m 202,052 3,446 0.01179
Pel+ L4 100 30m 279,088 7,316 0.02621
PPm Au
Pt2 100 3m 23,249 9,754 0.4195
Pt 2 100 3m 32,016 13,362 0.4174
Pt 2 100 3m 32,704 14,738 0.4404
Pt3 100 3m 32,222 11,649 0.3815
Pt 3 © 100 3m 20,508 7,367 0.3577
Pt 3 100 3m 31,138 11,520 0.3700

From the sample with addition one finds that for 1 ppm of gold the
ratio 411 KeV/208 KeV is 0.01287, hence the gold content for samples
1, 2 and 3 can be calculated to be 0.90, 32.8 and 27.7 ppm respeciively.

De Soste, De Neve and Hoste (56) described a y-spectrometric
determination of As in Ge (7As measured at 1.21 3eV}, after chemical
separation of As,S, from the Ge-oxalate complex, using "'As (daughter
of "Ge measured at 0.246 MeV) as an internal standard. Tle ratio
7643/77As can better be determined by f-spectrometry, using a plastio
seintillator (Figure 6.19). The maximum B-energy for "7As is 0.700
MeV, for 7%As 2.98 MeV. '

Remark: The addition method, the internsa! standard method and the
dilution method all suffer from two disadvantages:
(1) a reelly homogensous mixture must be obtained for the method
to be valid (ideal situation; irradiation in solution);
(2) the manipulation of the samples prior to activation introduces
the possibility of contaminating the samples. This is particularly
dangerous in the case of trace analysis for common elements (Cu,

&f@
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j
Zn, As, ...). In the case of minor constituent analysis (V, W, wa in
steel) or trace analysis for rarer elements (Ir in Ru) this aspect
becomea less important.

The two disadvantages mentioned disappear if the specifio activity

of the element under investigation can be found from standard samples

of known content. For trace analysis this is however a difficult probler.

Wood (57) describes the determination of silicon in iron and steel

with 14 MeV neutrons, using %*Mn (formed by (n, p) reaction on **Fe)

as an internal standard. No silicon is added to determine the specific
sctivity of *%Al, but a series of NBS and BCS samples is used to
construct a calibration curve. The ratio 3%Al/**Mn is directly propor-
tional to the content of silicon and is independent from the flux. Again,
the internal standard is used to correct a8 well for neutron flux inhomo-
geneity, 8s for self-absorption. Routine enalyses of silicon (~3%) in_
magnetio steel, with a standard deviation of ca. 1% for a single deter-
mination, have recently been described. The net 3°Al and *¢Mn

activities were counted using two single-channel analyzers (568).

(5) Extrapolation method. The effect of self shielding is readily
demonstrated by irradiating a seriea of samplea of varying weight and
containing the elemont of interest. After caloulating the concentration
of the element, without correcting for any absorption éffects, the
results are plotted versns sample weight. By extrapolation to zero
weight one obtains the content corrected for self-absorption. This
method (59) does not require a manipulation of the samples prior to
irradiation. It is however obvious that the method requires & homo-
geneous neutron flux over the samples and the standards, because it
can only correct for self-absorption. This was also the case for all the
methods above, with the exception of the internal standard method.

The method must be used with precaution, as was pointed out by
Hogdah! (23). In Figure 10.9 the gold content in silver spheres of
different weight is plotted against the sample weight, without any
correction for neutron absorption: (a) after irradiation in a “thermal
column” (CR,, = 11,400) and (b) after irradiation in a “fast column”
(OR,, = 2.6). The values (o) were determined after correction {Table
10.6). Extrapolation of curve (a) can easily introduce errors of ca. 5%
if data of samples down to 10 mg are available, and errors of ca. 209
for samples down to 150 mg. _

In the cese of curve {b) the extrapolation method is quits inapplic-
able, because errors of ca. 409, are introduced, even if samples weighing
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only 10 mg are analyzed. It is practically impossible to analyze samples
so small that an acourate extrapolation can be performed.

Therefore, if the bulk part of the matrix haa large resonance absorp-
tion peaks which averlap those of the isotope under investigation, the
method can only be used if the irradiations are carried out at & place
in the resctor where the cadmium ratio is large { > 50). In this case the
contribution to the total induced activity due to epithermal neutrons
is amall and the method raust be combined with the first one (choice
of neutron spectrum). But even then the effect of thermal neutrons can
sometimes make it difficult to use this method, as very small samples
(e.g. 10 mg) must be arnalyzed.

(8) Other methods. (a) Neutron fillérs. If matrices with a high abscrp-
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Fig. 10.8. Coneentration of Au in Ag-spheres. {a) without correcting for
sbsorption effecta (OR = 11,400), (b) without correcting for absorption effecta
(CR = 2.8), (c) after correction for absorption effects (sce Table 10.6) (23) (30).
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10. 8YSTEMATIC ERRORS IN ACTIVATION ANALYSIS oy
\
tion cross section are to be analyzed, as for instance cadmium, i is
also possible to avoid neutron shielding differences between the samples
and the standards by irradiating them in & sufficiently thick box or
foil of the matrix element (Cd in this example).

This method was followed by Baumgirtner (60) for the determination
of chlorine in cadmium, The impurities will obviously only be activated
by neutrons which are not absorbed by the cadmium foil, hence the
sensitivity will decrease. However, the sensitivity is in many cases
sufficiently high, particularly if the activation is carried out in the
reactor core, even in the unfavourable case of reaonance absorption of
thermal neutrons. Care must be taken to use no packing material,
such as polythene, after the “neutron filter”, to avoid secondary-
moderation. This method can also be used in the analysis of epithermal
resonance absorbers, such as gold, silver and indium. )

(b) Separation prior to agivation. In some cases it is possible to
separate the matrix before irradiation. {rdégh ef al. (51) removed the
bulk of uranium from their samples by a specifio paper chromato.-
graphio method prior to activation: anitrie acid—ether mixture removes
the uranium (ca. 100 mg) which leaves the paper, while other cations
(Ag, Cr, Co, Fe, P, Cd) remsin at the starting posiiion. This procedure
eliminates also the formation of high activitiea due to the production
of *¥¥Np and of various fission products from uranium. These could
give rise to primary interference (see next section). Copper and molyb-
denum contamination was, however, observed.

If elements like Mo, Ru, Te... must be determined in wranium,
the matrix must be completely removed to avoid primary interference
(seo further). A complete removal is, however, practically impossible
without losses of the elements to be determined. For that reason,
Pauly e al. (62) used a combination of isotope dilution (to determine
the chemical yield of the preseparation) and activation analysis. As
the analysis is by isotope dilution, the separation does not need to be
quantitative and can be carried out so as to minimize the blank
correction. '

Another approach has been described by Mark ef al. (63) for the
determination of gold in sea water. The ncble metal is deposited on a
cathode of pyrolytic graphite; the lower end of the cathode is then cut
off and irradiated. This procedure eliminated the formation of high
3Na + ¥Cl activities, but introduced elso the poesibility of con-
taminating the samples from reagents, electrodes, etc. Correction ean

R
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however eas. _ .je performed by a blank determination. Other examples
are given in Chapter 7, section I, H,

(C) INTERFERING NUCLEAR REACTIONS

Apart from self shielding for thermal or resonance neutrons in the
samples or in the comparators and failure to detect flux gradients at
the irradiation position, other nuclear sources of error must be con-
sidered, e.g. interference from primary and second order reactions.

1. Primary Reactions

(a) (n, p) and (n, ) reactions. As an (n, p) reaction on element Z + 1
or an (n, «) reaction on element Z +4- 2 can give the same reaction pro-
duct as an (n, y) reaction on element 2, it is obvious that the presence
of elements Z + 1 or Z + 2 can interfere with the determination of
element Z. The same reactions induced in the next adjoining elements
may also interfere if they produce radionuclides which decay through
positron emission or electron capture to the activation products of
interest.

The interference will obviously be more or less serious, depending
on the relative concentrations of the target nuclides in the sample, on
the ratio fast/thermal flux and on the ratic of the cross sections
involved. Fortunately, the cross sections for (n, p) and (n, «) reactions
are generally quite low compared to the (n, y) cross sections, so that
these reactions normally (not always) cause serious interference only
in the presence of macro-quantities of the interfering elements (i.e. the
interfering element is the matrix, or the element to be determined is
present in extremely low concentration and the interfering element is
a minor constituent). This interference will, of course, be less important
or even negligible if the irradiation is carried out in a well thermalized
neutron spectrum.

The importance of a primary interference can be estimated, if the
ratio thermalffast flux for the irradiation position and the values
oy(n, y} and (n, p) . .. for the nuclides concerned are known; o,(n, ¥)
is given in Appendix 1,* whereas &(n, p), (n, «) for a number of
nuclides is given in Appendix 3. For other cases, estimated &-values by

*Actually the value o,eactor = gerg + (9. /pis} must be used in the caleulations
(see section I of this chapter).
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Roy and Hawton (64) can be used. The celoulation will be given ..« the
determination of copper in zine from measurementa of the $4Cu activity,
for an irradiation position where gy, = 4 x 103 and @ = 2.17 x 104
n cm-? g1 (¢f, Chapter 3, section VI, B).

Reaction: %3Cu (n, y)*Cu, § = 0.601, ay(n,y) = 4.3 b, gy = ¢ X 1011,
A4 = 63.54 (at. weight).

Interfering reaction: Zn(n, p)*Cu, 8’ = 0.489, &(n, p) = 30 mb,
¢ = 2.17 x 10%°, 4’ = 65.17.

The ratio of the $4Cu activities, produced respectively from 1 g of
natural zine and ! g of natural copper is given by (¢f. equation 10.1)

A& ga(n, p)
A'bpyo(n, 7}

{see also Chapter 3, section V, C, 3b (8)). ]

This means that an apparent copper content of 350 ppm will be
found in copper-free zino. Mellish ¢ al. (65) measured an interference
equivalent to ca. 700 ppm after irradiation in the centre of BEPO.
Irradiation at the edge of the reactor reduced this error to ca. 1 ppm.
Gijbels (54) found in rhodium an apparent ruthenium content of 17
ppm, due to tho reaction 1%3Rh (n, p)***Ru (¢ = 0.11 wb), by irradiat-
ing the samples in the isotope train of the BR-1 reactor (Mol, Belgium).
The cross section for the reaction 19*Ru(n, ¥)}**Ru is 1.44 b.

The nuclear reaction **Fe(n, p)**Mn (¢ = 0.3 mb) will interfere
with the determination of manganese in iron. Bouten (53) found that
the $Mn/5?Fe activity ratio was 13, 5 and 0 for & cadmium ratio
{(measured with gold) of 5, 40 and 150 respeotively. Hence, the irradia-
tions were carried out in the reflestor of the BR~1 reactor, to eliminate
spurious #Mn activities.

The determination of vanadium in high.alloy steels containing
chromium can be disturbed by the reaction ¥Cr(n, p)s*V. Hoste (48)
calculated &n error of 1%, for a chromiumjvanadium ratio of 10001, if
irradiations were carried out near the reflector of BR-1 (CR,, = 280;
#w = 101° n cm~3 g-1), This is normally negligible. In less favourable
conditions, however, the error can become quite important. In activa-
tion analysis with a oyclotron, where neutrons are produced with 26
MoV deuterons on & beryllium target and thermalized in & 20 em
paraffin block, a chromium/vanadium ratio of 1000/1 would give rise
to a 2209, error.

In a similar way, the reaction 37Al(n, «)3Na (& = 3.1 mb} gives &

= 3.50 x 10-4 (10.34)
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spurious sodiw. activity equivalent to 81 ppm in the determination
of sodium (g, = 0.5¢4 b) in aluminium (66).

For a thermal to fast flux ratio of 7.7, apparent concentrations for
zino and gallium in GeQ, of 11.2 and 0.36 ppm respectively were
found from the reactions *Ge(n, a)**"Zn and :Ge(n, v)’Ga.
Consequently it is impossible to determine directly Zn and Ga in
high purity germanium, if a completely thermalized neutron flux with
sufficient intensity is not available. Separation of the bulk of the ger-
manium prior to activation is then required {67).

Due to the interfering reaction 11°Cd(n, p)11°® Ag, silver cannot
directly be determined in CdS. Lux {68) used therefore an electro-
lytic separation before irradiation. The incrcased probability of
disturbing (n, p) or (n, a) reactions by fast noutrons, if activation is
carried out in high neutron fluxes (1-3 x 104 n ¢m—2 s~4) is discussed
by Maslov (69) for & number of cases: **Na in Mg and Al, 42K in Sc,
8})Mn in Fe and Co, *Cu in Zn, **Ga in Ge, %Fe in Co and Ni, "Zn
in Ge, 11°"Ag in Cd, 4*Ca in Ti, and 2P in 8 and Cl. (Sce also Chapter 7,
section I, H).

The above considerations can also be applied to the inverse problem.
For the experimental determination of an average cross section in &
fission neutron spectrum, &(n, p), &(n, «}, the element Z concerned
must be free from elements Z-1 or Z-2, e.g. aluminium mus$ be free
from sodium to determine the & of 37Al(n, «)*Na. The problem can,
however, partly be solved by irradiating the samples under cadmium,
to avoid thermal activation by the reaction **Na(n, y}*'Na. Epithermal
activation is then still possible, of course.

Sometimes the “interfering reaction' is used instead of the thermal
neutron reaction, if its sensitivity is better andfor the radionuclide
formed is more easily detected. A typical example is the determination
of sulfur by the sensitive fast neutron reaction 32S(n, p)*?P (328:
8 = 95.0%; &(n, p} = 60 mb; 32P: T'y;, = 14.3 d) instead of 343(n, y)3*8
(348: 0 = 4.22%,; o, = 260 mb; 258: 7'/, = 87 d). Moreover, 38 is
& much weaker S-emitter (0.167 MeV) than 7P (1.701 MeV).

Similerly, %S¢ and 4%S¢ are formed by (n, p) reactions on **Ti and
4*Ti and have half-lives of 44 h and 57 m respectively, whereas the
half-life of Ti, formed by (n, y) reaction on 5°T}, is 5.8 m only, The
latter isotope cannot be used for analysis if one must wait some time
after the end of the neutron irradiation. See also Chapter 7, section IV,
B,
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In fast neutron activation, interfering reactions are more impo..ant,
ag the cross sections for the reactions concerned are of the same order
of magnitude. Consequently serious interference can be caused by the
presence of even small amounts of another nuclide (other trace impurity).

Ezample: the presence of fluorine in a sample will interfere with the
determination of oxygen by the reaction 3¢O(n, p)M*N (c14:v = 40
mb; & = 00.7589,), due to the formation of the same radionuclide
by the reaction 1*F(n, «}'*N (014 uev = 57 mb; & = 100%,). The croas
sections are of the same order of magnitude. Correotion is possible if the
fluorine concentration is determined by an independent reaction:
UF(n, p)'*0 (o14mev = 135 mb, other references: 15 mb). 1%0 is
longer lived than N (20.4 s against 7.4 s) and can be determined after
the decay of 1SN.

It is worthwhile to note here, that in 14 MeV neutron activation
analysis of short-lived isotopes, interference from another element is
often possible, even. if another radionuclide is formed other than in the
reaction of intereat. In meny cases short-lived radionuclides emit high
energy B's or y's, making a specific determination difficult or even
impossible. High intensities of 8- or y-rays of lower energy can interfere
also by pile up in the detector and (or) counting equipment. The
presence of boron interferes with the determination of oxygen (2*N:
y = 6.13 MeV + others; Ty, = 7.4 ) by the reaction 11B(n, p)1Be
(3*B: 8 = 80.93%; onMv = 3.2 mb; Ty, = 13.8 8) due to high
energy S-rays (11.5 and 9.3 MeV); errors of 1009, are reported for a
ratio boronfoxygen = 10{1 to 40/1 depending on experimental con-
ditions. Similarly, the determination of oxygen in selenium is disturbed
by the 5.4 and 6 MeV S-rays of 89As, formed by the reaction, %%Se{n, p)-
80As (8%8e: 8 = 40.82%, on4mev o~ 13 mb; Ty, = 15 8). If the inter-
fering radionuclide has & half-life 3»>7.4 8, correction is possible by
two subsequent countings. The difference is a measure for the 3N
activity,

(b} (n, f) reactions

Another primary interference reaction in thermal neutron activation
is the presence of fissionable material. Even if only a small amount
of such a nuclide {3*8U for instance) ia present in & sample, it can cause
significant and often unexpected errors in the determination of many
elements in certain regions of the periodio table. Dams (70) found
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serious intericrences from traces of uranium in the determination of
very low concentrations of molybdenum and tellurium in ZnSO,
solutions for industrial zine electrolysis. 233U traces are also found in
HF, which is a by product of uranium diffusion plants. For a given U
content in the sample, the interference depends on the fission yield for
the radionuclide of interest and on the activation cross section and
isotopio abundance of the “corresponding” stable nuclide. Very un-
favourable cases are Mo, Te and Ce for instance. The interference can
be estimated in the following way. Assuming that 1 g of natural
urenium is present, the activity for a given isotope i from fission can
be caleulated from

An, f) = yo(n, e NS4y (10.35)
where o(n, f} = the cross section of natural uraniurm for fission = 4.18 b
Ay = atomic weight of natural uranium = 238.03
N4 = Avogadro’s number
Si =1 —exp (—Miy) where A; = disintegration constant
for the isotope §
ys = total fission yield for the isotopa 1.

For the (n, y) reaction, equation (10.1) must be used. For 1 g of the
element 2, one calculates

| Adn,y) = ofn, Y)puNaSifdz ' (10.38)
The ratio 4(n, £){A4(n, ¥) gives the interferenco:

A;(n, f) 4.18 y;A,

interference = =
Aq(n, _y)_ 238.03 fo(n, v)

(10.37)

Ezxamples: 1Ce (y = 0.06; 8 = 0.88; o(n, y) = 0.31 b), interf. = 0.54
13Cq (i = 0.057; 6 = 0.11; ofn, ¥) = 1 b}, interf. = 1.28
HINd (y = 0.027; 6 = 0.17; o{n, y) = 2 b), interf. = 0.20
138m (y = 0.0015; ¢ = 0.26; o(u, ¥) = 140 b), intecf. =
0.0001
¥*Mo (y = 0.001; 0 = 0.24; o(n, y) = 0.5 b}, interf. = 0.85,

From these data it follows that trace analysis for light rare earth ele.
ments (maximum fission yield) in minerals by neutron activation analy-
sis will be practically impossible, if uranium is present in the same
concentration range. For the heavy members of the group (lower fssion
yield) the situation is less unfavourable (71).
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In practice, the importance of this interference for a given n...ac;pe

can be estimated by determining the uranium content of the sampls—"

from the #3¥Np activity, and then determining {or at least caloulating)
the activity of the radionuclide of interest, which should be formed
from that amount of uranjum in the same experimental conditions. If
the interference is too high, it can even be better to separate uranium
from the sample prior to activation (see above).

A special case of primary interference can occur during the deter-
moination of bismuth in lead through the reaction 3**Bi(n, y)31°Bi.
The 219Bj activity (7', = 4.99 d) can also be present as a member of
the 23%(J geries. Consequently, the mass-nctivity proportionality is not
maintained. This error can be estimated by determining the activity
of 210Bj (or its daughter 3°Po) in lead without neutron activation {72),

2. Secondary Reaciions

Secondary reactions are induced by y-rays or charged particles
available from (n, y) or (n, p) and (n, a) reactions. These reactions are
seldom significant in reactor irradiations because the photons and
charged partioles, created by reactor neutrons, have either tco low an
energy or too low an intensity to be significant (73). Cuypers (74)
discusses the formation of ¥*N in polyethylene by 14 MeV neutron
irradiation. By collision of 14 MeV neutrons with hydrogen atoms in the
sample, high-energy protons are formed, which interact with the carbon
and give the 3C(p, n)*N reaction (Q=2.26 MaV; Ty;y=10 m). The
same reaction limits the determination of nitrogen in hydrocarbons
by the reaction MN(n, 2n)**N to concentrations greater than 0.19, (76).

A theory which predicts the amount of 33N produced has been

" advanced (76) and might easily be extended to the case where oxygen

is also present when additional N is produced by the reaction
160(p, «)13N. The theory states that the N production rate depends
on the proton flux, which is proportional to the product of hydrogen
density and proton-range, and on the carbon and oxygen concentration.
The 12N production also limits the determination of copper in lubricat-
ing oils, since #2Cu has the same half-life as 3N and since both radio-
nuclidea are positron emitters (77). Other secondary reactions initiated
by “knock.on” particles have been observed and even applied (79,80).
Aumann and Born (81) described a simple and rapid non-destructive
procedure for determining 1*Q abundances in hydrogen-containing
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substances ., tﬁe reaction *30(p, n)"*F initiated by neutron~proton
recoil in a reactor. Reactions occurring in neutron irradiated samples
of water and organic compounds (C, H, O, N) are: MN(n, 2n)!*N;
13Cp, n)**N; *C(p, y)N; *0(p, «)'N; MN(p, «)11C; 370(p, y)**F.
If the samples are enriched in deuterium the following reactions are
possible: 2C(d, n)'3N; 3C(d, 2n)}*N; 10(d, )!5F and 120(d, 2n)1tF,

3. Second Order Reactions

Two types of second order reactions occur: those which enhance
the production of an activation product and those which decrease its
“concentration”, Reactions of the first type usually occur when a
major constituent of the sample, or the matrix itself, and the trace
element have adjacent atomic numbers. In this case, activation pro-
ducts of the major constituent may decay to a stable isotope of the
trace element, adding to its concentration. Long irradiation times and
large reactor fluxes will greatly enhance the production of the irace
element. In section III, E, of Chapter & the theoretical aspect of the
problem has already been discussed. -

In equation (5.83) the number of interfering nuclides (4) was caﬁﬁ-
lated:

6.025 x 10230 izt . :
No(ty) = —T-J qn%la,F,,\,i}jlo. exp{—As})  (10.38)
R -

where: 8, = isotopic abundance of nuclide (1) in element Z:

85 = isotopic abundance of nuclide (3) in element (Z + 1);
A, 4, = atomic weight of element (1), (3);
P = Pracse = Feactor neutron fux;

O 03 = Oppetee =" 180tOPIG activation cross section, expressed in
terms of a reactor cross section, thus including reson-
ance activation (see section I of this chapter).

The number of radicactive nuclei Nj, formed by direct activation
of 1 ug of the element (Z + 1) or (Z — 1), which has to be determined
in element Z can be calculated from equation {10.1):

, 6.025 x 1017 840
Nifty) = —— 2 [l - exp (—AL)]  (1039)
4“*+3

Hence, the apparent concentration (in ppm) of the element (Z + 1),
formed from element Z by second order reaction, can directly be

1 e#
calculated from the ratio N,/N{: . :
=t

P C —Agt
g, Py :A¢‘);l 1exp (—Adh)

11

penlZ £ 1 = 49,7 1= exp(~Adn
From this equation appears that-in first approximation - the inter-
ference is proportional to the flux and to oy,

It can be shown by caleulstion, that the final result is practically
independent from o, (implicitly present in Cy), but that it is directly
proportional to oy, so that resonance activation of nuclide (1) must be
included, whereas it can be omitted for nuclide (3). It can also he
shown that the apparent concentration is directly proportional to
@, as far as burn-up is negligible (e.g. A, = A, + go, & 1)), 50 that
numerical values for any flux can be deduced from the values given
in Table 10.9. ]

Some forty cases of second order interferences can be expected.
Ricoi and Dyer (82) caloulated the interference for 23 cases as a function
of irradiation time. The above equations ere tedious to solve by hand
and often lead to loss in significance in performing the summations
of the exponential terms Cy exp (= A¢f). To make the calculations, a
computer has to be programmed in an adequate computer code.
Simpler formulas ¢can be derived in the following way: the number of
nuclei N, formed per second after an irradiation time #, is given by:

Ny = B“gﬂ[l —exp (—Ah)]; (As = Ay (1041)
]

The correspouding number of disintegrations of nuclei (2) per second
is then given by A,N = N3po, [1 — exp {(—A4)). This also gives the
number of (stable) nuclei (3), formed per second assuming F, = 1.
The total number of atoma (3), formed after an irradiation time #, is
caleulated by integration of the laat equation:

Nyty) = J"" Nydip = Nopay | 1y - LR L=ABN] 1 )
[1]

108 {10.40)

As

If N,(ty) is expressed in ppm (Z £ 1) in the matrix (N? = 6,N9)
this equation can be written as

_l—exp (=Agts)]

ppm (Z £ 1)(t) = b0, 10%| &y S (10.43)
L, 3 -
a8
For Ty (2) > 1y, 1 — exp (==Agls} A.lp—--?-i- vees
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TABLE 10.9

8econd order interference in ppb (g = 10 nem~—*s-1; ¢,/ = 1/10%)

t,(e)

Determination

L DUUTRUN AUTLYATION ANALYSIN w 1V, SLOVEMALLY DOAULS 40y AVILYALIVY AN AL DD £ {J
=y ) hence: . !

5 c8 o g So I s ppm (2 + 1)(t) & 0.5 x 108 f,po 2% (parabols)  (10.44)

228 oSlR e« 33xSoaq For Ty (2) < tb, 1 — exp (= Aqhe) % 1, honce:
LB 2 mo ™ — =T I ]
. « o S S T s = 1L & prm (2 + 1)(h) & fypo, 108 (“"’:\’ 1) ~ 10%,p0,8p (10.45)
|7 % Bgsnxilns xaxa faighs oo
6 SErcvacie wowe | ) . )
) These very simple formulas give, of course, only approximate results

. N . L - L3 1 (order of magnitude), but they avoid laborious computer work.

3 > 2323 3, Another algorithm has been proposed for fast and accurate cal-
S © X o X oo © culations, without the need of a computer with high precision arith-
© o @ il metic (89). A compilation of 85 cases, of interest for neutron activation

= 5 ~5F3F. 12 analysis, has been published (90,01).
3 8 AECirAsdicsziE (& Numerical data, taken from Rioci and Dyer (82), Massart (71), -

o L% iigigi: ‘;ﬁ I Do Neve (16) and Gijbels (83) are summarized in Table 10.9, assuming

§ 3 ZRaNH Egezg gga: & g g = 10* n em~* 7} and including resonance activation {for q:,[.p,:h

& & gHESEgmssgcg zdg | A 25 1/10). As appears from Table 10.9, the second order interference is

A 8 A8E338e88susdg (A negligible in most csses, although it can introduce considerable errors
o a (see, e.g. Re in W, Ho in Dy, Ir in Os).

P . = Moreover, it must be borne in mind that the table assumes a fux

X - = - 2 =g < of 1012 n cm~2 51 only, In the determination of As in transistor-grade

e & : - S - o g - g germanium {~10 ppb As) at an irradiation of 10 L a$ 10 n cm=3 8-,

s ~ = 8 <% 253888 | 4 an apparent content of 200 ppb will be found, i.e. a fastor of 20 too
Lo . 2 n - : high. The interfering reaction may thus quite well limit the sensitivity
sl & 2 L &5 227 214, of the analysis. In some cases different caloulated values are tabulated,

TR XY e xxmae XX X | & e.g. for As in Ge. This is due to a different value for o, (Ricei 0.24 b;

« 25 v wacae RF.3582(% De Neve 0.6 b). An experimental study of the second order inter-

. . . 5} ference by De Neve (18) indicated that the best agreement between

J I A A te11%1 '2 “ & Y experiment and calculation is obtained for @, = 0.48 b. Gijbels and
S| =22 g =2y==2=2=2 L 2% & Hoste (83) investigated experimentally the second order reaction
: : : : « ,: : : : a : X 'g 190Q3(n, y)19103 L 10]r(n, y)'9r for irradiations of 1-10 days at &

e flux of 4 x 10 n cm~* s~ From the results an estimate of the

_ - L g resonance activation integral for 19°0s could be made (no literature data

=35 5 38 3 g‘;‘ g £} 83385 | available). Normally, an experimentsl study of second order inter-

g EFPrifiiiiiy  grii ) ference is only possible when starting from high purity materials, such

So30REESS8S 65848 3 a8 transistor grade germanium (9 ppb As), purified camium (<5 ppb Ir),
_u; ggf8ss895€6E8¢g fesgge |° ete. Other experimental results have been desoribed (92).
nE353858338¢ L23838& In the above discussion, only reactiors of the general form (n, y) B
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{n,y) or {n, y, £C, B+ (n, y) were considered. Other reactions can also
interfere such as 1Dy(n, y)1®Dy(n, y)!**Dy 510, together with
164Dy(n, y)14Dy L 165Ho(n, y)1%¢Ho.

A second type of second order reactions decreases the “concentration”
of the activation product. Tables to correct for the burn-up of a
radiocactivation product at high fluxes were calculated by Maslov (08).

Some radionuclides produced by {n, ¥) reactions having a high cross
section sre 183Dy (5000 b), !*Au (26,000 b}, 1248 (2000 b), ¥82Ta
(17,000 b), 14C (200 b). The best known example is 97 Au(n, y)**¥Au(n, y)
109 A!.l.

By applying the Bateman-Fubinson equation for transformations
in a neutron flux (sees Chapter &} it can be shown that after an irradia-
tion of 30 h at a flux of 1034 n cm-* s-1, 13%, of the radioactive dis-
integrations in the gold sample occurs as !?*Au. Some experimental
results are given by El Guebeily (84). After an irradiation of 50 h at
1.1 x 102 n cra—? 8! the experimental 19%Au{1%%Au ratio was 1.729%.
For activation analysis purposes, there is little if any error introduced,
if the comparator method iy used, since the same reaction occurs in the
comparator. If, however, the absolute assay method, or the ‘“single
comparator method” of Girardi (85) is used, thia effect muat be con-
sidered.

Finelly, second order interference is not expected with fast neutrons,
since their interaction cross section is too small.

4. Primary Reaclions Yielding Another Isolope of the
Element to be Delermined

If cobalt is determined in nickel, not only *°Co is formed, but slso
8Co from the reaction %:Ni(n, p). Obviously, ¥Co and *Co cannot
be separated by chemical means. Moreover, both radionuclides are
very long-lived. Having different y-energies, they can be measured
selectively. As for a given irradiation position (given ratio thermal/fast
flux) the ratio **Cof**Co is directly proportional to the cobalt content
in nickel, no flux monitoring is required, so that the above (n, p)
reaction is actually not an interference, but yields a helpful internal
standard, For low cobalt contents, the irradiation is carried out in a
well thermalized weutron flux, to avoid too unfavourable *°Cof5:Co
activity ratios (86). ‘

[ *,’
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For contents <0.1 ppm Co, interfarenco from the reaction ¥Ni., o)
40Co is poasible. .

A second example is the determination of ersenic in germanium.
The nuclear reaction "Ge(n, y)?"™Ge gives rise to 77As with a half-life
of 39 h (f. 7Aa : 26 h). The 7$As/??As ratio in the radloohemmally
separated arsenio {raction is again directly proportional to the arsenio
content in germanium. Henoce no corrections for flux variations or
chemical yield are neceasary (see section II, B, 4c (4) of this chapter).
The main difficulty arises from the very high 7*As activity as compared
to the low 7As activity (~104 at the 1 ppm As level). Consequently
the low-energy y- or B-radiation of ?7As can interfere with the meagure-
ment of *As by pile up, both in y-spectrometric and S-spectrometric
techniques, 8o that absorbers (0.5 om Pb and 270 mg. cm=* Al respoc-
tively) must be used (56). .

The same pile-up problem was found when determining gold (***Au)
in platinum, which gives rise to the radioactive 2**Au daughter of
comparable half-life {54). At the 1 ppm gold level, the 199Ay/19¢Au
ratio was also ~104. A lead absorber (2.2 g. cm~3) reduced strongly
the 3*%Au activity (transmission ~16% for 208 KeV, ~3% for 168
KeV and X-ray), whereas the 411 KoV y-ray of 1*%Au was reduced to
689, only, so that for 1 ppm the ratio ***Au (158 or 208 XeV)/2*%Au
{411 KeV) becomes ~150.

(D) DizreRENT COUNTING EFFICIENOY

If the activated species is a pure B-emitter, it is normally counted
with an end window counter after carrier addition and precipitation.
If the B-energy is low, different problems arise, such as self absorption,
self scattering and backscattering. The precipitates must, therefore,
be in the same form and in the same geometrical condition and have
the same weight for standards and samples.

In the case of low energy y- or X-rays absorption is also possible.

Ezample: If 190 is distilled and the distillate absorbed in a suitable
liquid, such as HBr, ite activity (65 KeV X-ray + 129 KeV y.1ay)
cannot directly be compared with that of a standard in the same
volume of water.

Indeed, in Figure 10.10 the peak heights in the y-spectrum of 1108
are represented as a function of %, HBr for & liquid source of 100 ml.
The strong X-ray absorption is apparent (54).
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:‘,‘,:g.l \ 125 KeV x—l’iy
2
-
3
o
65 KeV X-ray
¢ &6 132 66 */sHBr

Fig.10.10 Peak heights of 65 keV X-ray and 1 ,
. - y and 120keV y-ray (:#10a f
of % HBr in a liquid radicactive source of 100 ml, v Jasa function

Aa‘: shown in Chapter 7, the samples and the “standards” are zuto-
matically counted in the same conditions, if an addition method iz

applied. Problems concerning the preparation of standarda
discussed in Chapter 7, e e alko

(E) DEAD-TiME CORRECTIONS

1. General Considerations

If .the a_,cbivity of the standard differs considerably from that of the
fraction, isolated from the sample, systematio errors are possible due

b
to different relative count losses, If possible, the activities for stei.. .ds
and samplea should be of the same order of magnitude. Correction is
however possible if the dead-timse of the counting equipment is known.
Tho overall dead-time dependa on the dead-time of the detector, on the
finite time constant of the amplifier, on the pulse-shaping circuits,
on the scaler, ete. Modern scalers are very fast, bandwidths of 2 MHz
are common. This means, in practice, that counting rates (statistical
bursts!) of ca. 10* counts/m are possible without losses as far as the
scaler i8 concerned. The count losses for G.M. tubes, integral gamma
counters and single.channel analyzers can be calculated using equa-
tions (6.20) to (6.24), on condition that the dead-time of the equipment
is known, A typical value for .M. counting is 100 us/count and for
integral gamma counting 1-2 pusfcount. In the latter case, a correction
of ca. 19, may be required for 500,000 cpm or less. An average resolving
time of 10 psfcount is common for single-channel analyzers. Counting
rates should preferably not exceed ca. 500,000 cpm.

In many pulse height analyzers the resolving time is not constant
but depends on the shape of the spectrum being measured, particularly
in the case of analog to digital conversion (A.D.C).

From equation (6.36) it follows that multichannel analyzers have an
average dead-time per recorded count givén by: .

7 = ky + kyi,, (sfcount) (10.48)

where k, is a constant due to memory cycle storage time (typically
10 psfcount), k, snother constant due to spacing between address
pulses (typically 0.5 ps/countf{channel) and i4,, the average channel
number, depending on the shape of the spectrum:

n

i = 2 (hanel) (10.47)

n

Y6

where ¢; is the number of counts recorded in channel ¢, When counting
in 200 channels, the average channel {,, is generally situated between
channel 20 and 100. Hence one can expect a r value between 20 and
80 psfcount. With fast analog to digital converters {100 MHz oscillator
frequency), 7 values of 3.5 usfcount for 123 channels and 13 usfoount
for 1024 channels can be obtained. Sometimes a fixed conversion time
is used, e.g. 20 pus/count.
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The total dead-time of a counting
DT = 7¢' {seconds) (10.48)

during a counting (clock) time CT depends or: r (shape of the spectrum)
and on the total number of counts ¢’ recorded.
The instantaneous dead-time 1DT is defined by

IDT = R’ (no dimension) {10.49)
where R’ is the observed counting rate (cps).
One defines a fractional dead-time FDT
FDT = DTICT = ({CT - LT)CT {10.50)

where DT = tota] dead time, OT = clock time and LT = total life
time, Similarly, a fractional life-time FLT = LT/CT can be defined.
The PDT {andfor the FLT), expressed in %, is indicated on a galvano-
meter for most multichannel analyzers.

The life-timer is an electronic circuit which stops the timer during
the pulse height analysis and memory storage and thus automatically
corrects for count losses (life-time mode of counting). Depending on
the instrument used, the life-time mode of counting may be in error
by ca. 19 at gross rates of ca. 400,000 cpm, by ca. +29%, at gross
rates of ca. 600,000 cpm and by ca. +4%, at gross rates of 10% ¢pm.
This corresponds typically with fractional dead-times of ca: 20, 30 and
40°%; (200 channels). The dead-time losses, caused by finite conversion
and storage time, can be substantially reduced if the ansalyzer contains
a temporary or buffer storage mechanism (87), but its calculation
becomes more difficult, particularly if the buffer is capable of storing
more than one signal.

This correction by counting during a lenger clock time {OT = LT
. + DT) is obviously inadequate for short-lived radionuclides, which
decay during the counting: more counts are lost at the beginning of the
counting, than can be “recovered” at the end. Automatie correction
for short-lived radionuclides is only reascnable at low fractional
dead times and short counting times with regard to the half-life.

Three different cases can be distinguished (88):

counting a pure short-lived radionuclide;

counting a short-lived radionuclide in the presence of one or more’

long-lived activities;
counting several short-lived radionuclides in the presence of one or
more long-lived activitiea.

10U, SYSTEMATIC ERRORS IN ACTIVATION ANALYSIS t: }wd

2. Counting a Pure Shori-lived Redionuclide

The general shape of the spectrum remains constant (1 radioisotope),
hence » = constant. At any time ¢, the relative counting rate loss is
given by the instantaneous dead time IDT {i):

R — R

o~ IDT{) = +R'{t)

(10.51)

where R(t) is the real number of pulses/s presented for pulse height
analysis, and R'(}) the observed counting rate (cps) at time ¢, Hence:
R{)
14 =R{t)
where R() = R° exp (— Af). Equation (10.52) relates the real and the

effective counting rate at time .
The total number of counta ¢’ recorded in a clock time 7' is obviously

, °r C?  RYexp{—M)
¢ = L R(t)dt = J-u T+ "R exp (= W) ds (10.563)

Writing 1 + 7R exp (—M!) = u yields the solution of this integral:

. 1 14+ 7R
¢ = BT R (or.0T), (10.54)

R{) = (10.52)

or
1+ #R®

1+ rR%exp(—A.CT)
since the total dead time is DT = r¢'. Further:

= exp (A.DT) ({10.55)

oxp (Arc) =

14 R° = exp (. DT) + +R%exp[-NCT — DT)]
Remembering that 0T — DT = LT and r = DT/c’, one finds for RO

exp(A.DT) -1 ¢
1 —exp(=A.LT)DT

{10.56)

This exact equation allows us to calculate the true counting rate
R at ¢ = O from the observed number of counts ¢', on condition that
CT and DT or LT (and }) are known.



4y I-;,ﬁ NEUEHUN AULIVATIUN ANALYSIS

In Chapter . & is shown that, after a counting (clock) time CT =
LT, (assuming DT = 0) the true total number of counts ¢ and the
true counting rate R° at ¢ = 0 are related by the equation:

\ o Ac

R = 10.57
1 — exp (= . LT) (1057)

From equations (10.56) and (10.57) it follows:

¢ A.DT N NCT - LT)
¢ exp(A.DT)~1  exp[MCT - LT)] -1

This exact formula allows one to calculate the true total number of
counts ¢ from ¢’, on condition that CT' and LT (and A) are known.,
LT is measured by the multichannel analyzer (in life-time mode of
counting) and the corresponding OT measured with a sirzple chrono-
meter. A special set-up is described by Junod (88) where the multi-
channel is used in clock-time mode of counting, whereas LT is measured
by means of an exterior chronometer, which is operated by the life.
timer circuit. This method has the advantage that CT can be pre.
selected, e.g. 174, 2T'y/5,independent of the activity of the radioactive
source.

Nole: for long-lived radionuclides, i.e. CT'/Ty;, << 1, equation {10.58)
is reduced to ¢’/c = 1. Hence, the life timer makes no error, duse to the
decay of the measured isotope.

Ezample: CT = 2.50 m; LT = 2.25 m; DT = 0.25 m; further FDT

= DT(CT = 0.25/{2.50 = 109, {=average value of the instantaneous
dead time); T’y = 1 m, hence A = 0.693 m~1; CT[Ty;, = 2.50.
From equation (10.58) cne calculates:
¢ 0.693 x 0.25

¢ exp(0.693 x 0.25) — 1

(10.58)

= 0,92

i.e. the result of the life-time mode of counting {¢') is too low by 89,
(see also Figure 10.11: FDT = 109, and CT(T;, = 2.50).

Note: FDT can also be estimated by reading the *‘dead-time" galvano.
meter of the analyzer at time ¢ ~ CT'2. The corrcction of ¢’ can then
be performed using Figure 10.11. This figure is also useful to choose
a counting time which iz sufficiently short to make no errors >z%, for
a given FDT.

¥

AU, SYSTEMATIVU ERAOVRS IN ACTIVATION ANALYSIS g «J\‘i

g’ .
c \

095}

5
{ ) FOT (%) \
0.50 504030 20 10
oo ol 7 10
cTT,, .

Fig. 10.11, XRatio of the observed number of nounts {¢') to true number of
counts (c) as a funotion of OT'T,;, when using t.he life- tuue moda of counting.
FDT = fractional dead-tims (88).

3. Counling a Shorl-lived Radionuclide in the presence of One or
More Long-lived Radioaclivities

For the same FDT, the error made hers will be smaller than in the
foregoing case. This can easily be understood, since in the extreme
case of a pure long-lived radionuclida, the life-timer makes no error -
due to decay. An exact treatment of this problem is given by Junod
{88). Only a simplified discussion will be given here. Assuming DT = 0,
the total number of counts ¢, observed in a clock time OT = LT
should be

¢= E-[l — exp (—A LT)] ~ (10sm)

In practice, however, DT > 0, hence ane mtegmtes ﬁ'om 0 to G'T
but records only a fraction LT/OT, assuming that the dead-time is
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elmost completely due to the long-lived species. Thus:

Ro T
= [1 —exp(—=A.CTY] il {10.59)
80 that:
_l—exp(—-A.CT) LT
" 1 —exp(—A.LT) CT

d (10.60
c -60)
Ezample: The same example as above will be used, assuming however
that the dead time is completely due to the presence of & long lived
species. From equation {10.60) one calculates:

1 — exp (—0.693 x 2.5) 2.25

= (.04
1 — exp (—0.693 x 2.25) 2.50

c
c

One remarks that the error made by the life-timer is soinewhat smaller
than for case 1, assuming the same FDT.

The counting of several short lived nuclides in the presence of
several long lived ones is discussed by Junod (88). A general approach
for calculating dead-time corrections with multichannel analyzera
has been desciibed by Schonfeld {84} and Gavron (05). Gérner and
Hohnel (96) presented an automatic correction, using one “(;.orrector
per radionuclide to be counted.

(F) OrEER ERRORS

Until now, only experimental errors due to nuclear phenomena
have been discussed. A second group of errors, which is not specific
for activation analysis, i3 due to analytical procedures. Some of them
will be mentioned.

1. Failure to Remove Surface Contaminants from the Sample

This may obviously be important when delermining low oxygen

concentrations with 14 MeV neutrons in samples having a chemically

active surface, such as alkali metals, but also for Al, Ta, XNb, Cr, Pb,
Zn, ...
In the case of trace analysis for common elements by thermal

[
activation, special care must be taken when preparing the saL. &
before irradiation.

It should be borne in mind that often in & laboratory atmosphere
1012 atoms of Fe, Cu, Zn, Pb, Ca, Mg, Al, 8i, ... are present per cm?
of air. The sample may also be contaminated with nuclides recoiling
from the container material due to the neutron capture process
Possible contamination can be eliminated by etching the solid samples
after irradiation. These problema are discussed in Chapter 7.

After irradiation, radioactive contamination is possible if the isotope
of interest is used in large quantities for other purposes.

2. Incomplele Exchange Belween Carrier and Trace Element

A typical element where this problem occurs is iridium (93). The
chemical effects of nuclear reactions must also be considered (Szilard- -
Chalmers effect). The activated element may give rise to a variety
of chemical states and this can be important for irradiations of organio
molecules, stable complex ions or oxygemated anlons, especislly
for elements with a high elestronegativity, such as the “metalloids”,
the noble metals or polyvalent elements in a high oxidation state,
The Szilard effect often involves a valency change {owering):
Au(IIT) — Au, As(IIT) - As, Se(IV} — Se, Mn(VII) — Mn(IV), CI(VII)
— Cl-, . ., Difficulties can also ocour if carrier-free isotopes are formed,
e.g. 325(n, p)¥1P, 19Te(n, y)31™)Te £ 111], Starting from aqueous
solutions of TeQ,, I-, I0-, I,, I0; and 10, are formed.

Therefors, the radiochemical purification should include as first
step an oxidation-reduction cycle if the element has more than one
valenoy.

A false chemical yleld determination will also ocour, if macro-
quantities of other (nonactive) components contaminate the final
precipitate of the trace impurity (determination of strontmm in
calcium-rich samples).

3. Insufficient Deconlamination in the Chemical Procedures

If other elements are present in almost carrier-free concentrations,
they are readily adsorbed on the precipitate of the investigated element.
The radiochemical purity can mestly be checked by gammaspectro-
metry, particularly with a Ge(Li) detector, or by following the decay.
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The behaviou. . such interfering elements.is easier to control by
adding “hold back” carriers.

4. Faully Preparation of “Comparators”

In many cases, standards are used as dilute solutions. If such a
solution is not freshly prepared, adsorption of the element of interest
on the container walls (glass, pyrex, silica, polyethylene,...) is
possible. As a general rule, the diluted solutions should be prepared
just before use.

Most of the above errors can be kept to a minimum by mamtau:ung
high standards for laboratory techniques and for control of radio-
active contamination. These sources of error are normally within the
control of the analyst, except that, as ultimate sensitivity is approached,
the magnitude of the error increases rapidly.
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