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"Everyone needs standards" -
[Advertisiﬁg slogan seen in London, July 1978, on wmy way to

the 5th Symposium on the Recent Developments in Activation

Analysis, held in St. Catherines College, Oxford |

Voor Igna

Aan mijn meter, Augusta De Corte

_ Aan mijn petekind, Bart De Corte

A
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INTRODUCTION

Two features of (n,Y) reactor neutron activation analysis [NAA] are ma-
king its standardization (i.e. calibration) potentially easy and accurate: the
high penetrability of matter for neutrons; and the existence of a delayed sig-
nal (besides the prompt gamma's), viz. the characteristic radiation emitted
in the decay -~ with a specific half~life - of the unstable nuclei formed by
(n,Y) reaction. Hence, $tandard and sample can be excited simultaneously -
i.e. they can be coirradiated -, and the induced signals of both can be meas-—
ured successively after a suited time following the end of irradiationm.

Other comsequences of these two features are that NAA is a bulk analysis
method with multi~element capability, that the relation between element con-
centration and measured signal is nearly matrix—independent, that matrix pre-
paration can be kept simple - thus minimizing the risk for loss and contami-
nation —, and that treatment of sample (and standard) after irradiation is
possible =~ thus enabling such operations as etching, dissolution and chemical
separation with the addition of inert carriers and subsequent determination
of the separation yield. If measurement of decay gamma's is performed ~ a pro-
cedure feasible for a vast majority of the elements -, the feature of matter
being highly penetrable for this type of radiation leads the way to non-de=~
structive analysis of many matrices — on condition that use is made of high-
resolution gamma~spectroﬁetry with a Ge-detector. This feature also implies
that irradiation and counting of a multi-element standard of extended geometry
is possible.

The above virtues of NAA are amplified by its excellent sensitivity (down
to the ppm, ppb or even to the ppt level) attainable for many elements — though
not all -, and by the solid theoretical foundation whereon it is based. This
allows NAA to be classified as an extremely powerful analytical method for
which all sources of systematic or random variation are identifiable and pre-
dictable down to the limits.of detection, so that, among a variety of other
applications, it is eminently suited for the certification of reference mate-
rials. '

Every coin haé two sides, however, and NAA is no exception. Some of its

disadvantages are obvious, such as the dependence om an irradiation facility



(a nuclear reactor) and the threshold imposed by legal safety regulations for
the manipulation of radioactive materials. Additional hindrance to its use -
especially in case of industrial applications - is the comparatively lengthy
analysis procedure. Indeed, in extreme trace analysis and if long-lived radio-
nuclides are involved, irradiation periods of many hours or even days and meas-
uring periods of tens of hours (per sample) are often required [not to forget
the considerable decay periods which are occasionally necessary to reduce
disturbing (matrix) activities when non-destructive work is carried out]. The
only way to remedy these inconveniences is by turning to larger samples, higher
neutron fluxes and more efficient counting devices (i.e. larger Ge-detectors)

- if possible and financially justifiable. Not only the sample is present, how-
ever, but the standards are there as well, requiring - they too - manpower and
time (and thus, mopey) for their preparation, counting and data processing,
which is especially - but not uniquely - a nuisance in case of multi-element
routine analysis. All this makes NAA 4 rather expensive, time-consuming,
labour-intensive, yet very semnsitive and accurate determination method. Thus,
it should not be surprising that a serious challenge is emanating from other
extreme trace analysis techniques with threatening acronyms such as GF-AAS
[made considerably more accurate by using platform techniques, matrix modi-
fiers, Zeeman compensation, and so on] and (ID-)ICP-MS [a very promising new-
comer in the field].

Recognition of the drawbacks of NAA is not new, and already at the early
stages in its development - at the late fourties - efforts have been spent to
simplify the standardization procedure drastically. This is possible, indeed,
because of the above mentioned features of NAA. Among these, it is important
to recall its well-founded theoretical basis, meaning in fact that the pheno-
mena of (n,Y) activation [signal excitation], radioactive decay and measure-
ment of gamma-radiation [signal detection] are well-understood and can be ac-
curately described. The consequences of this can be extrapolated to the extreme
: all stanpdards can be omitted and quantitative NAA is possible by neutron flux
monitoring, absolute gamma-ray counting and direct calculation of weights from
nuclear constants. This procedure of "absolute" standardization has been ex-
tensively dealt with by Girardi et al., among others [ F.Girardi, G.Guzzi,
J.Pauly, Anal.Chem., 36/8 (1964) 1588]. It was concluded that uncertainties in
nuclear data taken from literature, especially those on decay schemes and acti-

vation cross—sections, may be responsible for systematic errors up to temns of




percents. Although the situation improved significantly ever since, even now-
adays the uncertainties are too large to allow of analysis results of an accu-
racy comparable to that of relative standardization - ag will be amply demon-
strated in the present work. A less drastical approach is to determine experi-
mentally the so called k~factors depending on nuclear constants by irradiating
known weights of the elements under study with a neutron flux monitor (irra-

diating then the unknown samples with a similar flux monitor), instead of de=

riving them by calculation. This "single-comparator" method has been critically

evaluated in 1965 by the above mentioned authors [Anal.Chem., 37/9 (1965) 1085]

and it was proven that it is as accurate as the relative standardization. On
the other hand, however, application of it is strictly bound to constant ex-—
perimental parameters of activation and counting, thus resulting in an exor-
bitant rigidity.-

Throughout the years many variants of the absolute and single~comparator
methods have been proposed and applied, and no doubt should exist as to their
usefulness in many fields of application of NAA. These efforts, however, did
not lead to a procedure combining the merits of experimental simplicity, high
accuracy, excellent flexibility (with respect to the irradiation and counting
conditions) and suitability for computerization. These four aspects were ac-
tually the main topics of concern when.in 1974 the idea of the ko—standardi—
zation method - the subject of the present work - was ripening.

The ko—standardization method was intended to be an absolute technique
where the uncertain nuclear data are replaced by compound nuclear constants -
the ko-factors - which are experimentally determined with high accuracy.
Basically, this determination is done as for the k-factors, which are then

transformed into ko's by lifting out the experimental parameters. k.-Factors

are thus generally applicable on condition that the activation analgst recom—
bines them with the parameters of the local irradiation and counting condi-
tions, in this way generating "his" k-factors; from this point of view, the
ko—method is a flexible single-comparator technique.

The above makes clear that the ko—standardization stands or falls with
the availability and especially the accuracy of korfactors, and the determi-
nation of those was therefore planned to be undertaken as a cooperation be~
tween the Institute for Nuclear Sciences (Gent) and fhe-Central Research In-

stitute for Physics (Budapest). Very soon, however, the ko—factor turned out

to be but one of the kernels of the enterprise, and this should not be aston-—

““““““““““““



ishing in view of the stringent goals aimed at. Thus, it was a necessity to
develop new methods — or to adopt and optimize existing ones - and to evalu-
ate nuclear data (by experiment or calculation), with regard to such pheno-
mena as complex activation and decay, burn-up effects, detection efficiency,
true—-coincidence of cascading radiation, and the contribution of epithermal
(n,Y) activation; not to forget specific problems caused by uncertainties

on half-lives, primary interferences [ (n,n') and (n,2n)], variability of neu-
tron flux during irradiation, intermittent irradiation, and deviation from
ideality of the cross-section versus energy dependence in the thermal neutron
region. By choosing'the Hfdgdahl-convention for the déscrippion of the (n,Y)
reaction rate, correction for the deviation of the cross—section — although
fundamentally feasible - was wittingly omitted in the here proposed methodo-
logy; indeed, with only some rare exceptions,‘the resulting inaccuracies are
small to negligible, and the slight improvement that would result. from adopt-
ing more sophisticated formalisms is not worth the sacrifice to the experimen-
~ tal simplicity. }

The above mentioned efforts led to the possibility of evaluating the
accuracy and traceability of the ko-method, and of clearly marking out its
applicability. Since the proof of the pudding is in the eating, however, it
was essential to turn to practice, for which the development of computer pro-
grams was a prerequisite. Thus, it was felt mandatory to analyze a number of
reference materials, in order to examine and assure the accuracy and compa-
tibility of the ko—based results; but, in addition, a survey is given of ana—

lyses taken from life.



CHAPTER |
FUNDAMENTALS

1. DESCRIPTION OF THE (n,Yy) REACTION RATE

1.1, General formulation

Upon reactor neutron irradiation of a nuclide the (n,Y) reaction rate

per nucleus (in s_l) is given by :

0 [e o]
R =}. o(v) o' (v)dv = ]' o(E) ¢"(E)dE (r.1-1
0 0
. . . 2 ~24 2
with o(v) = (n,Y) cross-section [ln cm 3 1 barn (b) = 10 cm ] at

neutron veleocity v (in cm s—l) ;

o(E) = (n,Y) cross—section (in cm2) at neutron energy E (in eV) 3

¢' (v) = neutron flux per unit of velocity interval (in cm—3) at neutron

velocity v 3
= n'(v)v, with n'(v) = neutron density per unit of velocity inter-
val (in cm“4 s) at neutron velocity v ;
¢'(E) = neutron flux per unit of emergy interval (in c:m"2 s—1 eV—l)

at neutron energy E.

In Eq. (I.1-1), o(v) = o(E) with E (in erg = 6.2415.1011 eV) = 1/2 m V2
[mn = rest mass of the neutron = 1.6749.10n24 g]. Furthermore, per definitionm,

o' (v)dv = ¢'(E)AE [both in cm“2 snl]{

1.2. (n,Y) Cross—section and neutron flux functions

In Eq. (I.1-1), the functions o(v) [= G(E)] and ¢'(v) |[or w'(E)] are
complex and are respectively depending on the (m,Y) reaction and on the irra-
diation site. Fortunately, introduction of some generally valid characteris-
tics yields the possibility of avoiding the actual integration and of descri-
bing accurately the reaction rate in a relatively simple way by means of so-

called formalisms or conventions. In short, these characteristics are :



The (n,Y) cross—-section function o(v) versus v can be interpreted as a
o(v) v 1/v dependence,or G(E) versus E as a o(E) 1/E1/2 dependence
[1og o(E) versusilog E is linear with slope - 1/2 ], on which - above
some eV - several resonances are superposed (Fig. I.1-1). These reso~
nances, and also the "1/v-tail", are described by the Breit-Wigner equa-
tion [BREIT36]. Only a few (n,Y) reactions of interest in NAA show a

significant deviation from the 1/v-dependence in the energy region below

"1.5 eV (due to low-lying resonances). In some conventions for the descrip-

tion of the reaction rate, based on transformation of Eq. (I.1-1), these
deviations are accounted for by introducing the Westcott g(Tn)—factor

(# 1 in such cases) which is depending on the neutron temperature Tn (see
below) [WESTCOTT55/58/584/62 ; STOUGHTONS59].

The neutron flux distribution, e.g. ¢'(E) versus E, can be subdivided

into three components (Fig. T.1-2) :

l. a fission or fast neutron spectrum, showing a maximum (i.e. most proba-—

bly energy) at v 0.7 MeV neutron energy, and frequently described by the
semi-empiric Watt-representation [WATTSZ]. Since o(v) becomes very small
in the MeV-region, the contribution of the fast neutron induced (n,Y)
reaction rate can be neglected, also because in practical NAA irradiation
conditions the fast neutron flux component is not dominant (and in most
cases relatively small) ;

a spectrum of low-energetic neutrons which, after slowing-down or mode-
ration (see sub 3.), are in thermal equilibrium with their environment
(moderator). This spectrum can be described by a Maxwell-Boltzmann distri-
bution [IAEA70]. In a ¢'(E) versus E or n'(v) versus v representation
the maximum of the curve (i.e. the most probable energy or velocity) is
situated at E(Tn) = an or v(Tn) = [ZE(Tn)/mn]l/z;[2an/mn]l/2, respec-
tively [k=Boltzmann's constant = 1.3807.10 16 erg K_1 ; Tn = neutron
temperature, in K]. In standard conditions : T, = 293.59 K, E, = 0.0253 eV,
vy = 2.200.105 c? s“l = 2200 m.s—l ;‘the value o(vo) =0, ig referred to
as the 2200 m s ~ cross-section ; _

'an epithermal (intermediate, moderation, slowing-down) neutron spectrum
(index e), which can be described in the ideal case by a ¢é(E) ~ 1/E
dependence. In actual irradiation sites, the latter can be replaced by a
¢é(E) ﬁ:l/E1+a dependence, with 0. ($0) being to a first approximation

independent of neutron energy (see V.l1). For the present reasoning, one can
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assume a sharp termination of the epithermal neutron flux at SE(Tn)
[STOUGHTON63]. In view of considerations with respect to the effective
Cd cut-off energy (see 1.3.2), it is important to remark that the
Maxwellian neutron flux is practically not disturbing the epithermal
neutron fluk above v 0,35 eV neutron energy. In principle, this could
happen for "hot" Maxwellian spectra (high Tn), but the disturbance is
counteracted because in practical NAA conditions the degree of therma-
lization is then lower (lower thermal-to-epithermal flux ratio). On the
other hand, in view of the remark made above (sub 1.), the high-energy

junction with the fission spectrum is irrelevant,

1.3, The Hfgdahl convention

1.3.1. Choice of convention

Among. the commonly adopted conventions, those of Westcott [WESTCOTTS55/
58/58A/62] and of Stoughton and Halperin [STOUGHTON59] are the most gene-
rally applicable ones, since they take into account possible deviations from
the o(v) v 1/v dependence in the low-energy region. This implies the know-
ledge of the Westcott g(Tn)-factors, and hence a neutron temperature moni-
toring is required. Since, as said above, g(Tn) = 1 (independent of neutron
temperature) for the large majority of amalytically interesting (n,Y) reac-—
tions, the much simpler Hfgdahl convention was adopted in the present work
[HPGDAHL62/65]. Only the reactions 151Eu(n,Y) and 176Lu(n,Y), which are
seriously violating the 1/v-dependence, are then excluded from being dealt
with, at least if one tolerates analytical errors of 1-2% as induced by some
other (n,Y) reactions with g(Tn)—factors slightly different from unity (see
VII.4).

1.3.2. The effective cadmium cut-off energy

Before giving an outline of the Hggdahl convention, it is necessary to
consider briefly the concept of the effective Cd cut-off energy.

When irradiating a nuclide under a Cd-cover, the (n,Y) reaction rate is
drastically reduced in the low energy region, where the neutrons are largely
absorbed by the Cd due to the very high Cd(n,Yy) cross—section (mainly caused

by the 113Cd(n,Y) resonance at 0.178 eV) [see Fig. I.1-3a]. A simplified Cd-
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transmission function T(E) for a 1 mm~thick Cd-cover is shown in Fig. I.1-3b.

It has been calculated as :

-0 (E) 6§ N, 1./M
T(E) = e tot,Cd AT0 (1.1-2)
with 6 = density of Cd = 8.642 g cm._3 ,
N, = Avogadro's number = 6.0221.1023 mol—1 R
10 = Cd-thickness = 0.1 cm ,
M = molar mass of Cd = 112,41 ¢ mol_1 ,
. . . . 2
Gtot,Cd(E) = cross—section funection (Fig. I.1-3a), in cm™ ,

where T(E) = 0 for E < 0.2 eV and T(E) = 1 for E > 2 eV.
In obtaining the T(E)=-curve of Fig. I;I—Bb, some simplifications were made,
e.g.
- geometry effects caused by sample and Cd-cover were neglected ;
- a monodirectional beam of neutrons, hitting a ! mm~thick Cd-~foil in a
direction normal to its face, was considered.

It is possible to define an idealized transmission as a step function
t(E) [see Fig. I.1-3b], situated at the so-called effective Cd cut-off energy
[i.e. with t(E) = 0 at E < E

and t(E) = 1 at E > E so that the epi-

Eea cd cal>

cadmium reaction rate Re can be written as :

R
e

/. o(E) ¢ '"(E)T(E)dE
0

/' o(E) ¢'(E)t(E)dE ’ (1.1-3)
0

I o(E) ¢'(E)dE
Eea

The internationally accepted "standard" E., = 0.55 eV [GOLDSTEIN61] is

cd
bound to the following conditions :

l..The nuclide should have a 0(v) v 1/v dependence up to v 1.5 eV [where T(E)

approaches unity ; see Fig. I.1-3b]. Small deviations do not cause ECd to
differ significantly from 0.55 eV; e.g. for 197Au(n,Y), with g (293.59 K) =
1,005, ECd is equal to 0.56 eV. As mentioned in I.1.3,1, 151Eu(n,v) and

176

Lu(n,Y) do not fulfil this requirement.
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2. The neutron flux should be homogeneous and isotropic, with an epithermal
neutron flux distribution following the 1/E-law down to v 0.35 eV [where
T(E) approaches zero ; see Fig. I.1-3b]. However, even for a I/E]+a depen~
dence with o = 0.1 (which is a rather large deviation from ideality), ECd/

lowers only insignificantly to 0.54 eV. Disturbance of the epithermal by

the Maxwellian neutron flux above " 0.35 eV has to be feared especially

in case of high T or of high thermalization. However, from calculations of

0= 293.59 K

(EO = 0.0253 eV) the ECd—value, reported to be 0.546 eV, does not change

Stoughton and Halperin [STOUGHTON63] it appears that at T

at all with the thermal-to-epithermal flux ratio (up to ¢S/¢e = 50 ; see

I.1.3.3 for definitions); also, for ¢S/¢e = 10, E_,, shows only a small

cd
decrease from 0.546 eV at T, = 293.59 K to 0.534 eV at Tn = 580,22 K. In

addition to this it should ge realized that the conditions of high T and
high thermalization (high ¢S/¢e) are contradictory.

3. The material to be irradiated should have a relatively small volume and
should be positioned approximately in the center of a cylindrical Cd-box

with 1 mm wall-thickness and a height/diameter ratio = 2.

1.3.3. Reaction rates and cadmium ratio

According to the Hggdahl convention, Eq. (I.1-1) - with the introduction
of the ECd—concept - ig split into :

Ved o
R = / o) ¢ "(v)dv + / O(E) ¢'"(E)dE (I.1-4)
0 ECd
. _ 1/2
with Veq = (2 ECd/mh) . !
v

Since o(v) Vv 1/v up to Veq (in fact, up to v 1.5 eV), one can write in the

left-hand integral o(v) =v00v0/v, where the set 2 and % is arbitrarily cho-

sen. Since one can assume an undisturbed ¢é (E) Wll/E1+a [or ¢é (8) v 1/E,

if & = 0] epithermal neutron spectrum down to E (in fact, down to v 0.35 eV)

cd
one can write :
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for a 1/E spectrum

pL(E) = ¢l(1 eV) 1 eV/E

+
for a l/E1 o spectrum

pLE) = pl(1eV) 1 eyl

with 1 eV = an arbitrarily chosen reference energy (see V.1.4).

By defining the conventional epithermal neutron flux (cm"2 s—l) as ¢e =

¢é(1 eV) 1 eV, one obtains :

¢é(E) = ¢e/E (I.1-5a)

¢e is often called the (true) epi-
thermal neutron flux per unit 1nE
interval, since integration of
Eq. (I.1-5a) yields

E

h
0 - [ IE (pé(E)dE]/[ln(Eh/El)]
1

+0,

p!(E) = ¢_ 1 ev*/E' (I.1-5b)

Here, ¢e is the (true) epithermal
neutron flux per unit (—E~a/u).l eV
interval, since integration of Eq.
(I.1-5b) yields

E

h E
P, = [ fE <p;_(E)dE]/ 1 evo‘[-E'O‘/u] h

1 By

with Eh and Ey the high and low boundaries of the epithermal spectrum.

Remembering that ¢'(v) = n'(v)v, Eq.

IVCd o
e 1
RrUOVO n'(v)dv + ¢e}’ o(E)dE/E
0 ECd

+ .
OoVols ¢eI

00 o
= ¢s00 + ¢eIO ‘ (1.1-6a)
with
e +]
I0 = ]. O(E)dE/E (I.1-7a)
E

Cd

= resonance integral for a 1/E

spectrum (cmz)

(I.1-4) can be transformed as :

1 o] 140
R‘—‘O’OVO/ n'(v)dv + {beleV / o(E)dE/E
0 ‘ ECd .

= UOVOnS + ¢e10(u)

= 9.0, + B.1,(0) (I.1-6b)
with
I (@) = 1ev°°/ G(E)E/E'™®  (1.1-7b)
E

cd

resonance integral for a

1/E1+a spectrum (cmz)

and v .
cd 3
n = ]’ n' (v)dv = subcadmium neutron density (cm ~) ;
0
¢S = voig = conventional subcadmium ("thermal') neutron flux (cmm2 s_]).

The relation between Ly and Io(a), necessitating the introduction of the so-

called effective resonance energy Er’ will be dealt with in V.1.2.
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Note that a direct experimental determination of the epicadmium reaction
rate Re is possible when irradiating a nuclide under a Cd-cover in the afore-—

mentioned standard conditions. Re is simply described by :

Re = meIO(u)
or , (1.1-8)
Re - ¢eIO

The subcadmium reaction rate Rs is then the difference between the experimen-—

tally determined R and Re values. R is described by :

RS = ¢s00 (1.1-9)

-

Another useful quantity is the experimentally measured Cd-ratio RCd :

R P9 * P I

RCd == O] = [f/Qo(a)]+ 1 (I.1-10)
or e e 0
¢SOO + ¢eIO 5 < (KCJ -4 ) ’Q a(Vi)
Rcd = “_%;Taﬂ.__. = [f/QO]+ 1 (I.1-11)

with f = ¢s/¢e = subcadmium ("thermal") to epithermal neutron flux ratio ;

Qo(a) = Io(a)/oO 1

= resonance integral to 2200 m s

=1./0 . .
QO 0/ 0 cross—section ratio.

‘ It should be remarked that R and Re cannot be measured simultaneously
bby irradiating together a bare and Cd-covered nuclide, since Cd causes signi-
| ficant flux depressions in its vicinity [IAEA70]}. Thus, subsequent irradia-

!

"tion is dictated.

1.3.4. Mechanism of the convention

Before giving an outline of the mechanism, it is interesting to remark
that ¢s is related to the sum of Maxwellian neutrons up to ECd and of epi-
thermal neutrons below ECd' However, from the above reasoning - and if all
conditions are met - this appears to be irrelevant [see Eqs I.l-6a/b]. More
specifically, it should be noted that the knowledge of the Maxwellian neutron
flux distribution, especially of the neutron temperature Tn’ and of the

Maxwellian—epithermal spectrum junction is not required.
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The mechanism of the Hdgdahl convention is as follows :
1. first, one finds 9 and I0 values for an ultimate cross-section standard
by methods independent of reactor neutron activation [HOLDEN81]. The most

197

common standard is Au(n,Y)198Au, with the following recommended data

(which are adopted in the present work) :

i

o, = 98.65 + 0.09 barn (+ 0.09%)

0
I

]

0 1550 + 28 barn (+ 1.8%)

and thus
QO = 15.71‘1 0.28 (i 1.8%)

[HOLDEN81 ; MUGHABGHABS81/84 ; HOLDENSS5] ;

2. then, by measuring Ry and Re,Au’ one can determine ¢S, ¢e and £, for
any irradiation site, from Eqs (I.1-8), (I.1-9) and (I.1-10), respectively,

on condition that IO,Au has been converted to IO’Au(a) :

3. applying the same equations, one can finally determine'co, I, and Q from
R and Re measurement for other (m,Y) reactions [after converting Io(a)
to IO]. Evaluated % and IO data, mostly originating from such determina-

tions, can be found in several compilations (see'V.,3.3 and APP.4.2)..

1.3.5. Neutron self-shielding and Cd-transmission correction factors

Before linking the reaction rate to the signal obtained from reactor
(n,Y) activation, it is necessary to introduce some correction factors in

the equations describing R and Re' These factors are :

- Gth (< 1), accounting for thermal neutron self-shielding which depends
on the nucleus "density" (number of nuclei/cm3 x target thickness, cm)
and on 9y Gth has to be multiplied by ¢SOO. For the calculation of Gt
see 1.2.4,

h,

- G, (£ 1), accounting for epithermal neutron self-shielding which depends
on the nucleus "density" (see above) and on the resonance parameters.
G, has to be multiplied by ¢e10(a) [ox ¢e10]. For the calculation of G,
see 1.2.4. ’
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- ch, the Cd-transmission factor for epithermal neutrons, which will be
discussed in V.3.2.2. For most nuclides FCd is equal to unity; for some
it is < 1 and ‘exceptionally it can be > 1, FCd has to be multiplied by
¢eIO(u) [or QeIO], but ~ as a matter of course - only when an irradiation

under Cd—-cover is involved.

In view of the above, Eqs (I.l-6b), (I.1-8), (I.1-9) and (I.1-10)

should be rewritten as :

R = Gth ¢S oy + G, (Z)e IO(OL) (I.1-12)
R, = Ge'FCd B, I, (1.1-13)
R, = Gy ¢s % [only if Fog = 1 '] (I.1-14)
Foq Reg =[Gthf/Ge Qo(u)]+ 1 (I.1-15)

and similarly for o = O,

2. THE ACTIVATION EQUATION

2.1. Direct formation of measured radionuclide ; no burn-up

When combining reactor (m,Yy) activation with subsequent gamma-spectro-
metry using a Ge-detector, the relation between the reaction rate and the

number of counts (Np) collected in the full-energy peak is as follows :

R = N ng: T (I.2-1)
or (Np/tm) »
R, = NzDgW€pC$/M | (1.2-2)

on condition that the measured radionuclide is directly formed by (a,Y),
and that disappearance - by (n,Y) reaction - of target and formed nuclei

is negligible (i.e. no burn~up effects).
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In Eqs (I.2-1) and (I.2-2) :

Np = number of counts in the full-energy peak, corrected for pulse
losses (dead time, random and true coincidence)

t, = measuring time (s) ; _xti

S = saturation factor = l-e rL 3 A = decay constant = (ln 2)/T ;
with T = half-life 3 tir = irradiation time (same units as T) ;

—Atd '
D = decay factor = e H td = decdy time (same units as T) i
: -At

C = "measurement" factor = (l-e ul)/?xtm (with £ in the same units as T)

w = mass of irradiated element (g) ;

® = isotopic abundance (fraction) ;

ep = full-energy peak detection efficiency, including correction for
gamma—-attenuation ;

Y = absolute gamma-intensity (gamma-emission probability).

In the present work
Np/tm
Asp = SDGW (1.2-3)

is denoted as the specific count rate (s"l g—l).
From combination of Eq. (I.2-3) with Eqs (I.1-12) and (I.2-1), or with
(I.1-13) and (I.2-2), the activation equation is obtained (in conditions of

stable ¢s’ ¢e and o during tirr)
NA 8 v
Asp =TM [Gth ¢s 0O * Ge ¢e IO(Q)] Ep (I1.2-4)

or
NA_S Y

(Acd = ~H Ge Fog B T €,

(1.2-5)

If in Eqs (I.2-4) and (I.2-5) the samekep—value is involved, one has :

N, 8y
A - (a A

sp sp)cd’Fca = TH Gen Ps 90 & (I.2-6)

which in the present work is referred to as the Cd-subtraction or Cd-difference.

’
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Finally, the experimentally measured Cd-ratio is simply obtained as

(if the above mentioned condition with respect to ep is fulfilled) :

. sp
R = . Y, (1.2“7)
cd (Asp)Cd

2.2. Branching activation and mother—daughter decay

Eqs (I.2-1) to (I.2-7) refer to the scheme :

\ .
1 Y 2 >
9219 ~

where the measured radionuclide (underlined) is directly formed by (n,Y).
Following this notation ASp 9 should be written as :
= Np,Z/tm

Asp,Z - SZDZCZW

and Y should be denoted as Y, in Eqs (I.2-4) - (I.2-6).

It is however, quite well possible that branching activation is involved
- with formation of metastable and ground states (superscripts m and g,
respectively) - and that the analytically interesting radionuclide is a
daughter or granddaughter nuclide of the directly formed one(s), as for

instance in the scheme :

n,y

m m 2

Gpns L
7 9p I l F,, A,
\\\ n,Y 3 >4 >~

g 8
95» I F3, AB A4

1

where F2 and F3 stand for the fractional decay of nuclide 2 to 3 and nuclide
3 to 4, respectively.

In general, the definition of Asp,4 is more complex in such cases, and
Eqs (I.2-4) - (I.2-6) will contain the parameters Gm, Ig(u), Og, Ig(a){ Az,
A3, A4’ F2’ F3 and Yy

Since in such cases the terms of the relevant expressions for ASp as a
function of nuclear data and experimental conditions [Eqs (I.2-4) and (1.2-5)]
are strictly related to the definition and use of ko—factors, a more detailed

treatment is put off to I.3.4.2.
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2.3. Burn-up effects

In the present work, burn-up is defined as the significant disappear-
ance - by (n,Y) reaction - of target and/or formed nuclei, so that Asp can
no longer be described by Eq. (I.2-3). The following practical cases are

considered.

2.3.1. Burn-up of target and/or directly formed nuclide

For the case below, where * refers to burn-up effect :

, A
1* n,Y > 2* Z >
%, 1°%0,1
n,Y
9,2° To,2

the specific count rate of measured radionuclide 2 (underlined) can be

written as :

Np 2/t:m
ASP,Z B SZDZCZW / Fburn

vith (o)t [(Bo)-(B0,) - A, ]t

A e Viirre | 1 2 27 Tirr

2

burn —12 tirr (I.2-8)
[(Bo,) + X, - (o] [1-e ]

and

(go) = Gth ¢s 00 + Ge ¢e IO(a)

From Eq. (I.2-8) it is clear that the burn—up will be larger for increasing

(¢o), A and t o For low ($0) and/or s 1. The relevant equations

s F =
r’ “burn
- for burn—up of the target nuclide, i.e.

1* n,y AZ

> 2 >
= .

%,1° To,1

or of the directly formed nuclide, i.e,
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A
1 ny gf 2 .
%, 1’ o,1 n,y
%,2° 0,2

are obtained by putting (¢02) = 0 or (¢Ol) = 0, respectively.

Some well-known cases are :

A
* *
A, 164Dy v ?’Y >l65Dy (T = 2.334 h) — .

o5 lg =2723b
, n, Y10 = 3600b

Iém§g) = 517b 0,2

10,2 = ZZOOOb
where (for Gth = Ge = 1)
= 164 * . 165 %
- Fyupq = 1-000 [Fy ("°"Dy’) = 1.000; Fy . ("7py ) = 1.000],

for t,_ =7 hand ¢ = 1.6.1012n cm—2 s_l, 9 = 6.8.1010n cm_2 s—l,
irr s e

o = 0.015 [channel 3 of reactor THETIS/Gent, one of the channels

16555% = 0.998],

s, ¢e = 1.8.1012n cn 2 s—l,

o = 0 [channel 17/2 of reactor WWR-M/Budapest, one of the channels

used for ko—determination] 3
*
Dy ) = 0.997;. F _ (

164
( urn
for t. = 10 h and § = 3.6.1013n cm“2 -1
irr s

= 0.996 [F

Fburn burn

used for k. —determination];

0
_ 164 * . 165 *

Foourn = 0.712 [Fburn (""'py ) =0.717; FLurn (""Dy ) = 0.993],

~ 14 =7 -1 — 13 -2 -1
for t, = 14 d and ¢s__ 10" nem " s °, ¢e =100"nem " s ,
o = 0 [channel H323 of reactor BR-2/Mol].

197, %  mn,y 198, * )
B. Au 2 > Au (T = 2.695 d) i »

9.1~ 98.65b

1, | = 1ssob ™Y 9,2 =

b
To,2

25800b
31031p

where (for Gth = Ge = 1) :

197 19

% 8 *
= 0.999 [F Au) = 1.000; F Au ) = 0.999],

- Fburn burn ( burn (

for tr 7 h in channel 3 of reactor THETIS/Gent (flux parameters :

see above) ;
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= 0.6 197, % _ . 198, *
= B = 0-983 [F (7Au) = 1.000; B ("7CAu)) = 0.983],

for Cipy = 10 h in channel 17/2 of reactor WWR-M/Budapest (flux para-

meters : see above) ;

19 19

” * *
= 0.507 [F "ad™ = 0.977; F 198™ = 0.521],

burn (
for Cipr = 14 d in channel H323 of reactor BR-2/Mol (flux parameters :

- Fburn burn

see above).

Whenever relevant, 9 and IO values for burn~up of the formed radionuclide

oy . 181 182, * .
are listed in Table VIII.3-1 [e.g. for Ta(n,Y) Ta (n,Y)] in order to

enable calculation of Fb .
urn

2.3.2. Burn—up of daughter nuclide

For the case :

1 oY > 2 Fz’ A2=:3* AB >
%,1° Yo,1
Y 1 %,3* To,3
the specific count rate of measured radionuclide 3 can be written as :
N ) NP,B/tm
52,3 =SB0,
with A (oS, 5 ALS (1.2-9)
(DO =TT SgPaCy * ( 5 %AZ—AZ)B v > P35
: 372 373 72 372
and A =X+ (fo)
5 = l—e-A tirrh

When comparing this to the expression for negligible burn—up effect :

N ) Np’3/tm
sp,3 (SDC) w
witﬂ
A,8,D,C., = A,S8.,D.C
(spc) = 2 ZAZ_i 2333 [c£. Table 1.3-1]
2

3
arF n—factor (in practice negligibly depending on ty and tm) can be

bur
defined as :
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= (SDC) / (sDC)

Fburn burn

The only analytically interesting case is :

A A

' %
148Nd ————Jlix———>l49Nd (T = 1,72 h) ———2——>149Pm (T = 53,08 h) ——§—-—>
9,1° To,1 Fo=1
00’3 = 1400 b
n,y
10’3 % 800 b
where (for Gth = Ge = 1)
- F = 1,000, for t._ = 7 h in channel 3 of reactor THETIS/Gent
burn irr
(flux parameters : see 1,2,3.1);
- F = 0.999, for t.__ = 10 h in channel 17/2 of reactor WWR-M/
burn iry
Budapest (flux parameters : see I1.2.3.1);
~ F = 0.963, for t.__ = 14 d in channel H323 of reactor BR-2/Mol
burn irr

(flux parameters : see I1.2.3.1).

2.3.3. Burn-up of granddaughter nuclide

For the case : | F24, Xz

n,Y F,, A F,, A l A
1 .2 2 2;3 3 %4* 4

%,1° To,1

e
L and

™Y | 9,40 To,4

the specific count rate of measured radionuclide 4 can be written as :

. ) Np,4/tm
sp,4 (SDC)burnw
with
(SDC) s ( ’s |, T >s D.C
burn X=X, \A;-A, ~ F,F, /727272
- %2 S.D.C
O3 (h,=R3) 737373
(1.2-10)
L) N Ay  Fay )S o
(A4—X2)(A4~A2) 27474

Agmhy  FoFg

k2A4(A4—A4) e
(A3—K2)(14—X3)(A4—13) 37474

+

+

Aoty ( Ay Ty, >z -
A4(A4-A2) Aa—h3 FF, ) 4 44
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When comparing this to the expression for negligible burn-up effect :

Np,a/tm

Asp,4 = TSDOYw

with

A A ¥
4 3 24
(SDC) = §,D,C, 5 (J —— + >
27272 %%, \k;7X, " FF,
A\

274
- S,D,C
37373 (X4 AB)(A3 12)

+

A ( A F >
2 3 24
s,D,C . - [cf. Table I.3-1]
b6 XX, \ RS T FF,

a Fburn—factor (slightly depending on ty and tng can be defined as :

Fburn = (SDC>burn/(SDC)

A practical case is : A
2

F24 = 0,755

Ru ———2deep- " ""Ru (T=4.4410)

A
F, = 0.245 |
A,

Yy 2
Ay «
105 (1=456) 2> PRh (1=35. 36h) ——n

7

n,Y 00’4 = 16000 b

10’4 = 17000 b

where (for Gth = Ge = 1)

- F = 1.000, for ty = 7 h in channel 3 of reactor THETIS/Gent

burn ‘
(flux parameters : see I1.2.3.1) and tg = t, = 1000 s 3

- Fb = 0.993, for t, = 10 h in channel 17/2 of reactor WWR-M/
urn irr
tm = 1000 s 3

Budapest (flux parameters : see I1.2.3.1) and td.=

= 0.758, for tipp = 14 d in channel H323 of reactor BR-2/Mol
t_ = 1000 s.
m

- Fburn

(flux parameters : see I,2.3.1) and ty
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*
Note that for 1OSRu./losth/lOSRh the above equations can be simplified

since A3 >> kz, X3

For a pure mother—granddaughter equilibrium, Eq. (I.2-10) can be

>> A4 and, in practice, D3 = 0.

simplified by putting F24 = 0,

2.4, Calculation of neutron self-shielding factors

As outlined in I.1.3.5, thermal and epithermal neutron self-shielding
factors <Gth and Ge) are defined as correction terms to be multiplied by
@SOO and ¢e Io(a), respectively, in order to obtain the observed reaction
rates for actual samples [see Eq. (I.1-12)]. Historically, this has been in-
terpreted in terms of the average thermal flux [@S =Gy ¢S] inside a sample,
or in terms of the effective resonance integral [Ieff(a) = G, IO(G)] of a
material which is not infinitely diluted.

The best way to solve the problem of self-shielding is by avoiding it,
e.g. by using thin wires or foils, by diluting fine powders with "inert"
materials (i.e. of low absorption cross=-section), or by dissolving chemical
substances in inert solvents followed by micropipetting and drying spots on
an inert carrier. Even then, of course, one should be able to judge whether
self-shielding is negligible; this, together with the fact that in practice
self-shielding is often inevitable, makes it necessary to have at one's dispo-

sal the relevant formulae for calculation of Gt and Ge'

h
Based on the work of Dwork et al. [DWORK55], Zweifel [ZWEIFEL60] and
others, Gth for a homogeneous and isotropic Maxwellian neutron flux distri-

bution can be calculated in case of simply shaped samples.

- for a sphere :

=1-2 ‘e
Seh, sphere = ! ~F & (if £ < 0.003)  (I.2-11)

_ 3 2 1 .1 -2y . _
Gth, sphere = Z}-:j- [y ) + (2 + y)e ] (if & > 0.003) (1.2-12)
with y = 3
y =3 €
2V -
&= £ ? Ni 0‘abs,:i.
4 3 3 . '
V = volume of the sample (= 3 Tr; cm ) 5 r = radius of sphere (cm) ;
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= surface of the sample (= 4ﬂr2; cmz); 2V/§ = %-r :

S
Ni = atom density of element i (cm—B) H

o]
pot - _abs /293.597 2, 1_ . _ . )
Oabs 7 Tn (em®) [= average absorption cross section];

|

g 2200 m s—1 absorption-cross section (cmz) of the element.

abs
- for an infinite slab (foil) :

1 -t £ _ 2 [0 _
Gth,foil = 2 (l-e ® + Ee £ ]; — du) (1.2-13)

with £ defined as above [where 2V/S = h ; h = foil thickness, cm |

P D
fz”;,)

1 n.

© -y
and] E—ﬁ——-du=-(C+1n€+
g n

]

Eulers constant = 0.577215...
5if § < 0.1

10 if 0.1 < & < 1

(int 5&8) + 5 if & > 1

Lo B - B - ]
]

- for an infinite cylinder (wire) [as a rough approximation] :

4
Gth,wire =1- §-€ (I.2-14)

with £ defined as above [where 2V/S = r; r = wire radius, cm].

- for a finite cylinder (e.g. short wire, thick foil)

_ 1.4 -3.72% 85)( _ )
th,cyl. = Ch,foil T (8‘E e * 0.4 e NCp sphere” Cth,foil
(I.2-15)
where Gth,sphere and Gth,foil are respectively calculated from Eqs (I.2-11)/

(I.2-12) and (I.2-13), with introduction of (2V/S)cyl = rh/(r+h) [r = cyl- ;

inder radius, cm ; h = cylinder height, cm].

In the above, Eabs can be calculated from cabs as compiled in Table
VIII.3-1 ; by putting arbitrarily Tn = 333.15 K (= 60°C), the maximum error
on Eabs is v 6.5% in the temperature range 20-100°C, and the effect of this

error is drastically reduced in all formulae for Gth-calculation.
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Eqs (I.2-11) - (I.2-15) are obtained by assuming that scattering of
neutrons in the sample and in the surrounding material is negligible. The
justification of this no-scattering assumption has been proved by Gilat et
al. [GILAT63].

Because of the o(v) Vv 1/v dependence in the thermal energy range, all
nuclides of a homogeneous mixture undergo the same thermal shielding effect,

and the same Gt ~value (calculated from all elements in the mixture) should

h
be applied to all (n,Y) reactions considered.
In general, the error in the calculation of self-shielding effects is
estimated to be about 107 of the correction term, that is,
s = 0.1 (1 -G,_,) (I.2-16)
Gth th
Calculation of the epithermal neutron self-shielding factor G, is con-
siderably more difficult. In case of one dominant resonance at energy E_-
with no Doppler broadening - use can be made of the approximations described

by Chernick and Vernon [CHERNICKS8].

o(E,) r ~1/2
O IR VI (z.2-17)
i rloep/o ]t a-m e,
or r -1/2
G = [1 + o) —Y-] (1.2-18)
e Opn T ’
it rloey/o 1> a-e

In the above equations :

2

B = (%I%) 3 A = atomic mass of nuclide considered

- S5 .
n 4No m °

P

§ = density of sample (g cm_3) 3
S = surface of sample (cmz) H
N = density of shielding nuclei (cm—3) $
Op = potential scattering cross—section (cmz) = AﬂR’Z ; R' = potential

scattering radius (cm) ;
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m = mass of sample (g) ;

. 2
g(Er) = resonance peak (n,Y) cross—section (cm’) 3

_2.608.10° a1 ? En
E_ i T

E = resonance energy (eV) ;
g = sgtatistical weight factor ;
= (2J+1)/[2(21+1)] ; J = spin of resonance state ;
I = spin of target nucleus ;
= total width of resonance (eV) ;
PY = radiative width of resonance (eV) ;
n = neutron width of resonance (eV).

For the relevant nuclear data, reference is made to MUGHABGHAB81/84;

Since the epithermal shielding is mainly caused by high resonance cross-
sections (the underlying 1/v-tail being of ginor importance), it remains
specific for a particular nuclide, unless resonances of several nuclides
are overlapping. The latter situation, which might occur in actual activation
analysis, is a nuisance - especially if the overlapping of the resonance of a
trace constituent with the resonance of a shielding major element is only
partial. The most safe procedure is then, if dilution of the sample is not
possible, to introduce for the trace constituent a Ge—factor as calculated
from the major element ~ assigning however to Ge a percentile uncertainty
of (l—Ge) 1007.

In general, if accurate neutron self-shielding factors are required,

it is advised to rely on experimental determination rather than calculation
(see V.3.2.4).

3. (n,Y) ACTIVATION ANALYSIS : PRINCIPLES OF STANDARDIZATION

In (n,Y) activation analysis, the mass of the element to be determined
(i.e. the analyte, index a) in the sample is obtained from Eqs (I.2-4) and

(1.2-5), yielding respectively :
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w = a (1.3-1)
A ea Ya [ th,a ¢ % ,a * Ge,a ¢e IO,a(a)] ep,a

in NAA (neutron activation analysis), when the sample is irradiated

in the whole reactor neutron spectrum,

and [(N /t ‘) ]
M 2.1
v = SpC_ /cd

a
(1.3-2)
a NA ea Ya Ge,a FCd,a ¢e L (u) Ep,a

in ENAA (epicadmium neutron activation analysis), when the sample

is irradiated under a Cd-cover in standard conditions (see I.1.3.2).

In Eqs (I.3~1) and (I.3-2), the term SDC should be modified in case of
branching activation and mother—daughter decay (see I1.3.4.2).
The actual determination of W, can be based on various standardization

methods.

3.1. Relative standardization

In the relative standardization method, a chemical standard (index s)
with known mass LA of the element to be determined is coirradiated with
the sample, and both are subsequently counted in the same geometrical con-
figuration with respect to the Ge-—detector. Thus, one can rewrite Eqs (I.3-1)

and (I.3-2) for the standard, and combination leads to (for NAA and ENAA,

respectively) :
(Np/tm>
v = DC Gth,s £+ C’e,’s QO,‘s(a) 'Ep,s (1.3-3)
a Np/tm Gth,a £+ Ge,a QO,a(a) 8p,a v
DCw Js
G €
_ DC Cdja e,s " P,S -
v, e -G -z (1.3~4)
P m e,a p,a
K;DCW cd|s
since Sa = Ss’ Ma = MS, Y, = Yo GO,a = OO,S’ IO,a = IO,s and Ba = GS

[unless in case of natural isotopic variability (see VIII.2.2 and APP.2.1)].
In the above, it has been assumed that flux gradients between sample and stan-

dard location in the irradiation container are negligible or corrected for.
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Furthermore, it should be noted that Ep is still figuring in Eqs (I.3-3)

and (I.3-4) in order to account for different gamma—attenuation in sample

and standard; only in case of high gamma-energy and large source—detector

separation, one can consider the gammas passing the source as a parallel

beam normal to the detector face so that € /e can be replaced by F /
p,s’ p,a , att,s

F (with F = gamma—-attenuation correction factor) without introduc-

att,a att

tion of the detection efficiency. Furthermore, in Eq. (I.3-3) one can get

rid of the f-factor only if :

-~ << .
Ge,s QO,s(a) Gth,sf and Ge,a QO,a(a) << Gth,a £3
T or Gth,s - Gth,a - e,s - Ge,a -
In the latter case and on condition that F = F = 1, one ob-

att,s att,a
tains the well-known simple expressions (for NAA and ENAA, respectively) :

(%)
P m
W = (NDCt )a (1.3-5)

P M
DCw

s

(o).

= : (I.3-6)

Ya N /t
p m
I( DCw >Cd]s

and in terms of concentrations :

(N /t >
' m
DCW /a 6

pa,ppm = (—m‘)‘- . .]0 . (1.3"7)
s

_p_ m
DCw

o), o

10 (1.3-8)

P oPPM = g Tt .
p m
‘ DCw /JCdis

with W = sample mass (g).

Note that NP in Eqs (I.3~35 ~ (I.3~8) should not.be corrected for true-
coincidence effects, since sample and standard are measured at the same source-

detector separatiom.



~2Qm

Relative standardization can be performed by means of individual momno-
element standards, or by using synthetic or natural multi-element standards.
It is assumed that in favourable conditions its accuracy is of the order of
1-2%, although this should not be taken for granted. In particular, it must
be remarked that the accuracy of standardization cannot be better than the
accuracy on w ; in this context, one should not underestimate possible errors
caused by non-stoichiometry of the standard element in the selected chemical
substance, or by manipulations such as diluting and micropipetting — often
inevitable to reduce or eliminate neutron self-shielding problems (see VI.2.1).

The obvious disadvantage of classical relative standardization lies in
(routine) multi-element NAA, where preparation, counting and spectrum evalua-
tion of the standards is laborious and irksome, not to speak about the loss
of information in case of unexpected elements for which no standard has been
coirradiated. Some of these problems can be obviated by using home-made multi-
element standards, for which - if large quantities are produced and to be
stored ~ attention should be paid,however,to homogeneity and stability of com—
position. As to commercial multi-element reference materials (e.g. USGS/
United States Geological Survey), standard reference materials (e.g. NBS-SRM/
National Bureau of Standards), certified reference materials (e.g. BCR-CRM/
Community Bureau of Reference) and the like, it must be remarked that = in
view of the limited quantities available — their use for standardization on
a routine basis cannot be justified (and they should be used only to assure
the accuracy and compatibility of measurements); moreover, the accuracies
quoted on the specified elemental concentrations are even in the best cases

not better than Vv 57.

3.2. Single-comparator (monostandard) standardization

In its original concept [GIRARDI65], the NAA single-comparator method
makes use of so-called k-factors, which are experimentally determined by co~-

irradiation of a standard and a single-comparator (monostandard; index c) :

A

_ _sp,s
kc(s) %

(1.3-9)
sp,¢C



-30-

From Eq. (I.2-4) it follows that kc(s) is in fact defined as :

Mc es,Ys 0O,S Gth,sf * Ge,s QO,s(a) €p,s
kc(s) il v Y o -G r— q ) ° T (1.3-10)
s ¢ 'c¢ O,c th,c e,c 0,c p,C

Thus, the concentration of the analyte can be obtained from coirradiation
of sample and single—comparator :
(Np/tm
SDCW

- )a 6 i
p,opPm = == . 10°/k (s) (I.3-11)
sp,C

on condition that Sa = GS, and

- neutron self-shielding is essentially the same for respectively analyte/
comparator and standard/comparator in the irradiation conditions of ana-

lysis and of k_(s)~determination, i.e. [Gth,a]ana1,= [Gth,s]kc(s)’

and [G

[Ge,a]ana1.= [Ge,s]kc(s)’ [Gth,c]ana1.= [Gth,c]kc(s) e,c]anal.=

[6. ] . The most straightforward solution is to make in all cases
e,c kc(s)

= =1 :
Gth Ce ?
- f and o show no significant difference in the irradiation conditions of

analysis and k_(s)~determination, i.e. [f]ana1.= [f]kc(s) and [0] . =
[a]k () Thus, application of the method is bound to the irradiation
c

position where kc(s) is determined. This condition can be dropped if

Ge Qo(a) << Gthf for standard/analyte and comparator and for both irra-
diation positions, which causes the parameters f and 0 to cancel in Eq.
(I.3~10); in general, this holds for strongly thermalized neutron spectra
(very high'f) [LINEKIN73]. Furthermore, it is clear from Eq. (I.3-10) that
variation of f [from the moment of kc(s)—determination to the moment of
analysis] will cause negligible errors if QO,s o QO,c’ but this observa-

tion is of course irrelevant in case of multi-element NAA. More detailed

considerations in this context are to be found in Refs GIRARDI65, DE CORTE69,

DAMSGAARD78
- the detection efficiency, including gamma-attenuation, is essentially the
same for analyte/comparator and standard/comparator in the counting con-

ditions of analysis and kc(s)~determination, respectively, i.e,
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and [e Thus, application

[Ep,a]ana1.= [ep,s]kc(s) p,c]anal.= [Ep,c]kc(s)'
of the method is bound to the geometrical counting positions of kc(s)—
determination (note that € and € 4 € is allowed) ;

P PsS P

- all flux parameters (¢s, f and o) remain constant during irradiation, for

both analysis and kc(s)-determination [see VII.S].

"Note that, as in the relative standardization method, the Np—values do
not have to be corrected for true-coincidence effects.

Evidently, the single-—comparator method can be extended to ENAA as well,
and the definition of kc(s) is then given by Eq. (I.3~10) with £ = 0 and
with multiplication of the G, Qo(a) terms by the corresponding ch~factor.

In the extreme, if an excellent long—~term stability of the reactor flux
characteristics is proved, one can omit the use of a single-comparator, and
the a priori determined Asp,s is equal to Asp,a 3 this is the case in the
SLOWPOKE reactor |BERGERIOUX79].

Some authors suggested to make the k-factors convertible with respect
to the irradiation conditions [DECORTE69] , requiring f and o-monitoring, or
with respect to the counting conditions [DEBRUIN72],requiring 8p-determina~
tion. In the context of the present work, these developments were of vital
importance, since — among other comsiderations - they led to the concept of
the experimentally determined ko—factors (see I1.3.4.1),

If performed properly, the accuracy of the single-comparator standardi-
zation can be estimated at = 37 or less., Its obvious advantage is the experi-~
mental simplicity, on condition that k~factors are determined a priori; its
use is beneficial in routine analysis of long series of similar samples.

On the other hand, a serious drawback is the rigidity of the k—-factors which
are strictly bound to local and "personal" experimental conditions, some-—
times with awkward consequences : if a Ge-detector gets out of use, for in-

stance, the painful work of k-determination has to be donme over again.

3.3, Absolute (parametric) standdardization

When writing down Eq. (I.2=4) for the analyte and for a flux monitor

(index m) coirradiated with the sample, combination leads to :
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N /t >
P m
p_,ppm= (SDCW a M, 6m T GO,m Gth,mf * Ge,m QO,m(a) EPsm 106
R . . . .
a sp,m : Mm 8a Ya UO,a Gth,af * Ge,a QO,a(a) €p,a
(I.3-12)

on condition that ¢S, f and 0 remain constant during irradiation (see VII.5).

The absolute standardization method, experimentally very simple,
requires the accurate knowledge of the parameters M, 0, vy and 9 for both
analyte and monitor. In principle, these nuclear data can be found in 1li-
terature, but it will be shown that this might lead to a deterioration of ac-
curacy (see APPENDIX) and traceability (VIII.2.2) of the analytical results.
Indeed Tgr ¥ and 8 (in order of decreasing importance) can be sources of
considerable errors or uncertainties. Next to the remark made in I.3.2,
the above considerations were also highly,stimulating the development of
the k0~standardization method.

In addition to the usual corrections for Gth and Ge, to be applied in
principle in all standardization methods, absolute standardization requires
not only the knoﬁiedge of M, 6, Y and Oy, but also of £, Q,(a) and ep’ and
the Np-values should be corrected for true—coincidence effects as well.

These extra parameters, which are essentially the same as in the k0~stan—
dardization method, will be extensively dealt with in later chapters.

Many researchers have published on the development and application of
the absolute standardization method (not necessarily adopting the Hégdahl-
convention), and a good deal of them have compiled the ''best'" absolute nu-
clear data set to be introduced in the equation for concentration calculation-
leading to remarkable inconsistencies for many (n,Y) reactions (see e.g.
HEFT79, TAKEUCHI81, KIM81). Not all of the authors have always taken into
account all parameters (o, ep, true-coincidence, etec.) mentioned above. Sev-
eral researchers have reported on the application of the absolute method in
case of strongly thermalized neutron spectra (high f£), which makes the
Ge Qo(a)~terms dropping in Eq. (I.3-12). On the other hand, extension of the
method to ENAA is possible as well; then, Eq. (I.3-12) should be modified by

putting f = 0 and multiplying Ge Qo(a) by the corresponding F . —factor.

cd
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3.4, kO-Standardization

3.4.1, Basic_concepts

The concept of the NAA ko
in 1975 [SIMONITS75], can be approached in two different ways :

-standardization method, which was launched

A. If the experimentally determined k-factors of the single~comparator
method are normalized for the experimental conditions of irradiatiom

(f, o) and counting (Ep), one obtains from Eq. (I.3~9)

k(o) =t o) . e " Cese 0,6 Fpe

0,c ¢ Gth,sf M Ge,s QO,S(Q) €p,s
_ Asp,s Gth,cf * Ge,c QO,c(a) 8p,c (I1.3-13)

sp,C Gth,sf * Ge,s QO,s(a) Ep,s

In view of Eq. (I.3-10), the k C(s)—factor is thus defined as a compo-

0,
site nuclear constant :

s 0,8 's
k (s) = < 2
0,c MS Gc OO,C Y

(I1.3-14)

c
which can be tabulated and published in literature as a generally useful
parameter.

Suppose now that a sample is coirradiated with a monitor (m), for which

an experimentally determined k (m)-factor is available [replace s by m

0,c
in Eq. (I.3-13) and in definition (I.3-14)] . Then, by converting ko C(s)/

ko C(m) = ko m(s) to the analysis conditions of irradiation (f,a) and

counting (ep), the analyte concentration can be obtained as [With ko C(s) =
>

ko’c(a)] :

N /t >
P m
(SDCW a kO,c(m) Gth,mf * Ge,m QO,m(a) €p,m

ey - .10°
a th,a e,a ‘0,a

p_,ppm = (I.3-15)

a

Sp,m 0,c €p,a

on condition that Ga = GS (no natural isotopic variability).
Note that in Egqs (I.3-13) and (I.3-15) the parameters f, -0 and €p refer
unambiguously to the experimental conditions of ko—determination and

analysis, respectively.



-3l

According to the above reasoning, the ko-method can be interpreted as a
single-comparator standardization which is made completely versatile with

respect to both irradiation and counting conditions.

B. If in the absolute standardization method the nuclear data set
[Mm Ga Y, OO,a/Ma Gm Yo GO,m} of Eq. (I.3-12) is replaced by one single

composite nuclear constant kd m(a), one obtains
. 9

(Np/tm>
_\5oGi /a 1 Cehmt ¥ Se,m ,0'® & 108

p_,ppm = . . .
a Asp,m kO,m(a) Gth,af * Ge,a QO,a(a)

= (I.3-16)
P,a

With kO,m(a) = kO,c(a)/kO,c(m) [from definition (1.3-14)], this leads

to Eq. (I.3-15), and Eq. (I.3-13) enables the experimental determination
of ko’c(a) = kO,C(S) and ko,c(m) [for the latter, replacing s by m in

Eq. (I.3-13)].

It should be remarked that the above holds only on condition that all
relevant flux parameterS'(¢S, f and o) remain constant during irradiation
(see VII.5). As in the absolute method, all Np—values involved should be

corrected for true—coincidence effects (see Chapter IV).

According to the above reasoning, the ko—method can be interpreted as
an absolute standardization with substitution of the absolute nuclear data
for experimentally determined ko—factors. This eliminates systematic errors
due to unreliability and uncertainty.of nuclear data, on condition that the
experimentally determined ko—factors are accurate. In order to reach an
accuracy of better than 27, it was felt necessary to perform the ko—deter~
mination in a parallel but independent way at the Institute for Nuclear
Sciences (INW, Gent) and the Central Research Institute for Physics (KFKI,
Budapest) [see VI.2.1].

It is important to remark that experimental ko—determination is also
possible using the Cd-subtraction technique, by irradiating standard and
comparator with and without Cd-cover. Based on Eq. (I.2-6) one obtains :

[Asp,s - [(Asp)Cd]s/FCd,s_/Gth,s Ep,c (1.3-17)

[Asp,c - [(ASp)Cd]c/FCd,c /Gth,c E:p,s

thus avoiding the necessity of introducing f and Qo(d) [cf. Eq. (I.3—13)].

kO,C(S) =
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Evidently, the kO—method can be applied to ENAA as well, by simply
putting f = 0 in Eq. (I.3-15) [or Eq. (I.3-16)] and multiplying Ge Qo(u)

by the corresponding F.q factor.

Summarizing, the fundamentals of the ko-standardization method are :

SPECIALIZED LABORATORIES (INW/KFKI)

Kk (s) = Sp, S Gth,cf * Ge,c QO,c(u) 8p,c (I.3-18)
[ 0sc sp,c Gth,sf * Ge,s QO,S(G) Ep,s
and/or
[Asp,s - [(Asp)Cd]s/FCd,s]/Gth,s €p,c
. ko (S) = A — (A ) /F 3 G . € (1-3—19)
’ [ sp,cC ( sp Cd]c Cd,c]/ th,c P,s
(s = standard ; ¢ = coirradiated comparator)
—»= recommended k0~factors
ANALYST
NAA (Np/tm>
SDCW /a kO,c(m) Gth,mf * Ge,m QO,m(a) 8p,m 6
sp,m 0,c th,a e,a '0,a pP,a
_ SDCW /Cdja kO,c(m) FCd,m Ge,m QO,m(a) 'Ep,m 6
pa,ppm = [(A 3 ] - T @ T 3 ORG .10 (L.3-21)
sp’ Cdim 0,c Cd,a e,a *0,a psa

——
o
il

8
i

ifm=c, ky (m = 1].

’

analyte in sample, with ko,c(a)'=_k0,c(s) !

coirradiated monitor, with experimentally determined ko c(m) :
3

3.4.2, Modifications in case of complex activation-decay

As mentioned in 1.2.2, the expressions (I.2-1) to (I.2-6) should be

modified in case of branching activation and mother—daughter decay, and

this will have implications on the definition and use of ko—factors.




TABLE I.3-1 : Activation-decay types and relevant expressions for the parameters involved in the
k ,—method
0
80 ,y" Q." in Egs N /e "
Activation- in ky~defini- | " (()1: 1-18) 2R in Eqs (1.3-18) - (1.3-21),
i 1 -d. " . "
decay type Activation-decay scheme tion [Eq.(I.3-14)] (1.3-20) to be divided by w for obtaining A
, (1.3-21) in Eqs (I.3-18) - (I.3-21) P
1 1,y 2 )‘2 8 %72 _I_(_)_ Np,Z/tm
OO’IO - M % S2 D2 C2
[e.s. 75AS(1’1,¥)76A5]
/a .y , Fosky R Ay 80,F, v, i?. N.3 Og-2y)
O'O, IO s~ M 00 tm )‘3S2DZCZ - )‘253D3C3
[e.g. 017 from 10()Mo(n,\()]
II/b Special case : A, » A, and D, =0 NE 3/tm
P . 2 3 2 ”"n "n S ’D C
[e.g. 233, from 232Th(n,Y)] 3303
II/c Special case : >\2 < Ay and D3=0 " " )‘3)‘—A2 . ZE,D?;/Zm
3 27272
. N /t
I1/d Special case : measurement of the 140.5 keV " " p,2+43 m
* line of *Mo/?™™rc [from “OMo(n,y)] 1355009 25500 M DG
>\3-‘)\2 FZ Yq 27272
111/a LR i P L B S 2%"2 3% 2o o ,/t) [5 b b (—::i-+ —5354
S 2 ¥ % IR AP A I VA VS v 6 6
F. o\ r
: 24°72 X2X4

[e.g. 97Nb from 96Zr(n,y) ]

= 800 OGSy
37373 T,0 (52
A -1

F

2 3 24
+ §,D,C .__:_(...:_-__.)]
444)\4 )‘2 )\4 X3 F2F3

_9£_



TABLE I.3-1 : (continued)
80 ,,y" QO" in Eqs N/t "
Activation- in k,~defini- " L7 5 Eqs (I.3-18) - (I.3-21),
t o w M 0 . (1.3-18) w SDC
Activation~decay scheme . .. P .
decay type tion [Eq.(I.3-14) ] (I.3-20) to be divided by w for obtaining A
(1.3-21) in Eqs (I.3-18) - (I.3-21) =P
80, F, F,Y I A
. 0°273 "4 0 473
IIL/b Special case : F,, = 0 e - N/t ). [S D.C Ty
24 W % b4t 2°272 T2 Gy,
s, D,.C )‘2)‘4
- WS 0G )
37373 (\4 )\3 (/\3 )\2)
-1
X A
+ 50,8, IO 5]
4 72 4 73
900 Yy ).4—)\2
III/c Special case : A, » A, and A,, D, =0 s " N/t ). — T
3 2 4 3 M ps4" m X452D2C2 )‘ZS4D4C4
Fy=1, Fy+F,y, =1
[e.g. 105ek from 104Ru(n,y)]
g 8 m m _
&, " 8o5vy Lo Fyoq £+Qg(a) 158,D,C) ~1,5,D,Cy
IV/a 0’70 2 —r < (Np 3/tm). - s PO\
. £
/ . 9 9 f+Q0(a) 3 "2
1\ n,Y le,lz -1
P 3 T + S3D3C,J
GO,IO 3
m {113
80 79 ko £+Qp(a) 238,D,C) = 2,540,404
*k [e-g. __ Br from '~Br(nm,y)] = 3’| e Ay —A
— ’ k& £+8(a) 372
0 0
-1
* 84030
m, g m, <8
. 8(F, 95+ 95) ¥3 Falp* o N3/t
Iv/b Special case : A, » A, and D, =0 e
) 9> A3 2 M F. o™+ o8 53D4C4
60 59 2% "%
[e.g. ~ Co from >’Co(n,y)]
m m
8F, 0,y I AamA, N/t
3
v/c Special case : A, <ig and Dy=0 ___lb_40_3 —‘% 3)\ 2 SP’D Cm
% 3 27272

-/ G-




TABLE I.3-1 : (continued)
eoOY" QO" in Eqs N /tm"
Activation— in k,~defini- " —~—— in Eqs (I.3-18) ~ (1.3-21),
Activation-decay scheme n M Y (1.3-18) w SDC
decay type Y o tion [Eq.(I.3-14)] (1.3-20) to be divided by w for obtaining A
(1.3-21) in Eqs (I.3-18) - (1.3-21) P
eog Y5 Ig o‘(‘)‘YZ f+Q’(‘)‘(a)
Iv/d Special case : measurement of the 112.9 keV — N /t ).} —= —— (5,0, C
177m,_ 177 M o8 p,2+3 o8y, £+Q8a) 2272
and 208.4 keV lines of ' ‘"Lu/'''Lu 0 0Y3 "%
176,
[from " "Lu(n,y)]
’ F,y, A,5.D,C A,5,.D.C
+23 322)‘2-)‘2333)
Y2 37 %2
-1
+ S3D303]
m.m 8c8F 18 KT £4Q0 () A
V/a % %o 2 —OTu -2 o ey - S59P2Cr T 3 i -x,)
/ > cg p,4 m kg f+Qg(a) 4727 3™
1\ n,y l FZ’}‘Z a
274
3 4 - S.D.C -(—_——-ﬁ—
wokk o8, 18 Fpry = Ay P38 W0, xz)
A )\
+ §,D,C 23
47474 )\ A 3( )\ 5
)\453D3C3 )‘384D4C4
}\
m g m 8
. E)(F2 00+00)F3Y4 FZ IO+I0 Np’[‘/tm
v/b Special case : A, € A, and A ————e
4 2 3 M P g%+ oB SAD4C4
199 198 2°0 0
[e.g. _~“Au from '~ Pt(nm,y)]
N A/tm
V/e Special case : A3 & )\2 and )\4 " " L—33°3C3

D =D, =0

274
[e.g. 13my . from 11ZSn(ﬂ,W}

—8£_



TABLE I.3-1 : (continued)

...6£-.

8o,v" QO" in Eqs N /t "
Activation-— T in ko—defini— " (1.3-18) —-S—D—(-:—m- in Eqs (I.3-18) - (I1.3-21),
ti 3 - nw L "
decay type Activation~decay scheme tion [Eq.(I.3—14)] (1.3-20) to be divided by w for obtaining A
(1.3-21) in Eqs (I.3-18) - (I.3-21) P
VI Special case : measurement of 124‘Sb [from G[F (c +u )+° ]YA F3(10 0 )+I p,4/tm
o —
1'“"Sb(n,y)] after long decay time L F (cm . m2)+o 5,046,
=1 = 3% "%
(D2~D3—0)
m m,
002,102 , 124m2 -
Sb (T, ,,=20.2min)
123 7 SRR 124m1$ AgsFy =t
_— L S =
Sb Y Sf ('r”2 93 5)
F,=0.75
\ e 173
sb (T, ,,=60.204d)
o8, 18 1/2
0°70 l X[‘
m
g g o, F £+Q%(a) 1,8.D.C, -A,8,D,C
VII/a )‘ 6}:'300y4 _I_(_). N a/t) 024 0 422)\2—)\2444
4’ M g Ps & F f+Qg(a) 4 2
\ o 03 0
./ F, 1 0
A / . )\AS3D3C3 >\354D4C4
““—I 3 TE, Ay
0, 0 m m
. 95 F, f+Q0(a) Aukq
o8 £+Q8(a) 27272 ()‘4_)‘2)()‘3 )\2)
0 0
)\ )\
" 53930 ""—‘(——x YO
-1
A A
273
* 500 0 5}
OQFa, £¥Qp(e) 2,5,0.C, = 1)8,D,C,
VII/b Special case : F, =0 M " o/t ).
2 pya' m g A, =X
125 124 ogFy £+Q5() 4 2
[e.g. _77Sb from Sn(n,y) ]
-1
L MS5PaCy A354D4C4-I
)\4-)\3




TABLE I.3~1 :

(continued)

- )
8o y" Qo" in Eqs N/t "
Activation- i in ky-defini- " L.318) -5-56“—‘ in Eqs (I.3-18) - (I.3-21),
. K3 - . ”
decay type Activation-decay scheme tion [Eq.(1.3-14)] (1.3-20) to be divided by w for obtaining AS
(1.3-21) in Eqs (I.3-18) - (1.3-21) P
g g
VIII Focs) 8 F),F3F,% s Lo 1 Rg o Ay Fyg
2572 I T E— - (N sltm). o S3D3C3 o (m— ET)
% Ps 2 53 M3 Pty
cm Im
3
0’0 2 Faerhy - 8,0 s
T~ Fyoh, a4 T B0y
1 n,y 4 ——- 5 —X—b
3 ////' 5 3 A, Fyq
g 18 Fo,) +8.D.C = G—— - 75—
ok, 18 3*%3 57575 Xgohy gk, | FgE,
m m
Focsd oy £+Qp(e) As A Fys
33173 Ry P v vl W w2
H f+Q§(a) 57 AT FosFy
117 116
[e.g. In from cd(n,y)]
-§,D.cC 225
FERE WIS
42674 g1, (%)
A A F -1
* 85D:Cs 7 G F 2
572 5Tha Tagy
99 ec Y" SOOY"
* Yy 140.5 kevV (7 "Mo) %% N in definition of Fkk m in definition of
" "
2 140.5 kev  (O7rc) 603y 8oy
Y3 ¢ ) ~ K8 03 K8 04
. 0° M 0" M
YZ/FZY3 = 0.0675 oF o oo™
&, 2°0"3 &, 200"
0" T M o' TN

kg/kg is experimentally determined for

80mBr/SOBr and 104mRh/104Rh
(see VII.2.2.)

-Oh-
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Table I.3~1 summarizes the practical activation—decay cases encountered
in (n,Y) activation analysis, together with relevant expressions for the
parameters involved. Note that, so as to obtain the actual definition of
kO’ "9 o v/M" (third row) should be multiplied by "(M/0 9, Y)c", thus allow—
ing in principle for a comparator showing a complex activation—decay scheme.
However, in the present work 197Au(n,Y)lgSAu was chosen as the cowmparator,

for which the simple expressions of activation—decay type I should be applied.
"N /t "
It should be remarked that the expressions for _%ﬁEE are not at all
specific to the k0~method, but are to be used inevitably in all types of
standardization, the relative method included. This implies that, also there,

such data as YZ/FZY3 (type II/d), F24/F2F3 (type III/a), cmg/cg and

[f + Qg(u)]/[f + Qg(a)] (type 1IV/a), etc., have to be known occasionally.

3.4.3. Parameters of the ko—method

From Eqs (I.3-18) - (I.3-21) it follows that, for development and appli-
cation of the ko—standardization method, the following topics have to be dealt

with :

A. Experimental determination of ko—factors (see Chapter VI), for which, in
addition to the next items (B - G), all parameters relevant to preparation,
irradiation and counting of standards (as in the relative method) should
be taken into account; this includes for instance calculation or experimen-

tal determination of Gth— and Ge-factors (see I.2.4) ;

B. Contribution of epithefmal activation (see Chapter V), including :
a. experimental determination of f ;
b. experimental determination of o ;
c. calculation or experimental determination of Er [for QO > Qo(a)
_conversion] ;
d. evaluation or experimental determination of FCd H
e. experimental determination or evaluation of QO H
C. Experimental determination and conversion of ep, including gamma-
attenuation (see Chapter III) ;
D. Correction of Np for :
a. true—coincidence effects (see Chapter IV) ;
b. burn~up effects (see I1.2.3) ;
c. primary interferences [fast-neutron induced (n,n') and (n,2n)

reactions |(see VII.3) ;
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E. Small deviations of g(Tn) from unity (see VII.4) ;
F. Intermittent irradiation (see VII.6)

G. Constancy of flux parameters (¢S, f, o) during irradiation (see VII.5).

The above parameters are discussed in the present work. It is possible
to transfer most of the concepts, statements and conclusions as such to the
absolute standardization method, and some of them to the single-comparator

method (and even to the relative method) as well.

3.4.4. Uncertainties, error propagation and mean values

In view of the evaluation of the ko—standardization method with respect
to its accuracy (VIII.1) and traceability (VIII.2), it is essential to attri-
bute uncertainties to the parameters mentioned in I.3.4.3 and to consider the
propagation of these uncertainties (commonly called error propagation) to-—
wards quantities derived from these parameters - such as kO-factors and
analytical results. ,

According to the definition given by the National Bureau of Standards
[NBS85], "uncertainty" should be understood as the best estimate of possible
inaccuracy due to random and systematic error. 1

In general, a quantity to be determined (Q) is dependent on a number
of parameters (pj), each of them associated with an qncertainty (SPj) which
is propagated towards this quantity. These parameters and uncertainties

can be classified as follows :

~ parameters with a random uncertainty, which can be described by the laws
of probability. These parameters influence the precision of the determination.
A typical example in NAA is the number of counts collected in the full-
energy peak, at least if only the uncertainty from counting statistics is
considered ;

- parameters with a systematic uncertainty which cannot be reduced in a given
situation. These parameters influence the intrinsic accuracy of the deter-
mination. An 6bvious example in ko-standardized NAA (from the analyst's
standpoint) is the ko—factor with its quoted uncertainty ;

- parameters with a systematic uncertainty which can in principle be reduced.
These parameters influence the experimental accuracy of the method. An exam—

ple in ko-standardized NAA is the detection efficiency ratio € /

€ in
p,m p,a
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Eqs (I.3-20) and (I.3-21), the uncertainty of which can be minimized

by counting sample and monitor at the same distance to the Ge-detector.

Note that a parameter can have a random and a systematic uncertainty.
For instance, the number of counts collected in the full-energy peak is
associated with a random uncertainty from counting statistics and a systematic
uncertainty from peak area evaluation.

If the function relating Q and pj is written implicitly as :

F(Q,pj) =0 ' (1.3-22)

partial derivation yields

SF SF
<= d w—— dp. =0 .3-23
6Q Q-+ Spj PJ (1.3 )

When expressing the uncertainties in terms of differentials, one obtains :

dp.
= 1499, "3 -
Zo(p;) = | 7/ 5 | (1.3-24)

P.

j oF / SF
- . v [ == I.3-25

| 3 3 | ( )

where ZQ(pj) denotes the "partial" error propagation factor for Q, with

respect to the relative uncertainty on pj; otherwise said, Z (pj) is the

Q
multiplier of the relative uncertainty on P; to obtain the associated re-
lative uncertainty on Q, i.e. :
s (p.), 2 =2 (p.).s % (I.3-26
QPJ b QPJ p" )
J
If Q can be written as an explicit function of pj :

Q= F(pj) (1.3-27)

the above becomes :
z (p.) = | 4,32 | (I.3-28)
Qi Sp

It should be noted that the validity of Eqs. (I.3-25) and (I.3-28) is
in principle restricted to moderate sp -values or to F-functions which do
j
not deviate dramatically from linearity. For the practical cases encountered
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in the present work, the above expressions can be considered as acceptable
approximations.

With the aid of Eqs (I.3-26) and (I.3-25) [or (I.3-28)] it is thus
possible to calculate, for the quantity Q to be determined, the "partial”
uncertainty contributions sQ(pj), %, which are either of random or syste-
matic nature. The crucial questions are then : should these uncertainties be
combined to arrive at a total uncertainty ?; and how should such a combina-
tion be performed ? The answer to the first question is certainly affirmative.
Indeed, if later the quantity Q becomes a parameter in the determination of
a quantity Q¥*, one must be able to apply the error propagation theory
[SQ*(Q),Z = ZQ*(Q).SQ

tainty on Q ; whether the latter is (partly) random or systematic in nature

,%] and this requires the knowledge of the total uncer-

has no importance at that moment, since it contributes anyhow as a systematic
error in the.determination of Q*. As an answer to the second question, a
practical procedure has been recommended [KAARLS80] by the Working Group on
the Statement of Uncertainties, organized by the Bureau International des
Poids et Mesures (BIPM). In October 1981 it has been approved by the CIPM,
the Comité International des Poids et Mesures [MULLER84, MULLER84A], and it
is now applied in several national standardizing laboratories. This proce-
dure recommends that the combined (total) uncertainty should be characterized
by the numerical value obtained by applying the usual method for the combina-
tion of variances, whereby the combined uncertainty and its components should

be expressed in the form of "

standard deviations". Thus, according to this
recommendation = which is followed in the preseht work - the total uncertain-—

ty on the quantity Q is :

9 1/2 .
S ,% = {Z [ZQ(pj) . sp ,7 1 } (1.3-29)

ALY j

In the above, nothing has been said about correlations and covariances.

However, such effects will be mentioned and/or taken into account throughout
this work whenever necessary.

When determining a quantity Q from N independent repetitions (1, 2,...1i

«..N), for which the associated uncertainties (s, ) are estimated to be of

Ql

equal magnitude, an unweighted average is calculated as :

Q. (1.3-30)

1

]

Q =

e M 2



455

with an uncertainty on the average :

N — 1/2

.? [Qi - Q]
o =11 (1.3-31)
Q NN - 1)

to which common systematic uncertainties can then be added in quadrature. This
is the case for instance when calculating recommended ko—factors as an aver-
age from independent experimental determinations [according to Eq. (I.3-18)]
carried out in various irradiation channels of the THETIS and WWR-M reactor
in Gent and Budapest (see VI.2.1).

When determining a quantity Q from N independent repetitions (1, 2, ... i

...N) for which the associated uncertainties (s, ) are known to be largely

Q
i
different, a weighted average is calculated as :
_ N
Q =[$ v, Qi]/[; Wi] (1.3-32)
i i
with w, = 1/s> (1.3-33)
i Q. .

1

Then, the internal and external uncertainties (usually called internal and

external errors) are calculated as :

N -1/2
Sa,lnt =(§ Wi> (I.3-34)
N
= 2)1/2
E w. | Q; - Q ]
sa,ext = N (1.3-35)
(N=-1 ; L
i
In Eq. (I.3-33), sQ should not contain common systematic uncertainties,
i

which should be added afterwards in quadrature to the internal and external
errors. »

Comparison of the internal and external error, calculated from Egs
(I.3~34) and (I.3-35), is interesting because it reveals the statistical

(in)consistency of the spread of the Q; values with respect to their uncer-

tainties SQ . Consistency is achieved on condition that s=,int = sa,ext .

i Q’

sa,int >> sa,ext indicates that the estimated s, values contain common syste-

Q.

1
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matic uncertainties or that the Q results are biased or manipulated, e.g.

f "

by unjustly removing " outliers ". =, ext >> sa,int suggests that one or

"2

more uncommon uncertainties were not taken into account when estimating the

S values.,

Q4
Weighted averages and associated uncertainties are for instance calcula-
ted for Qo*determination (v.3.3) and for ko—determination according to the

Cd-subtraction method [Eq. (I.3-19)], where the magnitude of the sQ - and
0,1
Sy -values is largely influenced by the thermal-to-epithermal neutron flux
0,i

ratio (of irradiation position i1); and also for the calculation of Oo—values

from recommended ko-factors (see APP.4) where s is proportional to the

C. .

0,1

uncertainty on the introduced value of the gamma-intensity (of gamma-line i).
In all cases, the uncertainty quoted on the weighted average is the

larger of the internal and external errors, to which common systematic un-

certainties are quadratically added, as explained abowe.
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CHAPTER 1
INSTRUMENTATION

1. IRRADIATION FACILITIES

1.1, Reactor Thetis (INW, Gent/Belgium)

At the Institute for Nuclear Sciences (INW, Gent/Belgium), irradiationms
for the determination of kO, QO, etc. were carried out in reactor Thetis.
This is a research reactor of the swimming—pool type, uniquely designed for
neutron activation analysis and operated at a steady-state power of 250 kW.
The horizontal cross—section is shown in Fig. II1.1-1. The core consists of a
lattice of fuel-elements, each of them (except one) containing 25 fuel pins

(5% enriched U0, cladded with stainless steel). The core is surrounded from

2
four sides by eight graphite blocks, acting as reflector and also as modera-
tor with respect to the 16 pneumatically operated irradiation channels loca-
ted in the graphite. The whole is immersed in a large light-water tank. One

of the elements (central bottom in Fig. II.1-1) contains only eight fuel pins

LINEAR SAFETY CHAINS
~

-
O O
CAMPBELL {LOG
FUEL ELEMENT | CHMJ 1 crapwie
25 PINS O BLOCKS
26=t =24
W B> 010 Fal Ll 10 <zt _ SWIMMING POOL 250 kW
comi>en e 2028 |- 5% 235U . ENRICHMENT
o> 82 Pl 30 <1225 P1-P2: SAFETY PLATES
39=f $=35
0049-0” @B ;<$§ - 4®<q20054 P3: SHIM PLATE
oozgf;? L 20 50 <2005
043= Ra-Be =0. P4 : CONTROL PLATE
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0084z @15 60 <,y 0084
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Fig. II.1-1 : Horizontal cross-section of reactor Thetis (INW, Gent/Belgium).
The configuration and the data shown for f and o refer to be-

fore March 1981 (see text)

.

’
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its vacant space is occupied by channel 17 (pneumatically served as well) and
by the Ra-Be source to start up the reactor. The installation of these 8 extra
fuel pins, requiring the moving up of channel 17, was done in March 1981 - in
the course of the experiments described in the present work. This small change
of the configuration had a marked influence on the magnitude of the parameters
f and o (thus requiring a recalibration), and this explains the apparent in-
consistencies which might be observed throughout this work.

The reactor is controlled by four vertically movable Cd-In-Ag alloy plates
- two safety plates, one shim plate and one fine regulating (control) plate -
which are installed at three outer sides of the core, between the core and
the graphite reflector. At the fourth side, the graphite reflector is direct-
ly contiguous to the fuel elements. The control plate is steered by both the
Campbell and the linear control chain, and on the signal of the latter the
linear plot of the reactor power versus time (recorded as part of the logbook)
is based as well. A typical recording during one irradiation cycle (7 hours)

is shown in Fig. II.1-2a. Evidently, it gives no precise information on flux

POWER kW

250

(a)

Asp (97zr)
1.04
102
1.00
098
096

Ch.3

TP —
=

104
102
1.00
0498
086

1.04
1.02
1.00
098
036

{normalized to mean)

— Ch.15

1
10.00 14.00 . 16.00

12.00
’ 22 MARCH 1983

Fig. IT.1~2a : Linear plot of the power of reactor Thetis (INW, Gent/Belgium)
as recorded during one irradiation cycle (7 hours)
b : Flux variation in channels 3, 9 and 15, measured by irradiat-

ing at regular intervals Zr-monitors for 15 min-periods
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variations in a particular irradiation position. Short~term flux variations
(i.e. in the course of one irradiation cycle) have been studied repeatedly
in several channels, by irradiating at regular intervals Zr-monitors for 15

97Zr/97mNb activity with a Ge-

min-~periods, followed by counting the induced
detector. Typical results for channels 3, 9 and 15 are shown in Fig. II.1-2b.
The maximum flux variation was never exceeding v 5%, and the average devia-
tion from the mean amounts to v 1,27 for channel 3, v 1.0% for channel 9, and
" 1.77% for channel 17. It is important to remark that sample loading and un-—
loading was always performed during the steady-state operation of the reactor.

The long~term variability of the parameters f and 0 is shown in Fig.
I1.1-3 for channels 7 and 16. The maximum variation of f amounts to Vv 12%

in both channels, and the
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1 2 -1

choice of available neutron fluxes [¢S is ranging from " 1.7.101 nem - s
(Ch.8) to v 4.6.1012n cm_2
[f is ranging from ~ 15 (Ch.17) to ~ 160 (Ch.8)], and a-values [ranging from

" =0.03 (Ch.17) to ~ 0.11 (Ch.8, Ch.16)]. The parameters f and o, relevant in

s-1 (Ch.17)] , thermal-to-epithermal flux ratios

the ko—standardization method, are shown in Fig. II.1-1 (data before March
1981). In addition to the above, the range of available thermal-to-fast flux
ratios [from v 1.6 (Ch.17) to ~ 120 (Ch.8)] is interesting to mention as well;
it allows to select a suited irradiation chamnel in case of disturbing, fast-
neutron induced reactions, such as primary interferences [(n,n'), (n,2n)] .

In the present work, most of the irradiations for experimental ko and
Q determination were done in : _
~ channels 3 and 15 for long-lived radionuclides, with irradiation times

ranging from 1 to 7 hours[Ch.3 : ¢S o 1.6.1012n cm~2 s-l, thermal-to-fast

flux ratio = 7 3 Ch.15 : ¢S = 4.9.1011n cm_2 s_l, thermal-to-fast flux ratio
= 58];
- channels 8 and 9 (or 17) for short-lived radionuclides, with irradiation

11 2

times ranging from 2 to 15 minutes [Ch.8 : ¢S =% 1,7.10" n em s—l, thermal-

to~fast flux ratio = 120 ; Ch.9 : ¢ = 2.6.1012n cm.-2 snl, thermal-to~fast
flux ratio =~ 4.6 ; Ch.17 : ¢S @ 4.6.1012n cm._2 s_l, thermal—-to~fast flux ratio
= 1.6].

Occasionally, as in the case of ko—determination of the Zr-isotopes, use was

°

made of other (and more) irradiation channels.

1.2. Other reactors

1.2.1. Reactor WWR-M (KFKI, Budapest/Hungary)

As mentioned in I.3.4.1, most of the results reported in the present work
were obtained from parallel, but independent experimental determinations in
Gent and Budapest.

At the Central Research Institute for Physics (KFKI, Budapest/Hungary),
irradiations were carried out in a WWR-M type reactor. This is a research re-
actor of the "water boiler" type, operated at a power of 2 MW (in the course

of the experiments increased to 5 MW). The fuel consists of 36% enriched_UOz.
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The moderator is light water, and the reflector is beryllium. The ground
plan is shown in Ref. SIMONITS80 .
The most frequently used irradiation channels were :

- channels "MILA" (f = 35 ; a = 0.016) and "CSOPI" (f = 18 ; a = -0.007),
for short irradiations of v 3-5 minutes [Ch."MILA" : ¢S & 3.1013 n cm'_2 s—1
thermal-to-fast flux ratio = 40 ; Ch.,"CSOPI" : ¢s o 3.6.1013 n cm.*2 s_1

3

>
thermal-to-fast flux ratio = 13];

~ channels 17/2 (f = 20 3 o = 0.00) and 15/2 (f 30 3 o 2 -0.01), for
long irradiations of "~ 10 hours [Ch.17/2 : ¢S = 3.6.1013 n cm._2 s

to~fast flux ratio = 13 ; Ch.15/2 : ¢S o 3.1013 n cm—2 s

R

, thermal-
1, thermal~to~-fast
flux ratio = 40].

Note that, due to the concept and construction of the reactor, f and
0. had to be redetermined for every irradiation run. Here also, the flux

parameters were found to be sufficiently stable during irradiation.

1.2.2, Reactor DR-3 (Risg/Denmark)

For some ko and Qo—determinations (e.g. of the Zr-isotopes; see VI.2.2
and V.3.2.4), irradiations were performed in reactor DR-3 of the Risd Na-—
tional Laboratory (Denmark). This is a 10 MW heavy-water cooled and mode-
rated research reactor with 807 enriched U-Al fuel elements.

-1

Use was made of irradiation channel R4V4, with ¢S & 2.5.1013 n cmn2 s,

f = 320, o = 0.17. The thermal-to~fast flux ratio is of the order of 600,
The irradiations were performed for 0.5 and 2 hours during four subsequent
days in December 1984, The day-to-day variation of ¢S, f and o was found to
be sufficiently small so as to estimate the variability during the irradia-

tions as having negligible effects.

1.2.3. Reactor BR-2 (SCK, Mol/Belgium)

In VII.3.4 and VII.5.2 some results are reported based on irradiations
in reactor BR-2 of the Belgian Nuclear Study Centre (SCK, Mol/Belgium).
This is a v 60 MW light-water cooled and moderated reactor with 90Z enriched

fuel.

Use was made for instance of irradiation channel H323, with ¢S > 1.1014
-2 -1

nem s , £= 10, o =0, and a thermal-to-fast flux ratio = 4. Irradiation

times were 7~14 days.
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2. COUNTING EQUIPMENT

2.1. Ge gamma-ray spectrometers at the INW, Gent/Belgium

At the INW, use was made of several Ge(Li) gamma-ray spectrometer sys-
tems, the basic characteristics of which are compiled in Table II.2-1. Since

mid-1983, only Canberra S40 multi-channel analysers are in use. As shown,

TABLE II.2-1 : Characteristics of the Ge(Li) gaﬁma—fay spectrometer systems
used at the INW, Gent (* amplifier/pulse pile-up rejector ;
#% BartoSek-system |BARTOSEK72A/72B])

Code name DET.4 DET.5 MK7 DET.6 MK4

Detector type Ge(Li) single open ended (pseudo coaxial)

Origin Philips : Philips Canberra | Canberra

Actlge volume 53 75 104 101

cm

Efficiency (at 10.9 15.6 22.0 18.7

1332.5 keV),%

Resolution

FWHM (at 1332.5 2.0 2.0 1.84 1.94

keV) ,keV

Preamplifier Philips Philips Canberra

56056 56056 2001
Amplifier Canberra Canberra Canberra Canberra Canberra
1413 1413 1413 2010 2010

or 2010 - or 2020%
or 2020%

MCA Didac 4000 Canberra Didac Canberra

S40 4000 S40

ADC C44B (100MHz) Canberra C44B Canberra
(100MHz) | (100MHz) | (100MHz)

Dead-time Live~time circuit of MCA

correction or Dead-time stabilizer *¥* in true—time mode
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dead~time corrections were performed by means of the live~time circuit of

the multi-channel analyzer, or - in case of short~lived radionuclides - a
dead time stabilizer (DTS) was applied while measuring in true—time mode
[BARTOSEK72A/72B]. Even when using a Canberra 2020 amplifier/pile-up rejector,
dead times were kept below v 25%. When using other amplifiers, the éounting

rates were kept sufficiently small so as to make random coincidence effects
3

(pulse pile-up) negligible, i.e. the product TN was kept below 5.10 ° (T
pulse shaping time constant ; Nt = total counting rate).

A plexiglass source support was mounted on each detector so as to en-—
sure easy and reproducible source positioning. Since some of the results
shown in the present work refer to the geometric source-detector configu-—
ration of MK4 and MK7 (see Chapters III and IV), the relevant parameters
are shown in Fig. II.2-1. Note that throughout this work, quoted source-de-

tector separations refer to the distance from the source base to the detec—

tor's active volume.

Plexiglass support Plexiglass support
~O/ ) M3 O

020 : _ [ 020

Al: 0. Air gap : 0.099
=]

rairyisrrdfiri v -

Al : 0.075 Air gap : 0.8
] /) s
P~]

VA H
Vacuum oé:l

2,325
n-layer: 0.06 8 n-layer : 0.03
4 o~ -

- L]

0.445

Vacuum «

2.615

1.84

\

4.50

Iy
| \Lp=core \_p-core

Active volume : 10113 cm3 Active volume : 74.87 ¢m3

Fig. II.2-1 : Geometric configuration of detector and plexiglass source

support : a. detector MK4 ; b. detector MK7 (measures in cm)
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2.2. Ge gamma-ray spectrometers at the KFKI, Budapest/Hungary and at
Ris¢/Denmark

The characteristics of the Ge gamma-ray spectrometer systems used at
the KFKI and at Risg are shown in Table II:2~2. Note that simultaneous cor-
rection for pulse pile-up and dead time was performed by means of the pulser
method, at the same time keeping the counting time below one tenth of the

half-life of the measured radionuclide.

TABLE II.2-2 : Characteristics of the Ge gamma-ray spectrometer systems
at the KFKI, Budapest and at Risg [xwith Al-window (thick-

ness : 0.5 mm)]

Institute KFKI Risg
Code name CANB.77 CANB.79 GAMMA-X
Detector type Ge(Li) single open ended HPGe Coaxial*
(pseudo coaxial)
Origin Canberra ' EG&G Ortec
Actlge volume 83 67 59
cm
Efficiency (at 15.7 13.0 10.5
1332.5 keV),Z
Resolution
FWHM (at 1332.5 1.72 1.82 1.62
keV) ,keV
Preamplifier Canberra 2001 Cooled FET
Amplifier Canberra 2010 Canberra 2010
or 2020
MCA | ICA-70 (KFKI) Nuclear Data 660
+ Nuclear Data-66
ADC 100 MHz (analyzer-terminal)
Dead-time fixed pulser BNC PB-4 research pulser
correction or random pulser BNC DB-2 Ortec 448
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3. COMPUTATIONAL

3.1, Hardware

At the INW, the available computer operating systems changed consider-
ably in the course of the present work, from a PDP-09, over a PDP-11/45, to
a VAX 11/780 machine. The latter has 1.25 Mbyte main memory (MOS), is equiped
with two RMO3 disk drives of 67 Mbyte capacity each and one 9900 Controller
(System Industries) disk drive of 420 Mbyte capacity, and is using VMS oper-
ation system. Via a Canberra Serial Adapter 1656, the memory content of the
Canberra S40 MCA's can be transferred either to the CPU of the VAX 11/780 or
to a digital cassette recorder. Data can be stored on magtape (Dec Magtape
TE16, 9 channel). Input data can be given via a Digital Decwriter II or via
several videoterminals (VT 100; VT 102; Facit). A line printer (Digital LP5)
and a plotting machine (CPMPLAT DP-8) are available for data output.

At the KFKI, a TPA-1140 (PDP-11/40) and an IBM 360 computer were avail-
able.

In addition to the computer systems, use was made of the programmable

calculators HP-97 and HP-41C.

3.2. Software

At the INW, use was made of the following programs written for, or
adapted to, the VAX 11/780 computer. Most of the programs are in FORTRAN IV

or IV+,

-~ SEQAL [OPDEBEECK76], for routine calculation of gamma-ray peak areas; detec-—
tion limits can be derived from it as well :

— TRAP [DEWISPELAERE], mostly used for calculation of (widened) 511 keV B+—
annihilation peak areas, based on the trapezoidal method (see e.g. CANBERRA6)

- SAMPO80 [KOSKELO81], used in case of doubt for evaluation of multiplet

.gémma—ray peak areas (after comparison with results from SEQAL and MARKER/
CA0S) ;

.

2
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MARKER/CAOS [WESTMEIER], used in case of doubt for evaluation of multiplet
gamma-ray peak areas (after comparison with results from SEQAL and SAMPO80);
this program contains subroutines in MACRO language ;

ABSORP [DEWISPELAERE|, for calculation of thermal and epithermal neutron
self-shielding factors, according to the formulae given in I1.2.4 ;

SOLANG [MOENSSIT, for calculation of effective solid angles needed for ep—
conversion (see Chaptér III) ;

QPCALC [DEWISPELAERE], for calculation of Qq from Ry,
V.3.2.1); it contains subroutines POINEF, OMEGA and SPECAC (see program
SINGCOMP) ;

K@PCALC [DEWISPELAERE], for calculation of experimentally determined ko—

-measurements (see

factors (see I.3.4.1 and VI,2.1); it contains the same subroutines as pro-

gram Q@PCALC ;

PTTCALC [DEWISPELAERE], for calculation of peak-to-total ratios (needed

for true~coincidence correction) from spectra of coincidence—fréé gamma-

emitters (see Chapter IV); it contains the subroutine POLYNO ;

ALFACALC [DEWISPELAERE], for calculation of o-factors according to the

"cd~ratio for multi-monitor"-method (see V.1.5.2) ;

ER [JOVANOVIC84], for calculation of effective resonance energies from

resonance parameter data (see V.1.2) ;

POLYNO [DEDONDER], for least-squares polynomial‘fitting of experimentally

determined detection efficiencies and peak-to-total ratios versus gamma-

energy (see Chapters III and IV) ;

SINGCOMP |[DEWISPELAERE), replacing the former program SINGCOM [LINXILELS84].

This program calculates concentrations based on the ko—standardization

method; it contains the following subroutines :

— GENSINCOM : creates the command file to run SINGCOMP ;

~ GENDAT : reads in the data base j;

- OMEGA : calculates ratios of effective solid angles (see Chapterx III)
from interpolation (according to Aitkens's method [ABRAMOWITZ70]) of
data provided by program SOLANG (see above) ;

- POINEF : calculates €p (for a particular gamma-energy) for experimental
"reference" conditions (see Chapter III) from the polynomial fitting
coefficients provided by program POLYNO ;

- FALFA : calculates f (from the "bare bi-isotopie monitor"—method) and

o (from the "bare triple-monitor'-method) [see Chapter V];
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~ SPECAC : calculates specific count rates for all activation/decay types
(see T.3.4.2) ;
= PTOTOT : calculates peak-to-total ratios (for a particular gamma-energy),
based on the polynomial fitting coefficients provided by program PTTCALC
(see Chapter IV) ;
— EPSTOT : calculates total detection efficiencies (see Chapter IV) from
data provided by OMEGA, POINEF aﬁd PTOTOT ;
= COIN : calculates true—coincidence correction factors according to the
formulae in Chapter IV; it contains several subroutines for handling
Y-Y coincidence summing, Y-y coincidence loss, Y-KX(IC) coincidence loss,
etc.
Program SINGCOMP corrects for spectral interferences, which should, however, be
identified by the analyst.
At present, a new program for "ko—based" concentration calculation is
being developed [MOENS87]. It will include nuclide identification, automatic
correction for spectral interferences, and concentration calculation from all

relevant gamma-lines of a radionuclide based on least-squares.

At the KFKI, programs HYPERMET [PHILLIPS76/79] and TRAP were used for
peak area evaluation, and program SPECTRUM [DEMETER86] was developed for con-
centration calculation. Evaluation of the gamma-spectra measured at Risd was

based on programs SAMPO80, SEQAL, TRAP and on the built-in NUCLEAR DATA program.

In addition to the above, many small but useful programs were written
for the HP-97 and HP-4IC calculators. Among others, mention can be made of
programs for the calculation of burn-up factors (see I1.2.3), weighted aver-
ages and associated uncertainties (see I.3.4.4) and various error propagation

factors (see I1.3.4.4).
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CHAPTER 111
FULL~ENERGY PEAK DETECTION EFFICIENCY ( EP)

1. g;ef IN REFERENCE CONDITIONS

1.1, Experimental determination

The full-energy peak detection efficiency (Ep) has to be introduced in
the relevant equations for experimental ko—measurement [Eqs (1.3~18) and
(1.3-19)}, for determination of the analyte concentration [Eqs (I.3-20) and
(1.3-21)] , and also for f and o determination (see Chapter V) and true-coin-
cidence correction (see Chapter 1IV).

For the determination of ko, f and O, optimal so called "reference"
counting conditions are selected (superscript "ref'"). This implies that meas-—
urement of quasi-point sources is performed at large source—detector distance
(e.g. 15-20 cm), where true-coincidence effects are negligible. Occasionally,
these conditions can be realized in analytical practice as well. Then, use
can be made of an experimentally determined log EEef versus log EY curve. As
shown elsewhere [SIMONITSSO,MOENSBI,LIN81], such a curve — ranging from
Vv 55 keV to Vv 2450 keV —~ can be constructed readily by measuring a number of
absolutely calibrated multi- and single-gamma point sources (152Eu, 226Ra,
etc.). The most useful radionuclides and their relevant nuclear data (EY, T
and y) are listed in Table III.l-1. As seen in Figs III.l-1 and III.1-2, a
linear fitting is possible in the medium energy range, from 650 keV to 1500
keV for Ge-detector MK4 and from 560 to 1240 keV for Ge-detector MK7; this
can serve as a reference line to obtain additional points in the low— and
high-energy region, from measurement of secondary (home-made) multi-gamma

72G 182Ta 24

point sources, such as and " 'Na (see Table III.1-2). In this way

4
it is possible to extend the Egef—curve up to v 2850 keV. In principle, fur-
.ther extension to energies > 3000 keV is possible by measuring 56Co.

In Figs III.1-1 and III.1-2 the polynomials log Ep =a;+a log EY +.o..t

1
n . .. . .

an(log EY) are shown, which are giving the best fitting to the experimental

points in four distinct emergy regions. So as to obtain a smooth joining be-

tween the regions, the fitting in each region includes 1 or 2 nearestby points

of the neighbouring region(s).
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TABLE IIL.I1-1 : Nuclear data of some useful absolutely calibrated point=-
sources; the data are collected from recent references and

are consistent with Ref. LORENTZS83

Radio- T E_,keV 3 Radio- T E, skeV T %
nuclide v nuclide Y
2m | 432.2 y| 9.5 |35.30 %wun | 312.2 a| 834.8 | 99.08
g | 10.56 y| 53.1°] 2.20 2248 2.604 y| 1274.5 | 99.95
81.0% | 36.94 226p, 11600 y| 186.0 | 3.408
160.65 0.62 261.9 7.082
223,27 | 0.47 274.5%| 0.5178
276.4 7.12 295.2 | 18.10
302.9 | 18.3 351.9 | 35.10
356.0 | 62.1 487.1 0.4342
383.9 | 8.92 609.3 | 44.26
109

cd | 461.9 d| s88.1 | 3.61 665.4° 1 1.492

3760 | 271.73 a| 122.1 | 85.54 768.4 | 4.739

136.5 | 10.66 806.2 1.208

® 60 839.0 0.5577
Co 5.271y | 1173.2 | 99.88 936,05 | 3 054

1332.5 1 99.98 1120.3 | 14.69

3765 | 30,18 y| 661.6 | 84.62 1155.2 | 1.633

Bu | 13.5 y| 121.8 | 28.21 1238.1  5.710
suh.7% | 7.4 128!.05 1.385
205.9 | 0.4231 1377.6° | 3.868
1385.3 | 0.7923

344.3 | 26.41
367.8 | 0.8401 1401.5 1 1.301
s1.3% ] 2.301 1509.2 | 2.080

1661.3 1.076
1729.6 2.833
1764.5 | 15.09
2118.5 1.177

444.0% ) 3,077
564.5%| 0.6133
688.6% 0.8493

778.9 | 13.00
6674 | 4161 2204.1 | 4.957
964.0% L1448 2293.4 | 0.2088

1086.4% | 1184 2647.7 | 1.514

1112.0% | 13.55 88y 106.6 d| 898.0 | 93.40

1212.9 | 1.390 1836.1 | 99.40

1298.7 1.743
1408.0 |} 20.71

* Effective y-energies calculated as Eeff =Lv.,E ./Zv,

1335, : 81.0 keV = E_.. of 79.65 & 81.03;
eff

152

Eu : 244.7 keV = Eeff of 244.69 & 251.76;
411,3 keV = Eeff of 411.12 & 416.04;
444,0 keV = E ¢g of 443.98 & 444.0;
564.5 keV = E ¢¢ of 564,02 & 566.36;
688.6 keV = E ¢s of 686.4 & 688.69;
964.0 keV = E gg Of 963.43 & 964.05;

1086.4 keV = E gp Of 1085.83 & 1089.72;
1112.0 keV = Eeff of 1109.2 & 1112.08;
1298.7 keV = Eeff of 1292.86 & 1299.13

226pa : 274.5 keV = E_._ of 273.70 & 274.53
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TABLE ITI-1-2 : Nuclear data of possible secondary calibration sources
(*57.1 keV=Eeff of 56.28(K02) & 57.535 keV(Kal); 65.6 keV=E

eff OF
65. 14(KB1) & 67.254 keV(KB2); 114.1 kev=E;

£f of 113.67 & 116.42 keV;

153.5 keV=E
e

of 152,43 & 156,39 keV)

ff
Radio- E ,keV Y4 Radio- E ,keV Y%
nuclide Y nuclide Y
72Ga reference points llomAg reference points
834.0 95.65 763.9 22,29
894.2 9.85 884.7 72.7
1050.8 6.93 937.5 34,37
calibration points 1384.3 24,34
calibration points
1596.7 4,24
1861.1 5.23 446.8 3.72
2109.5 1.034 620.4 2.802
2201.7 26.1
2507.8 | 12.8 82 T
2844.1 0.410 Ta reference points
24 1121.3 35.30
Na reference point 1189.3 16,44
1221.4 27.17
1368.6 99.99 1231.0 11.58
calibration point calibration points
2754.0 | 99.88 57.1% | 73.6 !
65.6% | 19.5 !
100.1 14.23
114, 1% 2,315
153,.5% 9.58
179.4 3.09
198.4 1.44
222.1 7.50
229.3 3.64
264, 1 3.62

1.2, Accuracy and error propagation

. T ;
. The accuracy of a properly determined epef—curve can be estimated at
1-27 (including the accuracy of the gamma-emission rate), except in the en-

ergy regions below 100 keV and above 2500 keV, where it can go up to 3-4%..

ref/eref 0 Eref/eref which is transfer=
pSC P’S p’m p’a
red to the ko—factors or the analytical results, respectively [cf. Eqs

It is in fact the uncertainty on €

(1.3~18) ~ (I1.3-21)]. This uncertainty on the efficiency ratio is of the or-
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. . . . r
der of 0-27, depending on the difference in gamma-energies. The € ef error
propagation factors towards f and o will be discussed in Chapter V.

In case of.ko—determination, small geometry differences between compa-

rator and standard can be accounted for by making use of an internal compa-
rator technique (see VI.2.1) [or by actually converting the experimentally

determined E;ef~va1ues to Eseo (see below)].

It goes without saying that it is strongly recommended to check the

a;ef—curve at regular time intervals, e.g. by measuring some calibrated point

sources with low, medium and high gamma-energy (for instance 133Ba 137Cs

and 60Co).

’

geo

2. sp IN PRACTICAL GEOMETRIC CONDITIONS

ef geo

. T . . ,
2.1. Conversion of ep to €p , including gamma—-attenuation

In actual activation analysis it is often inevitable to measure an ex-—
tended sample close to the detector. Apart from correction for true-coinci-

dence effects (see Chapter IV), this requires the introduction in Eqs (I.3-20)

geo

and (I.3-21) of ap , the detection efficiency for the actual geometric con-

figuration.

In principle, experimental determination of Egeo versus EY could be per-
formed by measuring a number of "coincidence-free" sources (109Cd, 51Cr,
137Cs, 65Zn, etc.), which should have the same geometry and major element com-

position as the samples to be analysed. Because of inflexibility and other
difficulties encountered in such experimental detector calibration, the inter-
est for computational techniques has increased during the last years.

A procedure for conversion of E;ef to other counting configurations, in-
cluding correction for gamma-attenuation, has been elaborated and tested by
Moens et al., for both Ge(Li) and HPGe (hyperpure Ge) detectors [MOENS81/81A/

82/83]. In short, this conversion proceeds as follows. The relation between

Egeo and e;ef can be written as :
geo ref  §5°° (p/t)geo
€ =€ © TEeF ey (I11.2-1)
P P Q (p/t)

where {} is the "effective" solid angle subtended at the source by the detec—

tor (see below). The parameter p/t is the '"virtual" peak-to-total ratio. It
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differs fundamentally from the peak-to-total ratio (P/T : see Chapter IV)
that would be measured in an actual counting arrangement; in fact it refers
to a hypothetical, bare and isolated detector crystal. As beared out by ex—
perimental test, it can be assumed that p/t is a constant of a detector crys-
tal and thus is independent of source geometry and composition as well as

of source-detector distance; similar conclusions were drawn earlier for
NaI(Tl) detectors [RIEPPO74]. Thus, Eq. (III1.2-1) can be simplified to :

5geo0
cBe0 _ €ref £

o P . 5?3? (I11.2-2)

The basic concepts, formalae and calculation methods of the effective solid
angle (l were extensively discussed elsewhere [MDENSél, MOENS81A]. It was
shown that only simultaneous treatment of geometry, detector response and
gamma-attenuation is principally correct. In summary it can be said that Q
is obtained from numerical integratioﬁ of the "weighted" solid angle element

df over the volumes of source and detector. In general this can be expressed

as
Q= f di = [ Feff Fatt daQ (I11.2-3)
source source
detector detector

The first "weighing' factor F (response factor) is the probability for a

eff
photon with energy EY, emitted within d2 and impinging on the detector, to

interact incoherently with the detector material.'Fa accounts for gamma-

tt
attenuation caused by incoherent interaction in the absorbing materials in-
terposed between source and detector body (source container, support, detector

can, Ge dead layer, etc.). It is possible to express df, Fe and Fatt as a

function of source and detector dimensions and - for sourcegfwith a symmetry
axis coincident with the detector axis — as a function of not more than four
(for cylinders) independent variables. For the numerical‘integration of the
appropriate multiple integral [Eq. (III.2-3)], use is made of the Gauss—
Legendre Quadrature. With an increasing number of base points this integra-
tion procedure is rapidly converging so that for a typical counting arrange-
.ment only 16-24 base points are required (for each relevant variable) for
points, disks and cylinders. The procedure is available as the computer code

SOLANG written in FORTRAN IV+ on a VAX 11/780 machine. Also a BASIC version
was designed [FOGLIOPARA83] as well as an extended version in ALGOL [LIPPERT83].
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The program SOLANG requires input data for the source and detector dimensions,
source-detector distance, thickness of all interposed absorbers and finally
for the needed Yy—-energies and corresponding absorption coefficients in all
materials involved. A number of base points varying from 1 to 96 can be chosen
for each variable. With the 16-24 base points mentioned above, cpu computing
times required for the calculation of a 17 points { vs EY—curve (between 40
keV and 3.5 MeV) are as follows : 54 s for points, 6 min 16 s for disks and

51 min 48 s for cylinders.

2.2. Applicability of the conversion

In principle, the applicability of the above described egef—conversion
procedure is bound to the following conditions :

a) The detector body must be cylindric and concentric with its housing, and
its geometric parameters must be known. This means in practice that, so
as to reach ™ 27 accuracy on the conversion, the detector diameter should
be known to within 1-2%7, the diffuse n-layer thickness [for a Ge(Li)] to
within 5% (important for low gamma-energies), whereas for the other para-
meters (detector height, dimensions of p-core or coaxial cavity) an uncer-
tainty of 10-207 can be tolerated; the detector-Al (or Be) window separa-
tion should be known to within 0.1 mm.

b) The method applies to cylindrically symmetrical sources (cylinders, disks,
points) with a rotation axis coincident with the detector axis and a radius
not larger than the detector radius. The source-Al (or Be) window distance
should be measured to within 0.1 mm. The source composition with respect
to the major elements should be known approximately.

c) The thickness and major element composition of all absorbing layers in-
terposed between the source and the detector body should be known [n—layer,

Al (or Be) window, polythene or plexiglass holders, etc.].

As to conditions b) and ¢) : in the long practice at the INW and the KFKI,
dealing with a large variety of samples with different physical and chemical
structure, not any insuperable situation has been encountered which was ob-
structing application of the Ep—conversion. The reason is, of course, obvious :
many samples - biological, environmental, geological, etc. ~ are composed of

low-Z elements, and the exact knowledge of the major element composition is
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thus far from critical; in other cases, e.g. trace element determination in
high-purity metals, no problem exists at all. In fact, the problem differs in
nothing from the situation in relative standardization where the standard should
be matched to the sample.

Much more serious is condition a) : the use of a cylindrical detector
with known geometric parameters. The geometric parameters are specified in
the detector's measuring certificate, information sheet or test report provided
by the manufacturer, If the dimensionsvof‘the p-core or coaxial cavity are not
quoted, one can safely assume the following figures : height p-core or cavity/
height detector = 0.63 and diameter p-core or cavity/diameter detector = 0.22.
These ratios are averages of some 10 detectors studied, and the extreme diver-
gences from the average were not larger than + 157, thus fulfilling the condi-
tion mentioned above sub a). Nevertheless, notwithstanding this observation,
this does not give an answer to the crucial questions : can the cylindricity
of the detector be assumed, and are the measures quoted for the detector dia-
meter, n-layer thickness and window-detector separation sufficiently accurate
so as to achieve an accurate ep—conversion ? These topics will be dealt with

below.

2.3. Accuracy and error propagation

The accuracy of the above outlined €p~conversion procedure, baséd on the
geometric parameters as quoted by the manufacturer, has been tested extensively
for several Ge(Li) and HPGe detectors by,méasuring point, disk and cylinder
sources (with coincidence—free gamma-lines) at different detector distances
down to the top of the detector [LIN81, MOENS81/81A/82/83]. This comes to the
investigation of the validity of Eq. (III1.2-2) written as :

geo

€ =geo
( P > - (9 > , (III.2-4)
ref sref
Ep exp. 2 calc,

It was proved that from v 80 keV (170Tn0 to v 1800 keV (28A1) the accuracy

of the conversion is generally better than v 27, even for high (i.e. close~in)

counting geometries.
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Evidently, it would be dangerous to generalize these findings, and for
every detector the validity and accuracy of the €p—conversion should be exa-
mined. If a detector is put into operation, it is strongly recommended to test
the €p~conversion by counting some coincidence-free point sources (from low
to high Ey) at large (e.g. reference) and small distance to the detector. Sys-
tematic differences between the measured € - and the calculated Q-ratios
[Eq. (III.2-4)] can then be easily eliminated by a trial-and-error adjustment
of the specified detector parameters which are most critical : detector dia-
meter, n-layer thickness and window-detector separation. An example of such
an adjustment is shown in Table III.2-1 for Ge(Li)detector MK7 (see II.2.1),
based on measurement of point sources at 1.29 cm and 16.37 cm (reference) de-
tector distance. As seen, introduction of a value of 1000 um for the n~layer
thickness, as it was specified by the manufacturer, leads to systematic nega-
tive (51'29/ﬁ16'37 versus 81'29/€;6'37

serious at low gamma-energy. Finally, assuming a n~layer thickness of 300 Um

)~discrepancies which are becoming more
reduces the discrepancies to maximum 27, which is now a satisfactory situation.

TABLE III.2-1 : Adjustment of the value of the n-layer thickness [Ge(Li)
detector MK7 ] based on comparison of calculated and experi-—
mentally determined efficiency ratios for "coincidence-free"
point sources (measured at 1.29 and 16.37 cm detector distan-

ces) with a broad gamma-energy range

measured | n-layer{(specified)=1000um | n-layer (assumed)=300um
1.29
Isotope | E ,keV | ¢ _ _ _ _
¥’ D 51.29 516.37 a3 q1-29,516.37 |, 5
16,37
€
p
24y 59.5 | 43.94 34.33 - 21.9 43.06 - 2.0
>Teo | 122.1|  42.96 41.10 - 4.3 42.87 - 0.2
136.5 41.70 40.51 - 2.9 41.84 + 0.3
lor | 320011 34.48 33.52 - 2.8 33.79 - 2.0
13765 | 661.6] 34.13 33.88 - 0.7 33.99 - 0.4
v | 834.8 | 33.75 33.66 - 0.3 33.83 + 0.2
28,1 {1778.9 | 32.25 32.30 - 0.2 32.42 + 0.5
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In the context of the applicability of the ep—conversion procedure, it
should be realized that the above mentioned conditions a) - ¢) (I11.2.2),
being rather stringent with respect to the conversion itself, are to be soft-
ened in actual activation analysis, for the following reasons :

- As it will be outlined in Chapter IV, the formulae for true-coincidence

. . eo
correction of Np contain €§

[given by Eq. (III.2-2)], the uncertainty of
which, however, is considerably reduced. In the worst case, for measurements
on top of a large Ge-detector, the error reduction factor is still > 3

~ In the formulae for f~ and o~determination (see Chapter V), and also for
ko and concentration calculation [Eqs (I.3-18) - (1.3-21)], only ep—ratios

are involved. Tor instance in Egqs (I.3-20) and (I.3-21) one has to intro-

duce :
geo, geo _ . ref 6 ref sgeo sref sgeo ;zref o
Ep,m/ep,a (EP,m/EP,a) - QTR T IGETT/R T (I1I1.2-5)

If the monitor is counted as a quasi-point source at the reference position,

ﬁieo/ﬁ;ef = ] with negligible uncertainty, and only the uncertainty on ﬁgeo/
ﬁ;ef plays a role (see above). It is, however, strongly recommended to count

the monitor at the same distance to the detector as the sample. Then, the
uncertainty on the (ﬁieo/ﬁ;éf)/(ﬁieolﬁzef)—ratio is reduced with at least a
factor 4 as compared to the uncertainty on ﬁgeo/ﬁzef’ depending on the diffe=-
rence in gamma-energies between m and a., This is illustrated in Fig. III.2~1.
For the analyte (a) being a point-source, emitting 100, 500 and 2000 keV gam-
ma's, measured at distances to detector MK7 ranging from 1.29 cm to 31.4 cm,
’it shows the errors induced on both ﬁgeo/ﬁzef and (ﬁiéolﬁgef)/(ﬁgeo/QEEf)
[with m being a 198Au point source (411.8 keV); ref = 16.37 cm] by an error
as large as 1 mm on these distances (caused by a | mm error on the window-
detector separation specified by the manufacturer). The reduced errors in the
second situation prove the advantage of measuring monitor and sample (even
when bulky) at the same distance to the detector. Otherwise said, it is clear
that the requirements with respect to the detector (cylindricity, etc.) are

then far from critical (see also MOENS81).



-71=

15 | -8
1.0 I Ep =100 keV )
—
[<_ Note change of scale _>]
o 05 |- -2
- -
] -_—
e 5t
~ _/:—-—————-——-——-— *.
g 0 T T T T T ——— T 0 ey
2 10 20 30 ia"
~ °\
— o
-~ o
RE o4 Ep =500 keV 44 2
g, =
SE
Ja, [4._. Note change of scale _>]
<3
02} -2
0 ¥ T ) 0
10 20 30 .
0.4 - E, =2000 keV 4.
—
[<_ Note change of scale _>]
02} -2
0 T 1 1 0

Fig. III.2-1 :

10 20 30
DISTANCE (cm) : SOURCE - ACTIVE Ge

Errors induced on the efficiency conversion for 100, 500
and 2000 keV gamma's by a | mm error on the assumed window-
detector separation (MK7).

=geo ;sref
|al@; %1%

measured at "geo'" position (ranging from 1.29 cm to 31.4 cm

refers to a quasi-point sample (analyte)

detector distance) and a quasi-point monitor measured at
"ref" position (198Au 411.8 keV ; "ref" = 16.37 cm) ;
|A[(ﬁﬁeo/ﬁgef)/(ﬁgeo/QZEf)],Zf refers to counting of both

sample and monitor at '"geo' position.
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2.4. Need for cylindric Ge-detectors with well-defined geometric parameters

It goes without arguing that, with respect to the instrumentation, the
best solution is to have at one's disposal a Ge~detector approaching as close
as possible a cylindrical shape and with an accurately specified geometric con-
figuration. Since 1981, efforts have been made to convince manufacturers about
the need of this type of detectors. This campaign involved a INW/KFKI-Report
[DECORTE8I] sent to the different firms, a paper by Moens and Debertin
[MOENSSS] in the framework of the International Committee for Radionuclide
Metrology, and a good deal of discussions with company-representatives. At-
tention was paid not only to NAA, but to other applications as well, e.g.
neutron metrology, isotope production, environmental radioactivity monitoring,

etc. Some further arguments were :

- flexibility of €§e°-determination with respect to gamma-energy, source-~de-
tector distance, and source composition and dimensions ;

~ gimplicity of €geo—determination, which is experimentally only based on
measurement of an E;ef—curve (from counting of calibrated point sources at
large detector distance) ;

- accuracy of a calculated Eseo—curve (versus EY) when compared to experimen-

tal determination; in the latter case, the curve is based on a limited num~

ber of calibration points from measurement of "coincidence~free'" sources

with extended geometry, the preparation of which is a laborious task ;

s

- excellent suitability for programming on a computer.

Obviously, these efforts were fruitful, since cylindrical detectors with spe-
cified dimensions are nowadays available at a price hardly exceeding that for

other detectors of comparable quality,

2.5. Isolated correction for gamma-attenuation

As mentioned in III.2.1, correction for gamma-attenuation, based on the
assumption that the gammas pass the source and enter the absorbers in a di-
rection normal to the detector face, turns out to fail to more or less extent
especially for low gamma-energies and close~in geometries. Therefore, the

cortection is included in the above outlined Ep—conversion procedure (see
III.2.3).
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Only in case of moderate to high-energy gamma emitters, measured as
quasi-point sources at reference distance to the detector, can the correction
for gamma-attenuation be isolated from the efficiency conversion, thus yield-
ing :

egeo = e;ef CF L (111.2-6)

where, it should be stressed, "geo'" refers to a quasi-point source (a wire,
foil or cylinder of very small dimensions), causing gamma-attenuation and
measured at reference position.

The relevant correction formulae are [DIXONSI] :

- small foil or cylinder, base facing to the detector :

1 _.~kh _
Foee = Ty (I=e ™) (I11.2-7)
with Y = linear absorption coefficient (cm_l) :
h = thickness of foil or height of cylinder (cm).

- small cylindrical wire, axis parallel with detector face :
32 3
- 75T (ur)™ + ... (I11.2-8)

with r = radius of wire (cm).

It should be mentioned that this type of isolated correction is common
practice in relative standardization, where the standard and the sample -
although counted in the same geometric configuration - may have a different
composition and density and hence exhibit a different gamma=-attenuation.

As said above, this leads to inaccuracies in case of low gamma-energies and/
or small source-detector separations. The only correct way is then to incor-
porate the gamma-attenuation correction in an Ep—conversion, as done in the

present work.,
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CHAPTER 1V
CORRECTION FOR TRUE-COINCIDENCE EFFECTS

1. FUNDAMENTALS

1.1. Survey of analytically relevant true—coincidence effects and corrections

In general, true-coincidence effects occur when two or more cascading
radiations — emitted in the decay of a radionuclide with negligible time
delay — give rise to a total or partial energy deposition in the Ge-crystal.
The special situation of "delayed gamma-gamma emission', i.e. of gamma's emit-—
ted in the same nuclear decay but separated in time due to an intermediate
nuclear state of finite lifetime, will be discussed in IV.2.4.

Table IV.1-1 gives a survey of the analytically relevant true—-coinci-
dence effects in case of gamma-ray measurements performed on pseudo-coaxial
Ge(Li) or p-type HPGe detectors (well-type ewcluded), for which the detection
efficiency curve has a similar shape as shown in Figs III.I1-1 and III.I1-2,
Such detectors are for instance : ORTEC "HPGe Coax (GEM series)" ; PGT "'Ge(Li)
Coax" or "Intrinsic Coax" ; CANBERRA "Coaxial Ge' [see respective catalogues].
Coincidence effects with B-rays (assumed to be absorbed before they can reach
the sensitive detector body) or with bremsstrahlung are considered to be ne-
gligible. It should be realized that the considerable bremsstrahlung observed

in gamma-ray spectra of 42K, 66Cu, 70Ga, 142?

r, etc. is mainly caused by a
high—energy B -transition to the ground state, which is thus not coincident
with any gamma-emission. In the daily practice of multi-element neutron activa-
tion analysis, gamma-rays measured with the above mentioned detector types (i.e.
gamma—-rays A in Table IV.I-1) are to be regarded as analytically important on-
ly if their energy is higher than v 100 keV. The main reasons for this are the
presence of the accumulated high Compton "background" from high-energy photons
and the considerable decrease of the detection efficiency below v 100 keV pho-
ton energy (see Figs III.I1-1 and III.1-2) due to the presence of attenuating
layers (diffused n~type contact, Al-window). The latter effect also makes that

only cascading gamma- or KX-rays with an energy higher than 50-60 keV can cause



TABLE IV.I1-1 : Survey of analytically relevant true~coincidence effects. The full-energy peak area (N )
P
of emitted gamma-ray A (EY 2> 100 keV) is measured with a pseudo-coaxial Ge-detector

[conventional Ge(Li) or p-type HPGe; well-type excluded]

DECAY SCHEME EFFECT NOTES

I I. y-y COINCIDENCE SUMMING

A B M
increase of Np A due to total-energy 1. the effect can only be significant if the energy
l deposition of the emitted cascading of all cascading gamma-rays (in the cascades B+C
| c gamma~rays B+C and M+N+0 or M+#N+0) is higher than 50-60 keV (see text);
2. for analytically interesting gamma-rays A, the ef-
0 fect caused by triple cascades is in many cases
# negligible, and quadruple and higher order cascades
should not be taken into account at all.
II. +y-v COINCIDENCE LOSS]
decrease of Np,A due to total- or 1. a cascading gamma-ray (--B,C,D,E--) can only cause
partial-energy deposition of the a significant effect if its energy is higher than
emitted gamma-rays ---B-C and D-E-— 50-60 keV (see text);
; 2. in principie, any physically possible energy depo-
; B sition originating from an emitted cascading photon
c causes a decrease of Np,A’ i.e. counts in : full-
" energy peak, Compton continuum, single and double

escape peaks, backscatter peak, 511 keV peak (in-

scattering of 511 keV photons following external

et | 2>
o

pair production), X-ray peaks from surrounding ma-

E terials (especially Pb KX-rays), Ge KX escape peak,

etc.;

3. possible sequences are : --A-B-C-D-E--, =-B-A-C-D-
E-~, --B-C-A-D-E-- (shown), --B~C-D-A-E--, and

B-C-D-E-A--; for analytically interesting gamma-

P

rays A, the effect caused by gamma-ray cascades withl
more than fivecomponents (including A) is generally

negligible.

—9L—



TABLE IV.1~1 : continued

DECAY SCHEME EFFECT NOTES
TII. y-KX(IC) COINCIDENCE LOSS1
i
1
¥ B decrease of Np A due to total or par- 1. the effect can only be significant for KX-rays with
g
=>IC tial energy deposition of emitted cas~ an energy higher than 50-60 keV (see text), i.e. for
KX C .
TC cading KX~-rays ——KX(B)-KX(C) and Z > 70 (from 175Hf onwards);
= kx A KX(D)-KX(E)---, which are following 2. cf. note IL.2;
J internal conversion (IC) of 3. other sequences are possible; cf. note II.3.
> ~==B,C,D,E~m=
IC
= xx E
—1c
KX
i
1
¥
{IV. y~KX(EC) COINCIDENCE LOSS
decrease of Np A due to total or par- t. cf. note TII.1;
ol
=>KX tial energy deposition of emitted cas- 2. cf. note II.2;
cading X-rays KX(EC,B), KX(EC,C)--, 3. among the analytically important radionuclides, this
l} which are following electron capture effect should only be considered for, 1751-11? and 18505.
¥ (EC)

I

-l



TABLE IV.1=-1 : continued

DECAY SCHEME EFFECT NOTES

[&. v-511 keV (8%) COINCIDENCE LOSS

2x 511 kev decrease of Np,A due to total or par~ 1. except for wellftype detectors, only one of both
annih. . tial energy deposition of emitted 511 keV annihilation photons (emitted at 180°) can
| (180°) 511 keV annihilation radiation, which cause a decrease of Np,A (reasonably assuming that
H . is following B+—decay (8,Cy—=) annihilation occurs comgietely in an exterpal ab-
. Ll sorber) ;

2. cf. note II.2;

l A 3. among the analytically interesting radionuclides/

gamma-rays, this effect occurs only in a few cases
(e.g. for the 121.8 keV and 244.7 keV 132

but in general it is negligible.

Eu-lines),

-QA-

VI, 511 keV (B+) ~511 keV (B+) COINCIDENCE LOSS

A

- none 1. except for well-type detectors;
2x 511 kev <= B+ 2. the "undetected” 511 keV photon gives a small secon-
annih. (180°) dary energy deposition (backscatter peak, X-rays

produced in surrounding materials);

LSS

it can be reasonably assumed that this results in a

negligible decrease of N ,;
' . 64 PoA
3. only considered for = Cu.
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a significant coincidence effect, as mentioned in the "Notes" of Table IV.I-I.
Eventually, it should be remarked that the different types of coincidence,
headed as I, II,.III, etc. in Table IV.I-1, can occur simultaneously. For in-
stance, A can be subject to Y-y coincidence summing (I), leading on the ome
side to an increase of N JA? and can further be in a cascade with other emit—
ted gamma-rays (II) and/or KX-rays (I1I), leading on the other hand to Y-y
and/or y-KX(IC) coincidence losses and thus to a decrease of Np,A'

In classical relative NAA, the sample and the coirradiated standards are
measured at the same source~detector separation. Hence, any true-coincidence
effect is cancelled in the equation for concentration calculation, i.e. in
the Np,a/Np’S-rétio [Eqs (I.3-3) and (I.3-4)]. This is however not the case
in the ko-standardization technique (or in any absolute or single-comparator
method showing versatility with respect to the counting conditions), where the
Np,a and N o values should be corrected for true-coincidence effects [cf.

Eqs (I. 3—20) and (I.3-21)].

The general treatment of correction for Y~y coincidence summing and loss
has previously been dealt with in great detail by Andreev et al. [ ANDREEV72,
ANDREEV73] and by Moens et al. [ MOENS81, MOENSS2].

The formulae given by Andreev et al. have been rewritten by McCallum et
al. [McCALLUM75], who included the case of Y-511 keV(B+) coincidence loss and
applied it to the 2zNa 1274.5 keV line, where 90.5% of this transition is fed
by B+—decay. Debertin et al. [ DEBERTIN79] have experimentally checked Andreev's

60Co, 88Y and ]52Eu for point-source

solution for the relevant gamma-lines of
and "beaker" (i.e. cylinder) geometries close to the detector; the agreement
between experimental and calculated correction factors was usually better than
2% and never exceeded 5%. These authors also reported to have incorporated
Y-X(IC) and Y-X(EC) coincidence summing, without revealing,however,any detail.’
Although the original formulae of Andreev et al. include angular correlation
effects, McCallum et al., Debertin et al. and Moens et al. have pointed out
that the contribution of these effects to the correction is much smaller than
the uncertainty on this correction, thus making it not worthwile to add this
extra complexity to the calculations.

Unlike Andreev's solution, the method of Moens et al. requires (among
other parameters) gamma-intensities, and not beta-intensities, as input data.

Its accuracy has been experimentally checked for the relevant gamma-lines of
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60 110m

Co, sg [MOENS81, MOENS82] and ’

26a [LIN81] for point-source geometries

at 3 detector distances, including measurement on top of the detector; the
agreement between experimental and calculated correction factors was completely
comparable to Debertin's findings mentioned above. The solution given by Moens
et al., presently being generalized and updated, is adopted in the present
work. In the following, it is only presented as a practical guideline for
users. Note that in all expressions the peak and total detection efficiencies

. . . . . eo
(e or et) refer to the geometrical counting configuration on hand (i.e. €§ )

geoy

and et

1.2. Y=Y coincidence summing (see Table IV.1-1)

The probability for Y=Y coincidence summing A = B + C is given by :

Y. € €
- __B p,B p,C
S (A=B+C) ¥ T

= (Iv.1-1)
A P,A

with v = absolute gamma-intensity j
a = branching ratio ;
c = 1/(l+at) 3 oL = total internal conversion coefficient (=aK+aL+...) 3
ep = full-energy peak efficiency.

If other series of cascading gamma-rays are present, e.g. A=M+ N + 0,

one should consider also :

Y € € € A~
S(A=M#N+0) = —— ay Cy 8 © .M _p.N 9,0 (IV. 1-2)
= Y N %0 o €
A pP,A
leading to the total probability for increase of Np Al
’—-.
S(A) = S(A=B+C) + S(A=M+N+0) ' (Iv. 1-3)

[+S(§f...), for other occuring cascading series ]

It should be remarked immediately that the sum pulses originating from
B+C, etc. are subject to the same true-coincidence losses (y-y, Y-KX(IC), etc.)
as A itself. Thus, the total probability for increase of Np’é.should be re-
duced with L(A). S(A), where L(A) is the total probability for coincidence loss

of A (see IV.1.3).
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Eqs (IV.1-1) and (IV.1-2) show that, for analytically interesting gamma's
(YA relatively high), multiplication of the Ep-terms (which are maximum of the
order of 0.2) renders y-y coincidence summing caused by triple cascades in
many cases negligible, and quadruple and higher order cascades should not be

taken into account at all.

1.3. y-Y and y-KX(IC) coincidence loss (see Table IV.1-1)

In the present work, the formulae given by Moens et al. [MDENS81] for
Y-Y coincidence loss are modified so as to include Y-KX(IC) coincidence loss
as well. Both effects have to be treated simultaneously, since they are ori-
ginating from the same energy transitions. The reasoning to arrive at the
expressions for calculating the probability for Y-y + Y-KX(IC) coincidence
loss is similar to the one for Y-Y coincidence ioss described by Moens et al.,
and is demonstrated below for the simple case A-B/KX(B) [see Fig. IV.I-1].

A

b

=

IC=>e-emission e M (=>low energetic X-rays)
SM. ..
eK:> Auger-effect
KX [ Kal

Ka2

v :

Fig. IV.1-1 : y=y plus y-KX(IC) coincidence loss

The probability for pulse losses of A is the sum of the probabilities for

pulse losses caused by Y-y and Y-KX(IC) coincidence :

L(&)

L[A-B/KX(B)]

n

L(A-B) + L[A-Ka1(B)] + L{[A-Ka2(B)] + ... (IV. 1-4)

The partial contributions are derived as :

L(A-B)

probability that A is followed by transition B (= aB)

X probability that gamma-ray B is emitted (= cy =]:é—~——0
t,B

X probability that gamma-ray B gives a total or partial energy deposi-

tion in the detector (= € )
t,B

28 °3 %¢,B
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L[éfKul(B)]= probability that A is followed by transition B (= aB)
x probability that a K-electron is emitted (= cq aK,B)
x probability that a KX-ray is emitted (= Wg, fluorescence yield)
X probability that the KX-ray is Kal (= kol, relative emission rate)
X

probability that the Kal-ray gives a total or partial emergy de-

position in the detector (= et,Kul)
= ag cp Op g Wy KA € ¢4
and so on for L[A-Ka2(B)], etc.
Thus, L(A) is finally :
L(A) = ag CB(et,B + qK,B Wy ? ki et,Ki) (1IV.1-5)

with i = al, a2, etec. It is clear that, when only Y=Y or Y-KX coincidence loss
is important, one should drop the right — or left - hand term of the summation
between brackets, respectively.

The above reasoning can be extended easily to more complicated cascades,
but in practice the contribution from cascades with more than five components

(including A) appears to be always negligible and should thus not be considered.

Introducing the notation

Y, = € + Q. ng ki e

Y~ fey T %,y %k § (1V.1-6)

t,Ki

with Y = B, C, D or E, the probabilities for Y-y plus Y-KX(IC) coincidence loss
are given by Eqs (IV.1-7) - (IV.1-11) in Table IV.1-2.

It is easy to derive from Eqs (IV.1-7) - (IV.1-11) the relevant formulae
for coincidence loss for cascades with four, three and two components (inclu-
ding A) by simply dropping the irrelevant terms. Accordingly, for a four-com-

B = 0 in Eq. (IV.1-7),
which leads to the same effect as putting Vg = 0 in Eq. (IV.1-8); for a three-

ponent cascade with A as the upper line, one can put a

component cascade with A as the middle line, one can put ay = ap = 0 in Eq.
(Iv.1-8), or Yp = 2 = 0 in Eq. (IV.1-9) or Yg = Yo = 0 in Eq. (IV.1-10) ;
for a two-component cascade with A as the lower line, one can put ap = ap = a,

= 0 in Eq. (IV.1-8), or Yp = ap = ap = 0 in Eq. (IV.1-9) or Yg = Yo = 3 = 0

C E
in Eq. (IV.1-10).or Yg =Y =Yp = 0 in Eq. (IV.I-11).

C
Following the method of Moens et al [MDENSSI], one should first consider
all existing cascades (wherein A is included), and then calculate the total

probability for loss by summation of the individual contributions. For instance,



TABLE IV,1-2 : Calculation of the probability L(A) for pulse losses of A, caused by y-Y plus Y-KX(IC)

coincidence. Measured gamma A is part of a five-component cascade; the formulae for simpler cas-

cades can be derived by dropping the irrelevant terms (see text)

L [é— B/KX(B) ~ ¢/KX(C) ~ D/KX(D) -E/KX(E)] L [B/KX(B) —A- C/KX(C) - D/KX(D) "E/KX(E)]
=F1-F2+F3-—F4 =F1—F2+F3—F4
F, =ac I + a,a.c.l YB
= = +
1 B B B BCCC F1 YA aACAzB aCCCZC
+ aBaCaDCDZD + aBaCaDaECEZE . aaes +a g
c®pp*p © 2c*?eCE'E
F) = 853:°5Cc2g%¢c * 25%c?p pCpZalDp Yg Yg
. F =-w-—aac,c. ¥, +—aaac,c i T
+ aBaCaDaEchEZBZE + aBaCaDCCCDZCZD 2 YA A'CACBYC YA A'CDADBEBD
Y
+ aaaacc, .l + a,aaa.cc. ¥k
BCDECETCE BCDEDETDE + -;; aAaCaDaECACEZBZE + aCaDcCcDZCZD
F3 =4aBaCaDCBCCCDZBZCZD + aCaDaECCCEZCZE + aCaDaECDCEZDZE
* agacapapcyColplploly Yy
F,=—a,a.ac,c.c I L T
+ aBaCaDaECBCDCEZBZDZE _ 3 Ya A CDACDBCD
Y
+ a_.a.a.a.c.c.c i X X B
B"CDECDECTDE + -Y—At aAaCaDaECACCCEZBZCZE
Y
¥, =a_a.aacc.cc. I ¥ ¥ T B
4 . B CDEBCDEBCTDE + 7; aAaCaDaECACDCEZBZDZE
(Iv.1-7) + aCaDaEcCCDCEZCZDZE
Yg
Fy = A 3,303n3pCaCCpCElpl lply
(Iv.1-8)




TABLE IV.1-2 : continued

L [B/KX(B) - C/KX(C) - A ~ D/KX(D) - E/KX(E) ]

[
&)
1
&
-+
=]
1
]

1 2 3 4
Y Y
. _ B C
F1 = YA aCaAcAZB + ——-YA aAcAZC

*apeply *+apagegly

Yg g
275, ac3)CcCplple * Y, T
Ys Ye

]
]

Y

C

— +
+Yaaacc22 aDaEchZ

4 ATDECACECTE p°E“D“E
Yp
37y, 362,80 °cCa% 8 e p

Yy
+-\-{—; aCaAaDaEc c,c L T .C

=
1

CAEBCE

¥

B
+ ;X aCaAaDaECAcDCEZBZDZE

Y

+ 7; aAaDaEcACDCEZCzDZE

.
B
F, = A aca,apaglelolnly

(IV.1-9)

L [B/RX(B) - C/KX(C) - D/KX(D) - A~ E/RX(E)]

Y, 3c3)8n2pC \Cplply * v, apancacplely

1 "FpvEy-F,
F =zEaaacZ +—Y-g a,c,
17 ¥, 3% T T, #p2aCac
: A A
Y
D
+ — aACAZD + aEcEZE
A
Yg ¥g
F, = N 3c3n3,CcCpZglc * v, 8¢ana,enC, gty
g ' Ye
* A 308p385C\Cplplp ¥ N apa,encalely
e Yp
+ —= —
Ya ap2A%eCa%Elcts T Y N 2\3pCpCplply
y
B
Fy = A 303n2,cCpCalpZcIp
Y

B
+ 7; aCaDaAaEcCcAcEZBZCEE

Y

B
* A o S R o A L L

Y

4 —
T, ap8,3pCCaCplaipiy

Y

Y
Fy = N 808n235C eIl Iply

(Iv.1-10)




TABLE IV.1-2 : continued

L[B/KX(B) - C/KX(C) - D/RX(D) ~ E/KX(E) - A ]

=F -F +F,-F

1Tyt F,
Yg Ye
Fy= A 308paga,Caly * v, apapa,Calc

Tp Yg
+ ?Z aEaACAZD + ;X aACAZE

B B
— +  —
aCaDaEa A CEC A ZBZE aCaDaEa CDC A ZBZD

YB ‘YC
— o —

+ YA aCaDaEaAcCCAZBZC YA aDaEaACDCAZCZD
Y Y

+ -E a a.a,c.c, L. L+ —E'a a,c.c L. L

Y, DEAEACE Yy, 'EAEADE

=
L]

Y

F, = ;Z aCaDaEaACCCDCAEBZCZD

Y

B
* N 303023, CCpCalpclg

y

+ —E-a a.,a.cec_c, L X T
Vs c®p?r?A D ECA*B D E

>

+ ;Z aDaEaAFDCECAZCZDZE

Y

F, = ?Z aCaDaEaACCCDCECAZBZCZDZE

(Iv.1-11)

In Eqs (IV.1-7) - (IV.1-11) :

Ly = ¢ + o W
YT %y T Ky K

(y =B, C, Dor E), with i

ki€l ki

at, a2, etc.

—gg—
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if the cascades A-B/KX(B)-C/KX(C)-D/KX(D) and A-M/KX(M)-N/KX(N) are present,

one obtains :
L(A) = LLA-B/KX(B)-c/Kx(C)—D/Kx(D)] + L[A-M/RX(M)-N/KX(N)]  (IV.1-12)

In many cases, some smaller "subcascades" (including A) are common to the
different cascading series considered, and a proper subtraction should be
made so as to count only once their contribution to the coincidence loss.
For instance, if the cascading series are B/KX(B)fé - C/KX(C) -~ D/KX(D),
E/KX(E)~A - C/KX(C) - D/KX(D), B/KX(B)-A - F/KX(F) and E/KX(E)-A - F/KX(¥),

one should write :

L(A) = L[B/KX(B)~A - C/KX(C) - D/KX(D)]
L[E/RX(E)~A - C/KX(C) - D/KRX(D)]

+ L[B/KX(B)~A ~ F/KX(F)]
L[E/RX(E)-A - F/KX(F)]

L[A-C/KX(C)~D/KX(D)]

L{A~F/KX(F)]

B/KX(B) - A]

[
[E/RX(E) - A] (1V. 1-13)

-+

4

.

1

L
L

Occasionally, this procedure leads to the necessity of adding again extra
terms to compensate for the unwanted subtractions. This is for instance
the case when the cascading series are B/KX(B)-A - C/KX(C), B/RX(B)-A -
D/RX(D), B/KX(B)~A - E/KX(E) - F/KX(F), B/KX(B)-A - E/KX(E) - G/KX(G),
H/KX(H)~A~ C/KX(C), H/KX(H)-A - D/KX(D), H/KX(H)-A - E/KX(E) - F/KX(F)
and H/KX(H)-A - E/KX(E) - G/KX(G), where one obtains :

L(a) = L[B/KX(B)-A - C/KX(C)]

+ L[B/KX(B)~A - D/KX(D)]

+ L [B/KX(B)~A - E/KX(E) - F/KX(F)]
L[B/RX(B)-A - E/KX(E) - G/KX(G)]
L [H/KX(H)~A - C/KX(C)]

L [H/KX(H)~A - D/KX(D)]

L [H/RX(H)~A - E/KX(E) - F/KX(F)]
L[H/KX(H)-A - E/KX(E) - G/KX(G)]
L[A ~ E/RX(E) - F/RX(F)]

+

+ + + o+
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L[B/KX(B)-A - E/KX(E)]

L{H/RKX(H)-A - E/KX(E)]

2L[B/KX(B)~A ]

2L{H/KX(H)-A ]

L{A - E/RX(E)] : (IV.1-14)

+

1.4, Y-KX(EC) coincidence loss (see Table IV.I-1)

Since the effect can only be significant for KX-rays with an energy

higher than 50-60 keV (i.e. for Z » 70), it has only to be considered‘for

the analytically interesting radionuclides 175Hf and 18503.

a. The situation for the 175

Hf 343.6 keV gamma-line is illustrated in Fig.
IV.1-2, where irrelevant transitions are omitted. Note that the indices

B'1 and B'2 refer to Bl + B3 + B5 and B2 + B4(+...), respectively.

EC (186 keV) 175
€ = 16% HE

PK = 0,72 \\\\\\\
=KX

e
AN W
n— » ™ EC (276 keV)
d?iﬁﬁ T~ ¢ = 837
ERE P P, = 0.74
KX &= 89.4 keV 4o
o 230 © ) WY
. ™~
O O ©
RDL
4 wK = 0,952
343.6 keV kal(54.1 keV) = 0.503
ka2(53.0 keV) = 0.287

kB'1(61.2 keV) = 0.167
kB'2(63.0 keV) = 0.043

/] 77 7 77 7 77 7

Fig. IV.1-2 : y-KX(EC) coincidence loss for the l75Hf 343.6 keV

gamma-line
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The contributions to coincidence loss are the following :
1. L[KX(EC276) - 343.6]

The partial coincidence losses are @

L[Ko1(EC276) - 343.6] = probability that the 343.6 keV y-line is preceeded by

€
EC276 (% c +276 = = 0.90>
276 "89.47186
X probability that EC276 is K electron capture
(= Py 276 = 0-74)

X probablllty that a KX-ray is emitted (= W = 0.952)
x probability that the KX~-ray is Kal (= kal = 0,503)
x probability that the Kal-ray gives a total or partial

energy deposition in the detector (= € ) (Iv.1-15)
‘ t, Kol
and similarly for L[Ro2(EC276) - 343.6], etc.
Thus :
€
L[KX(EC276) - 343.6] = - 326 — . PK 976 Vg z ki € . (IV.1-16)
— 276 °89.4 186 251

with i = al, 02, etc.

2. L[KX(EC186) - 89.4/KX(89.4) - 343.6 ]

Analogously as above, and taking into account the fact that there is
now a cascade with three components (cf. MOENS81), one obtains :

L{KX(EC186)~89.4/KX(89.4)~343.6 ] =

a e ()
89.4 186 o B e

S276"389. 45106 | K»186 K ;€ Frwi
, f89.4 . :
Y343 6 #343.6 ©343.6 “89.4
»

89.4
Y343.6 2343.6 ©343.6 °89.4 K, 186 Yk Z ki € ki (IV.1-17)

(*) the probability that the 343.6 keV Y=line is preceeded by EC186 <s also

Y a e
gtven = 0.14. This is significan L fferent
. by 89.4 3j3.6 343.6 0.14. This 1 gni ficantly d
Y343, 6 89. 4

from the 0.10 value obtained from

%g9.4%186
€276%%9. 45186

» thus revealing an incon=

sistency of the nuclear data.
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Finally, the total probability for coincidence loss is :

L(343.6) = L[KX(EC276)-343.6] + L[KX(EC186)-89.4/KX(89.4)-343.6] (IV.1~-18)
. . . .. 185
b. It is now easy to calculate immediately the coincidence loss for the Os
646.1 keV gamma-line (see Fig. IV.1-3), for which the probability that it
is preceeded by EC369 can be put equal to 1. Thus one obtains [cf. Eq.
(IV. 1-16) ]
L(646.1) = L[KX(EC369) - 646.1] = Px. 369 UK ? kel g (IV.1-19)

1850S

complex, but negligible - —

= KX

; T~ EC (369 keV)
e = 80.47
P = 0.78
e K
e
©
it
>..
' : w, = 0.959
6461 keV ko 1(61.1 keV) = 0.499
;7 77 7 7 7 7 777 : ko2(59.7 keV) = 0.288

kB'1(69.2 keV) = 0.170
kB'2(71.2 keV) 0.043

Fig. IV,1-3 : y~KX(EC) coincidence loss for the 185Os 646.,1 keV

gamma~line

2. CORRECTION OF MEASURED PEAK AREA

2.1. General formula

After calculating the total probabilities for coincidence summing [S(é)]
and coincidence loss [L(é}], the observed number of counts (N!' A) in the full-
b

energy peak of gamma-ray A can be expressed as :

N N,y T LN

= + S(A)N = L(A -
P,A  p,A LA (&) p,A (_)SQé>Np (IV.2-1)

»A
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Thus, the correct number of counts (Np A)’ originating from emission of A,
b ]

‘is given by :

N'

= _PyA ' _
Np,A oF (IV.2~2)

with the coincidence correction factor COI defined as :

cor = [1 - L][1 + s)] (1V.2-3)

2.2. Criteria for relevancy of true—coincidence effects

According to the above outlined procedure, one should - for each analyt-
ically interesting gamma-line of a given radionuclide - scrutinize the decay
scheme and tabulate the relevant data (a, ¢, Y, uK, etc.) for all observed
cascading transitions as Y-Y (summing and loss), Y-KX(IC) and y-KX(EC). However,
in many cases the contribution to the coincidence effect is negligible. As
mentioned earlier, this is in general so for cascading gamma=- and X-rays with
an energy below 50-60 keV, for Y-y coincidence summing of quadruple or higher
order cascades, and for Y=y and Y-KX(IC) coincidence lossg with cascades of
more than 5 components (including the gamma~line considered). Other criteria
to accept or reject particular contributions are given below.

1. Y=Y coincidence summing.

Y
For A = B+C [see Eq. (IV.1-1)], one should reject cases with ?E'accc<o'01’
A

i.e. with less than 1% contribution to S(A). Analogously, for A = M+¢N+0

Y.

[see Eq. (IV.1-2)], one should reject cases with % a c a c. < 0.01. By
Y, “NN%0%

not involving the ep—terms in this criterium, it is guaranteed that all

contributions higher than 0.2% are taken into account.
2. Y=Y coincidence loss.

: 1
dominant in Eqs (IV.1-7) = (IV.1-11), and are thus the only ones to be

Since generally €, is not exceeding a value of 0.2, the F -terms are

considered. Next, so as to examine the relevancy of Y-y coincidence loss
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only, one should drop in the F]-terms the Y-KX(IC) contribution, by put-

ting Op y = 0 in Eq. (IV.1-6). Then, the criteria for rejection are as
’

follows :
a. in the cascade A-B-C-D-E :
if aja,a.a.c, < 0.01, cancel the E term ;

B"C'DEE

if, in addition, agacapcn < 0.01, cancel the D-E terms ;

if, in additionm, < 0.01, cancel the C-D-E terms ;

#p%cCc
43°p
practically coincidence-free.

if, in addition,

b. in the cascade B~A-C~D-E :
i < 0. 5 .
if acp2uCE 0.01, cancel the E term ;

if, in addition, acancy < 0.01, cancel the D-E terms ;

if, in addition, ascqy < 0.01, cancel the C-D~E terms ;
Y
if B a,c, < 0.01, cancel the B term.

YA ATA
c. in the cascade B-C~A-D-E :

if apapcy < 0.01, cancel the E term ;

if, in addition, apcy < 0.01, cancel the D-E terms ;
!
if — a_a,c, < 0.01, cancel the B term ;
A CAA
. e
if, in addition, — a,c, < 0.01, cancel the B-C terms.
YA ATA

d. in the cascade B-C-D-A-E :

if a Cp < 0.01, cancel the E term ;

E
.. 'p
if ?X agapa,c, < 0.01, cancel the B term ;
. » 3 . 'Y
1f, in addition, §Z apa,c, < 0.01, cancel the B~C terms ;
o p
if, in addition, — a,c, < 0.01, cancel the B-C~D terms.
Yy ATA
e. in the cascade B-C-~D-E-A :
Y

. B
et < 0. .
if YA acapapa,c, 0.01, cancel the B term ;

Y

. . . . C
— < - .
if, in addition, ¥ apn2pa,Cy 0.01, cancel the B-C terms

A

< 0.01, cancel the B-C-D-E terms, i.e.
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Y

if, in addition, — a_a,c
YA E"AA

Y

. . . E
if, in addition, — a,c

practically coincidence=-free.

3. y-KX(IC) coincidence loss

< 0.01, cancel the B~C-D terms ;

Y, ACA < 0.01, cancel the B-C-D-E terms, i.e. A is

Again, only the dominant F]—terms should be considered in Eqs (IV.1-7) -

(1IV.1~11), and one should drop the left hand term (et Y) in Eq. (IV.1-6).

Then, the criteria for rejection are completely similar to the ones de-

scribed above (see sub 2.) but one should additionally investigate the re~

levancy of the Kal, Ko2, etc. contributions. Consider for instance the case

of the 190m,

Os 616.1 keV gamma-line (see Fig. IV.2-1). Apart from the Y-y

coincidence 616.1 ~ 502.6 - 361.1 - 186.7 (all relevant), one should in

principle consider also the Y-KX(IC) coincidence 616.1 ~ KX(502.6) -

KX(361.1) = KX(186.7).

190111.OS

| ~
616.1 keV owo
S o .
—~o%
5T

l ——

502.6 keV own 2

f%s

=KX ~oIl

DR

361.1 keV

=—>KX
Y

777 7 77 777 77T 777

Fig. IV.2-1 : Relevancy of Yy-KX coincidence loss for the

616.1 keV line-

W = 0.961
kal (63.0 keV) = 0.497
ka2 (61.5 keV) = 0.288
kB'1(71.3 keV) = 0,171
kR'2(73.4 keV) = 0,043
[Ta]
=
O O N
O N o
e + O
R
O U3
186.7 keV .
|==KX
190mOs



-93=

Investigation of the relevancy leads to :

KX(186.7) Kal @ a
Koi2 ¢ a
KB*1: a
KR'2: a

502.62361.12186.7°186. 77K, 186. g K01=0.069; relevant ;
502.6%361. 12186. 7°186. 7%k, 186. 7Wg ¥2=0.040; relevant ;

LI . .
502.6%361.1%186.7°186. 7%k, 186. 7Wg KB 1=0.024; relevant ;

19.. . —
502.6%361. 12186, 7°186. 7%k, 186. 7 ¥B'2=0.0059; not rele
vant.

KX(361.1) Kal a502.6a361.1C361.1aK,361.IwK kal=0.014; relevant ;
Ra2 : 3502.63361.1C361.laK,36].le ka2=0.0082; not relevant.

KX(502.6)| Kal : a

502.6C502.6aK,502.6wK ko 1=0.0056; not relevant.

Thus, in this case, the combined Yy-Y plus Y-KX(IC) coincidences to be
considered are reduced to : 616.1 - 502.6 - 361.1/Ka1(361.1) - 186.7/Kal
> p'1(186.7).

4. y-KX(EC) coincidence loss

For the cases considered in the present work, one obtains the following

situation when analysing the relevancy (and maintaining the 17 criterium):

]75Hf [see Eqs (IV.1-16), (IV.1-17) and Fig. IV.1-2]

Kal ~ B'1(EC 186) - 89.4/Kal ~ B'1 (89.4) - 343.6
and

Kal - B'2 (EC 276) - 343.6

185

Os | [see Eq. (IV.1-19) and Fig. IV.1-3]

Kal ~ B'2 (EC 369) - 646.1

2.3. Comment on the importance of Y-KX coincidence

Table IV.2-1 gives a surv:y of the systematic errors on the coincidence
correction factors COI [Eq.(IV.2-3)], and thus on the corrected peak area
Np,A [Eq. (IV.2-2)], which would be generated by not taking into account
v - KX coincidence effects. The errors were calculated for point sources
measured at 1.29 cm distance to Ge-detector MK7 (see chapter II1.2.1). Only
the most intense gamma-lines (i.e. of direct analytical importance) of radio-

nuclides from l75Hf onwards were considered (see Table IV.2~4),
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TABLE IV.2-1 : Percentile errors on the coincidence correction factors

(COI) by not taking into account y-KX coincidence. The

data are calculated for point sources measured at 1.29 cm

distance to Ge-detector MK7

% Error on COI by

Z Error on COI by

Isotope | E ,keV Isotope | E ,keV
Y neglecting y-KX Y neglecting y—KX
175y¢ 343.6 13.9 183my, 107.9 7.4
179my ¢ 214.1 9.2 1874 479.6 19.9
180m,, ¢ 4431 3.5 188mp 63.6 13.7
332.3 4.7 185, 646. 1 15.7
215.2 3.3
181 190my | 616.1 3.2
Hf 133.0 1.3 5026 -
482.2 3.5 611 ) g
182m,. 185. 1 16.0 186.7 0.3
171.6 | 9.7 193, 460.5 -
146.8 8.9
182 197mye | 134.0 4.7
Ta 1221.4 3.2 239
Np 106. 1 12.2
1121.3 6.3

In addition to the above evidence of the importance of Y~-KX coincidence,

a comparison was made, for the 646.1 keV line of an 185

Os point—source count-

ed at 0.78 cm ("geo'") and 16.37 cm ("ref") distance to detector MK7, between

the experimentally measured and calculated co18®°~factor. From Fig. IV.1-3

and Table 1IV.2-2 it follows that COI

geo

= 1 if y-KX(EC) is neglected (no y-Yy

coincidence). On the other hand, taking into account Y-KX(EC) coincidence

1o§s, one can calculate from Eqs (IV.2-3) [with S(§Q=O] and (IV.1-19) that

co1®®° = 0.803 [introducing epgeo (obtained according to III.2) and P/T (see

IV.3.2)] . The experimentally measured COI-factor was obtained as :
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'/t geo N /t ref =geo :
co18%° = . (IV.2-4)
exp ﬁref

2

where N' = observed number of pulses in the 646.4 keV photopeak ;
P
D = decay factor normalizing to a reference time,
Note that in the above reasoning it is assumed to COIref = 1 (calculated :

0.997). From three repeated experiments, COIgXp was found to be 0.834 i_0.042

(+ 5%), which is reasonably consistent (+ 47 deviation) with COI%;?C = 0, 803.

2.4. Delayed y-y emission

Up to now it was assumed that in the decay of a radionuclide the casca-
ding radiations (Y or X) are emitted without appreciable time delay.

For a few amalytically interesting gamma-rays, however, one should take
into account the existence of an intermediate decay scheme level of finite
lifetime (expressed as a half-life Tl) when calculating the true=coincidence
correction factor. This situation of "delayed y-Y emission" is pictured in

Fig. IV.2-2. It can be expected that the

magnitude of the coincidence effects

A B A = B+C, B~C and B-C will be influenced

T1 by the value of Tl' This is quite clear
c for 75Se (see Fig. IV.2-3; only relevant

) \ lines shown ), where the 0.3039 MeV level

with its "long" half-life of 17 ms obvi-

Fig. IV.2-2 : Delayed Y-y emission ously makes that the 96.7 keV and 303.9
(Tl=ha1f~1ife of decay scheme keV lines are c?incidence—free, and that
level) ‘ the 400.7 keV-line is not disturbed by

coincidence summing of the 96.7 keV and
303.9 keV gamma's.

To reach pertinent conclusions for less extreme cases, the time scale of
pulse processing should be considered. This is shown, with some simplifications,
in Fig. IV.2~4 for a unipolar near-Gaussian shaped amplifier output pulse (as
it was the case in the present work) and for the 100 MHz Wilkinson type analog=
to~digital converter (ADC) as built-in in the Canberra S40 multichannel ana-
lyzer (cf. Table II.2=~1).
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‘ 0.2647 MeV
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Fig. IV.2-3 : Simplified decay scheme of 758e, showing the shielding
effect of the 17 ms 0.3039 MeV-level
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: digitizing time = 0.01{N+x) : transter time of ADC
1
1
i

i
i
1 1 output to MCA memory :
1

total dead time DT, pszY+ 3+ 0.01{Nex}

Fig. IV.2-4 : Time scale of pulse processing [T = amplifier's pulse shaping

time constant (us); N = converted channel number; x = digital

offset, in channels (= 0 in the present work); 3 us = fixed time]
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The coincidence effects to be considered are (see Figs IV.2-2 and IV.2-4):
. Coincidence loss B-C. The correct amplitude for a full-energy pulse of B
will be obtained only in case that C is emitted with a time delay larger
than T (peaking time = 2,3 1), for which the probability is :
(T 1n2)/Tl

p OCT =¢e (1Iv.2-5)
The complementary probability for emission of C within the time interval
T is :

(7T 1n2)/T1
p(¢T) =1~-e (IV.2-6)

The coincidence correction factor for B can be calculated as :

COIL = p(< T) COIn +p(>T coIS (IV.2-7)

sh h

with COISh coincidence correction factor for B taking into account all
relevant coincidence effects, except B-C (i.e. assuming
T<<T1, leading to complete shielding of B from C) ;
COInsh = coincidence correction factor for B taking into account all
relevant coincidence effects, including B-~C (i.e. assuming

T>>Tl’ leading to B not being shielded from C).

Coincidence loss B-C. If a pulse (not necessarily a full-energy pulse) of
B is detected, no full-energy pulse of C can be obtained unless C is emit-—
ted with a time delay larger than DT (dead time), for which the probability
is :
- (DT ln2)/Tl

p(> DT) = e (1Iv.2~-8)
The complementary probability for emission of C within the time interval
DT is :

-(DT 1n2)/T1

Pp(KDT) =1 -e (Iv.2-9)
As mentioned in Fig. IV.2-3, DT is given by :

DI(us) = T + 3 + 0.01 (N + %) (Iv.2-10)

The problem is rather complex since N (associated with B) can be any chan-
nel number between Nfull—energy g and Nthreshold (= 65 in the present work;
ADC gain = 8192). The practical consequences of not correcting accurately

are discussed below.
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3. Coincidence summing A = B+C. Perfect coincidence summing will be obtained

only in case that the time delay between emission of B and C is very small

compared to T, say < 0.01 T. The probability for C to be emitted within

this time interval is :

~(0.01 T 102)/T,
p(0.01T) =1-ce (1V.2-11)

It is to be expected that the sum peak A will show some tailing at the

low-energy wing.

47

The analytically relevant cases are (cf. Table IV,2-4) :

Ca : 530.4 ~ (T1 = 0.27 us) 767.0 ,

Eq. (IV.2~7) can be applied; however even for T = 1 Us (T =
2.3 us) one obtains p(> T) = 0, i.e. no shielding.

“76a : 530.4 = (T, = 0.27 us) 767.0
From Eq. (IV.2-8) it follows that, even for N = 65 (threshold) and
T=1wus, p(> DT) = 0, i.e. no shielding.

Ge + 558.1 = 156.4 - (T, = 116 us) 211.1 - 264.4
Eq. (IV.2-7) can be applied; for instance, for T = 2 Us (T = 4.6 us),
one obtains p(< T) = 0.027. Since the contribution to coincidence
loss is very small (due to Fyse 4 = 0.018; see IV.2.2), one can
assume total shielding.

TToe & 367.4 = 156.4 + (T, = 116.us) 211.1
Eq. (IV.2-11) yields, for T = 2 us, p(< 0.01 T) = 0; thus, one can
neglect coincidence summing.

77Ge : B - (T1 = 116 us) 211.1 with B = ]56f4 keV, 714.1 keV,

B - (T1 = 116 us) 211.1 - 264.4 1085.1 keV, etc.

The worst case is B = 1085.1 keV : for a full-energy pulse (N=2170)
and T = 2 us, Eq. (IV.2-8) yields p(> DI) = 0.84; thus, for close-in
counting geometries, significant errors are to be expected when
assuming complete shielding.

101, ~ (T, = 760 us) 191.9, with B = 80.9 keV, 408.7 keV etc.

Since T is at maximum a few Us, one has p(< T) = 0, and complete

shielding can be assumed.
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Mo : B - (‘1‘1 = 760 us) 191.9, with B = 80.9 keV, 408.7 keV, 1840.2 keV etc.

149

Nd =

The worst case is B = 1840.2 keV : for a full-energy pulse (N=3680)
and T = 2 us, Eq. (IV.2-8) yields p(> DT) = 0.96. Since the contri-
bution to coincidence loss is small

[¢V1840.2/Y191.9) 2191.9%191.9
= 0.057; see IV.2.2], one can assume complete shielding.

267.7 - 30.0 - (T1 = 35 us) 240.2

165mDy .

Eq. (IV.2-7) can be applied; for instance, for T = 2 Us, one obtains
p(< T) = 0.087.

515.5 = 153.8 + (T1 = 1.51 us) 361.7

165

Eq. (IV.2~11) yields, for T = 2 us, p(< 0.01 T) = 0.021 ; since
(Y153.8/Y515.5) a361.7%361.7 ° 0.12 (see 1IV.2.2), the error made by

not taking into account coincidence summing is negligible.

¢ 633.4 - (Ti = 1.51 us) 361.7

165D

171

Eq. (IV.2-7) can be applied; for instance, for T = 1 Us, one ob-
tains (p < T) = 0.65.

y : B - (T1 = 1,51 us) 361.7, with B = 633.4 keV etc.

For N = 65 (threshold) and T = | us, Eq. (IV.2-9) yields
p(< DT) = 0.93. Thus, for close~in geometries, small errors are to

be expected when shielding is neglected.

Er : 210.6 - (T1 = 2,60 us) C, with C = 308.3 keV etc.

Eq. (IV.2-7) can be applied; for instance, for T = 1 us, one ob-
tains p(< T) = 0.46.

'"Tyb : 1080.1 - (T, = 0.12 us) 150.4
941.7 - 138.6 - (T1 = 0.12 us) 150.4
899.2 - (T1 = 0.12 us) 150.4
138.6 - (T1 = 0.12 us) 150.4
Eq. (IV.2~7) can be aupplied; however, even for T = 1 us (T = 2.3 us)
one obtains p(> T) = 0, and the effect of shielding can be neglected.

‘177Yb

: B ~ (Tl = 0.12 us) 150.4, with B = 138.6 keV, 899.2 keV etc.

Even for N = 65 (threshold) and T = 1 us, p(> DT) = 0; thus, the

effect of shielding can be neglected.
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187y ; 685.7 = 479.6 + (T, = 0.56 us) 72.1 + 134.2

Eq. (IV.2-11) yields, for T = 2 us, p(< 0.01 T) = 0.055; since

(479.6/Y685.7 272.1%72.1%134.2%134.2 = 0+13 (see 1V.2.2), the
error made by not taking into account coincidence summing is small.

187 . 551.5 = 479.6 + (T, = 0.56 us) 72.1

As above, p(< 0.01 T) = 0.055; here, (Y479 6/Y551.5) 225 1791

=~ 2,21, and a significant error is to be expected when not taking
into account coincidence summing.
'875 : 479.6 - (T, = 0.56 us) 72.1 - 134.2

Eq. (IV.2-7) can be applied; for instance, for T = | Us, one ob-
tains p(< T) = 0.94.
187W

: 479.6 ~ (T1 = 0,56 pys) 72.1 - 134.2
Even for N = 65 (threshold) and T.= 1 us, p(> DT) = 03 the effect

of shielding can be neglected.

The above outlined considerations were experimentally checked for 77Ge and

171Er. :
The. shielding effect of the 77Ge 115 us 0.4755 MeV level (see Fig.
IV.2-5), when considering the 1085.2 keV line, was demonstrated by comparing

the experimentally determined and calculated COI-factors for measurements with

~I
%‘% 77Ge
& -
1.9996 MeV
(o} X
"
© B>
¢ =&
1.560 MeV
o
o >
[« 23]
:x
1.458 MeV
Ln p—
"> e
~NY o= o
Y o IS 6.4755 Mev
\‘r .
< >
O U
v | 84

0.26445 MeV

] ' Y
/77 7/

Fig. IV.2-5 : Part of the 77Ge decay scheme, showing the shielding effect
of the 115 us 0.4755 MeV-level
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the Ge-spectrometers MK4 and MK7 (T put at 2 Ys), exactly as described in
Iv.2.3 for 18503._The results are related to counting of a 77Ge point-source

at "ref'" distances of 17.30 cm to detector MK4 or 16.37 cm to detector MK7,

and "geo" distances of 2.15 cm to detector MK4 resp. 1.29 cm to detector MK7.
Table 1IV.2-2 shows the comparison for the 1085.2 keV line, the coincidence loss’
of which should be lower thin 17 (only 439.4 - 1085.2), in contrast with a loss
of 20~307% if no shielding effect would exist (439.4 - 1085.2 - 475.5 and

439.4 —- 1085.2 - 211.1 - 264.4). As a control, results are also given for the
1193.3 keV line, the coincidence loss of which (1193.3 - 264.4) is not influ-
enced by the 115 us 0.4755 MeV-level. In the above it is assumed that COIref

= 1 [calculated : 1.000 (MK4 and MK7) for the 1085.2 keV line; 0.995 (MK4 and

MK7) for the 1193.3 keV line].

TABLE 1V.2-2 : Compariéon of experimental and calculated coincidence correction
factors (COI) for the 77Ge 1085.2 keV and 1193.3 keV lines,
showing - for the former - the shielding effect of the 115 us
0.4755 MeV-level (see Fig. IV.2-5); "geo" = 2,15 cm or 1.29 cm
distance to detector MK4 or detector MK7, respectively. The

experiments were performed in threefold

Ge-spectrometer MK4; 1=2us Ge-spectrometer MK7; 1=2us
77Ge geo geo
geo COT caic geo CoT calc
hY,keV COIéxp with 116 ps—-level causing COIexp with 116 uys-level causing
shielding | no shielding shielding | no shielding
1085.2 | 1.010 0.997 0.793 0.990 0.996 0.696
+0.014 : +0.012
1193.3 | 0.877 - 0.890 0.839 - 0.835
+0.017 +0.017
171

Eq. (IV.2-7) is applicable to coincidence losses of the Er 210.6 keV

line (see Fig. IV.2-6). The accuracy of COI-calculation was experimentally
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tested for measurements with

. the Ge-spectrometers MK4 and

372.0keV

1.2850 Hev MK7 and for pulse shaping time

constants T = 1 and 2 us. The

362.9 keV
85.6 keV

0.9987
experiments were performed in

277.4 keV
237.1 keV

0.9130 exactly the same way as describ-

ed in IV.2.3 for ]8503. The re-

6761 keV
670.7 keV|
559.5keV

0.6759 .
sults are related to counting

of a 171Er point source at

210.6 keV

0.6356

"ref" distances of 17.30 cm to

308.3 keV
295.9 keV

2.60 us

oumy detector MK4 or 16.37 cm to de-

210.1 keV

tector MK7, and "geo'" distances

0.3267

of 2.15 cm to detector MK4 resp.

124.0 keV

55 1.29 cm to detector MK7. The

2 ; calculations were performed as-
e Suming that T = 2.3 T (confirm-
o.0050 ed by oscilloscopic investiga-

tion). The comparison of calcu-~

O A lated and experimentally de-

Fig. IV.2-6 : Simplified 171Er decay scheme termined COI-factors is shown
showing the shielding effect of the in Table IV.2-2, including also
2.60 ps 0.4249 MeV-level (cf, Table a number of gamma-lines for
IV.2-4) which the COI-factor is not in-

fluenced by shielding of the
0.4249 MeV-level (according toIV.2.2, only the coincidence losses 295.9 -
124,0 and 308.3 - 111.6 are relevant for the 295.9 keV and 111.6 keV lines,

ref

respectively). In the above it is assumed that COI = 1 [for all lines

COIref > 0.995 by calculation]. Note that the studied peak at 210.6 keV energy
is in fact originating from emission of 210.6 keV and 210.1 keV gamma-rays
(see Fig. IV.2-6), with Y210. 6/Y210 1 = 92 ; by not taking into account the
contrlbutlon of the 210.1 keV line, the error omn COI ale® 28 quoted in Table

IV.2 -3 for the 210.6 keV line, is negligibly small (< 0.5%).

2.5. Special cases encountered in practice

In many cases it is more accurate or even unavoidable to determine the

total peak area of a multiplet with close~lying energies E E etc., Then,

Y’l’ Y’z
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TABLE IV.2-3 : Comparison of experimental and calculated coincidence correc—

tion factors (COI) for the '’'Er 111.6 kev, 210.6 keV, 237.1

keV and 295.9 keV lines, showing for the 210.6 keV line the
partial "shielding'" effect of the 2.60 us 0.4249 MeV level

[see Fig. IV.2-6; see Eq. (1V.2-7)] . The results refer to
measurements on detectors MK4 [amplifiér CANBERRA 2020; T = 1
and 2 us; "geo" = 2.15 cm distance] and MK7 [amplifier CANBERRA
1413, T = 1 and 2 ps; "geo" = 1.29 cm distance]. The experi-

ments were carried out in threefold

Ge-spectrometer MK4
171E
r T =1 us T =2 us
geo geo
E_,keV | (COL ) (cot )
Y calc’sh calc nsh COIgeo cor8e° co18e° Colgeo
calc exp calc exp
111.6 - ©0.906 0.906 | 0.927 0.906 | 0.914
+0.028 +0.027
210.6 0.900 0.777 0.844 0.822 0.813 10.814
+0.025 +0.024
237.1 - 0.903 0.903 {0.925 | 0.903 | 0.861
+0.028 +0.026
295.9 - 0.970 0.970 | 0.964 0.970 | 0.951
+0.029 +0.029
Ge-spectrometer MK7
171Er
T =1 us T = 2 us
E ,kev | (cor®€? ) (co1®®° )
Y calc’sh calc'nsh COIgeo COIgeo cor®e° CO]:geo
calc exp cale exp
111.6 - 0.865 0.865 | 0.880 0.865 |0.875
+0.026 +0.026
210.6 0.850 0.651 0.759 }0.759 0.709 | 0.687
+0.023 +0.021
237.1 - 0.858 0.858 | 0.820 0.858 | 0.872
' +0.025 +0.026
295.9 - 0.913 0.913 |0.881 0.913 | 0.903
+0.026 +0.027
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an effective energy can be defined as :

Y5 By
E =

eff ; s
i

(1Iv.2-12)

Accordingly, the 17-criterium for relevancy of true-coincidence effects
should be increased with a factor I Yi/Yi and the coincidence correction fac-

1
tor becomes ¢

COI = ? Y; coxi/§ Y; (Iv.2-13)

As a result, coincidence correction is often not necessary for minor com—

ponents of a multiplet. E.g. for the 101

Mo 505.8 keV effective energy, the
1Z-criterium should be increased to 1.17 for the 505.9 keV component (y =
11.8%) and to 10.7% for the 505.1 keV component (Y = 1.22%). Then, COI

can be written as (cf. Table IV.2-4)

505.8

COI5ns.8 = (sps.1 * Ys05.9 sgs.9)/ (Y505, 1 * Ys05.9)

Another special case is the measurement of the 99M&o/gngc 140.5 keV
gamma-ray which is emitted by both the mother and the daughter isotope (with,
for the latter, no true-coincidence effects). After reaching mother-daughter

equilibrium (td 2> 60 h), one can prove easily that :

0% 14057096 140, 5,7¢ * Y140.5,M0" ©T140.5,M0°" 989140, 5,1 Y 140. 5, M0)

. 99 99 .. , _ _ ]
where 0.969 is the ~° 'Tc/” Mo activity ratio [= F2 TMO/(TMO TTc)’ see Table .

VIII.3-1].

7m0 /" 7 (both formed by

Cd), which both emit the analytically important 158.6 keV
117m
1

A last case concerns the measurement of
B~ decay of 117 (m)

gamma-ray (with no coincidence effects for n). Here one can calculate the

COI158 6—factor by calling on other prominent gamma~lines in the spectrum of

both In-isotopes, and the obvious choice is the 117mIn 315.3 keV line (with

no coincidence effects) and the ]17In 553.0 keV line. From the measured peak
areﬁs of these lines (correcting N;,SSB.O for true-coincidence), and with

the introduction of the relevant detection efficiencies and gamma~intensities,
it is then possible to calculate the contributions of 117mIn and 117In‘to the

158.6 keV peak area. Thus, the COI158 6—factor can be computed as :
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€,158.6 V158.6, ' 7™y

€,315.3 Y315.3

1
a , Yp,553.0  ©p,158.6 Y158.6,' "In

cot 117 )
€0Iss3.0 ©p,553.0 ¥553.0 158.6, " 'In

C0L 58,6 = (Np,315.3'

1
‘/ (N ©,158.6 Y158.6,' "™ _Mp,553.0 %p,158.6 Y158.6,"71n)
p,315.3 € 315.3 Y315.3 COlss3.0  ©p,553.0 ¥553.0

2.6. Coincidence tables

2.6.1. User-orientated tabulation of coincidences_and nuclear data

The cases of coincidence summing and loss to be considered (coded as
described in IV.1.2 to IV.1.4) and the associated nuclear data of 152 ana-
lytically interesting radionuclides are collected in Table IV.2-4. A gamma-
ray followed by the note "(coincidence) not relevant" is considered - in com—
mon neutron activation analysis applications — to have no analytical impor-
tance, neither directly (for concentration calculation via its peak area)
nor indirectly (for correction of spectral interferences). The notation 'no
coincidence'" means that the coincidence correction is smaller than 1% in the
described measuring conditions [pseudo coaxial Ge-detector (conventional
Ge(Li) or p-type HPGe), well-type excluded]|, even when counting a source on

top of a large detector.

In applications where accuracy of the analytical results is not a pre-
requisite it might be of interest to have at one's disposal a list of coinci-
dence correction factors, valid for some discrete distances from a point-
source to a Ge—detector of average dimensions. This information is given in
Table IV.2-5. The data refer to the following geometric configuration :

- a detector with an active volume of 101 cm3 (actually MK4; see II1.2.1)

~ point—-sources measured at source-detector distances of : 2.15 cm (Position
0), 5.28 cm (Position 1), 8.28 cm (Position 2), 11.27 em (Position 3),
14,27 cm (Position 4) and 17.27 cm (Position 5). Note that these figures
refer to the active detector body ;

- amplifier's pulse shaping time constant = 2 Us (important in case of de-

layed y-Y emission; see IV.2.4).
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TABLE IV.2-4 : True-coincidence cascade~schemes and compilation of associated
nuclear data, for the relevant gamma-lines of analytically interesting
radionuclides, and for counting on a pseudo-coaxial Ge-detector [ conven-
tional Ge(Li) or p-—type HPGe, no well-type]. Up to Lu-177, only y-Y coin-
cidence is considered; from Hf-175, y-KX(IC) and y-KX(EC) coincidence is
considered as well (see note before Hf-175).

Notations : '"not relevant" = gamma-line without analytical importance ;
"no coindicence" = coincidence correction always << 1%

Ca~41 1 1297.1 0.92 1. 7%.9 1=3+4 i
2 530.4 0.0013 {1.) 0.105 feeds 0.27 us level (see IV.2.4); 2-5 {for t in ps range) i
3 489.2 0.08 {1.) 6.7 3-4 : 1
4 807.9 1.00 (1) 6.9 3-4 [
5 167.0 1.00 [ Y] 0.195 fed by 0.27 us level {see IV.2.4); 2-5
b

] i | i i
1 1 1 ) 1 i
1 t 1 t 1 |
1 f i t t 1
| Ca-49 | 1 I 1408.9 1 1.00 P 1) | 0.63 1 1-4 |
1 | 2 ' 987.3 1 6.011 1 (1.} 1 0.076 1 2-4 )
1 | 3 t 1144.5 1 0.60 11 i 0.11 1 3-7-8 5 3-6 1
1 | 4 t 3084.% ) 1.00 1 1.} I g2.t i no coincidence 1
1 1 5 1 856.4 t 0.08014 1 (1.) ] 0.13 i 1-5-8 ]
I 1 6 1 2371.7 t 0.93 1 (1. i 0.49 i not relevant t
1 1 7 1 143.2 1 0.07 1 (1. 1 0.035 1 3-1-8 {
1 | 8 | 2228.9 1 1.60 1 (1) 1 0.19 i not relevant i
[ |mmm i m bmmmmmmmee R e formmmmmece R el | o e e e e e e 1
1 Sc-46m | 1 1 142.5 | ! t §6.0 | no coincidence i
|=mmmmmm - |=mmmmm-- f=-mm----- e |mmmmmmmm Jmmmm e J o o e e e e e e |
| Sc-46 | 1 I 1120.5 { 1.00 1 [1]1] 1 99.887 1 1-2 ]
1 1 2 1 888.3 { 1.00 i 00 1 99.98386 1 1-2 i
[ | p—— [mwmmmmmae [mmmmommn tmmmmmm e [rrmmm e e | o o o m o o oo e e ———— f
I Ti-51 i 1 i 928.6 | 0.85 [ I 1 6. I 1=243 1
1 i 2 i 608.5 | 0.15 1 {1.) i 1.18 1 2-3 1
1 1 3 i 320.1 1 1.00 [ IRV 1 92.9 i 2-3 1
fmormemm e Jrom e l==mmmmmem 1==m - - Irmmmmmmmm R L b e e e e |
| V-52 i 1 1 64T.4 1| 0.79 i {1 1 0.024 i not relevant ]
1 t 2 1 1333.6 1 0.89 1) 1 6.59 1 1-2-5 ; 2=3+4 i
1 ] 3 1 398.1 1 0.013 1 (1) i 0.008 i not relevant §
1 § 4 i 935.5 1 1.00 {1, 1 0.861 | not relevant . i
i i 5 1 1434.0 1 1.00 1 (1) 1.180.0 ! no coincidence 1
| mme e [mmmmns [ETTI Jommmmman fmcmmmmm e mmo s o | o o e e e o )
t Cr-51 | 1 i 320.1 1 1 | 9.85 1 no coincidence 1
Ymm e L T oo s [T Pmmmmmmmem [ Jmm m ot e e e e i e e e e i
1 Mn-56 | 1 t 2522.8 1t 0.85 1 (1.} 1 6.99 { not relevant 1
| | 2 t 2113.1 1t 0.98 1 (1.) 1 14.3 1 2-4 |
| | 3 L 1810.7 1 0.986 1 (1) 1 21.2 13-4 1
| 1 4 | 846.8 1 1.00 1) 1 98.9 1 1-4 5 2-4 5 3-4 1
fommmmemon IEEEEEEE fro--mmom- l-====n-- e [ bt [ et D i
| Fe-59 1 1 1 335.0 + 0.21 1 (1) 1 .27 1 1-5 5 1=2+4 1
1 1 2 1 142.6 | 0.79 1 (1) 1 0.98 i 2-3 5 2-4~-5 1
1 | 3 I 1291.6 | 0.93 1 1.80 1 43.8 | 2-3 3 3=445 1
1 1 4 1 192.3 | 0.067 |1 ©.99 ] 2.95 | 2-4-5 i
| | 5 | 1699.2 | 1.00 1 1.00 1 56.1 | 435
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TABLE IV.2-4 : continued

| Radio- 1 tine 1 1 1 1

1 1 i Ey.kev 1. a 1 < 1 Y. 4

| .nuclide 1 Code | i 1 1 i

Jrommmr. = 1--=eee e fomrocin-n |mmommmmm- Jmmm e e 1

t Co-50m i 1 1 58.6 i 1 t 2.02 |

frmmmm frommm——— e Gt f--mmmm-- {ovommmmm— fowmmmommmm e 1

| Co-£€0 1 1 1 1173.2 ) oo 1 00 t 89.88 1

| 1 2 t1332.5 1 1] i .00 t 99.3981%6 i

[EEEEEEE Tl e atad [ pmmmmmm - |mesromeme {-=-==r=mmm--- 1

1 Ni-6% 1 1 1 507.8 | 0.34 o) ] 0.29 1

1 1 4 1 1481.8 | 0.836 1 {1.) 1o23.2 1

1 1 3 1 366.3 t D.164 | (1.) 1 4.69 1

i 1 4 1 1115.5 | 1.00 1 1. Po14.8 1

fomm e frorrem——- fremmmmmmm frmmmm - |=mm=m--- R tatetd 1

| Cu-64 { 1 1 511.0 ¢ 1 t 35.7% | no coincidence {exceptin well-type detectars) [}

1 1 2 1 1345.9 § 1 i 0.49 1 no coincidence !

frmommmm - fmemmeee e frommm o f-mernemee Jomemmm [ i e D e B LR e e e i

1 Cu-66 | 1 1 833.7 1 1.00 i 0 1 6.17 i not relevant |

1 | "2 i 1039.2 + 1.00 1 o0 1 1.4 i1-2 |

{----emm—=- Iomemmmen R ikt forewmmm frommmmm——— f=mommmm R et e 1

| Zn-65 ] 1 I 11158.5 ) | { 506.70 I no coincidence i

[ Rttt et Jomemmen [ fmmmmm fomonmnoen f-mmmmmmem———— e e e e e e e e e e e e e i e e e 1 e e e e e e e i

t Zn-69m 1 1 4 438.8 1 1 1 84.8 I no coincidence i

[ |~=mm-m-- | R |mmmmmmm e frmm e Jommmmmmmo e R et et !

| Ga-10 i 1 1 176.2 1 0.99 I 0.94 1 0.39 P 1-2 1

i i 2 I 1039.2 1 1.00 11 1 0.87 1 1-2

[ fmommmmon frommmme fommmm—— Lt d R St R et i it L L |

Ga~12 i 1 1 2029.1 1 0.85 IS Y H B.124 i not relevant i

1 2 1 924.1 1 0.17 {1 } 0.143 i not relevant 1
| 3 t 495.9 | 0.68 111 1 0.56 1 not relevant |
| L3 i 2507.8 | 0.85 1 {1.) 1 12,8 I 4-34 ; 4=5+33 ; & ]

=6+28 ; £=6+429+433 ; 4£=6+30+31

1
i
1
| cont’d
|
1
i

Radio~- 1 1 1 ] | I 1
1 1 E_.keV | a ] c 1 Yo i 1 Coincidence |

nuclide 1 Code 1 t 1 1 1
frmmmmnmn- 1--mmmoe- [ I Fommmomnan tommmmmmcn e L o e e e e s 1
1 Ga-72 i 5 i 1878.0 3 0.D15% 1 {1.) 1 0.23 1 not relevant |
1 (cont'd) | 13 t 1276.7 1 0.105 1 (1.) 1 1.559 1 6-28-34 | §-29-32 ; 6-29-33-34 ; £-30-31-34 ; -1%{§-29)
i t 7 I 2491.0 1 D0.002%4 1 (1.) 1 T.48 1 2-34 ; 7=8+33 ; 1=9+431 ; 7=10+28 ; 7=10429+33 ;5 7=10+30+31 ; 1
i ¥ 1 | 1 1 1 21211427431 ; 7=12+423 ; 7=12+424+33 ; 1212425431 ; T=13+19+31 1
[ t [ t 1 1 | 1213418 ; T=14+15 i
I 1 & 1 1861.1 1 0.37 1 (1.) 1 5.23 { B-32 ; 8-33-34 ; 8210429 ; B8=11+26 ; 8=12+24 1
1 1 9 1 1586.7 1 0.30 [ 1 4.24 P 8-31-34 ; 8=10+430 ; 9=11+27 ; 9=12+25 ; 9=13+19 i
1 1 10 1 1260.1 | 0.081 1 (1.} 1 1.148 | 10-28-34 ; 10-29-32 ; 10-29-33-34 ; 10-30-31-34 ; -1%(10-29) i
| 1 11 1 861.1 1 0.065 1 (1.} 1 0.912 1 not relevant 1
1 1 12 i 810.2 1 D.143 | 1.00 | 2,01 1 12-22 ; 12-23-34 ; 12-24-32 | 12-24-33-34 ; 12-25-31-3% ;
1 | 1 | t i | -1%{12-24) ; 12=13+21 |
i 1 13 1 381.2 | 0.02 [ ! 0.278 | not relevant 1
i t 14 1 289.5 | @.014 | (1.) t 0.201 | not relevant |
1 ] 15 i 2201.7 1 0.8% 1 1. 1 26.1 1 15~-34 ; 15=16+33 ; 15=17+29+33 1
1 1 16 §1571.7 ¢ 0.035 1 (1.) 1 0.835 i not relevant |
1 | 17 t 970.5 § 0.032 1 (1.) 1 1.105 { 17-28-34 ; 17-29-32 ; 17-29-33-3% ; 17-30-31-34 ; -1%(17-29) 1
1 | 18 1 2108.5 t 0.44 (1) 1 1.034 i not relevant i
1 | 19 I 1215.1 1 0.34 () i 0.797 b 3-18-31-34 ; 13-18-31-34 ; -1%{(19-31-34) ; 19=21+25 : 19=20+27
i 1 20 ] 479.6 1 0.037 (1.} H 0.086 1 3-20-26-33-34 ; 3-20-27-31-3% ; 13-20-26-33-34 ; 13-20-27-31-34%
i 1 1 1 i H I -1%{3-20) 3 -1%{13-20} ; -1*(20-26-33-34) ; -1%({20-27-31-34) |
i ! 21 § £28.4 | 0.12 1 (10 1 0.184 I not relevant 1
1 i 22 I 2515.4 | 0.02 1 (1.) 1 0.253 I 22=23+34 ; 22=24+32 3 22:=24+33+34 ; 22=25+31+34 1
\ ] 23 | 1880.8 1 0.868 1} (1.} i £.868 1 not relevant 1
| 1 24 | 18650.8 1 0.58 [ IS 1 §.93 1 21-24-32 5 12-24-32 5 2-24-32 ; 21-26-33-34 ; 12-24-33-34 ; 1
i 1 ] I 1 1 | 2-24-33-34 ; -2%(24-32) ; -2%(24-33-34) ; ~1%{12-24) ; \
' i 1 1 1 1 1 -1%(21-24) 1 -1%(2-24) )
i 1 25 i 786.4 1 0.27 I 1.00 ! 3.17 | 21-25-31-34 5 12-25-31-34 ; 2-25-31-34 ; -2*{25-31-34} |
1 ! 26 i §99.9 | 0.07 (1) ] 0.796 | not relevant . |
1 1 27 1 735.6 ) 0.86 I (1.) 1 0.360 | not relevant i
| 1 28 [ 1230.9 1 0.14 1 (1. | 144 I 17-28-34 ; 10-28-34 ; 6-28-34 ; -2%x(2B-34) ; 28=29+33 ; 1
| | 1 ! | | § 28=30+31 i
| ] 29 | 600.9 t 0.67 1 1.90 1 5.59 i 17-29-32 ; 10-29-32 ; 6-29-32 ; 17-29-33-34 ; 10-29-33-34 ; 1
[ | 1 ! [ 1 I 6-28-33534 ; -2%(29-32) ; -2%(29-33-34) ; -1¥(17-29) ; 1
| cont'd I | 1 I 1 Po-1%{10-29) ; -1%{6-23) i
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i Radio~-
1
I nuclide

32
33

34

Coincidence

---------------------------------------------------------------- 1
not relevant
17-30-31-34" ;3 10-30-31-34 ; 6-30-31-34 ; 11-27-31-34
12-25-31-34 & 3-19~31-34 3 9-31-34 ; 1-31-34 ; -2%(30-31-34}
-~52(31-34})
6-29-32 ; 12-24-32 ; 26-32 : 16-32 ; 8-32 ; 32=33+34
17-29-33-34 ; 10-29-33-34 ; 6-29-33-34 | 26-33-34 ; 16-33-34 ;
12-24-33-34 ; 8-33-34 | -2%{29-33-34); -4*(33-34)
28-33-34 12-24-33-36 ; 8-33-34 ; 25-31-34 ; 9-31-34 ;
28-34 ¢ 18-3% 3 15-34 3 7-34 ;3 4-36 ; -2%(33-38) ; -1%(31-34)

Eeff of lines 7, & & 22

€01 = (COI7.17 + COI‘.1‘ + COI

22°722

Eeff of lines & & 22

oI = (CO!‘.V‘ + CO122'722’/(15 MRy}

relevant
relevant
relevant
relevant
relevant
relevant
relevant
relevant
relevant
relevant
relevant
relevant
relevant

Ge-17
{cont'd)

15
16
17

18

3 1-9-15-18-21 4 1-9~14-18 ; 4-14-16 ;1
P ob-14-18 5 3-14-16 ; 3-14-17-22 ; 1
14-19 5 -3%(1-8-14) ; =3%(4-14) ; -3%(3-14)

(15-17-22) ; -2%(14-18-21) ; -2%{14-~18)

1
&
3-14-18-21
~2%x(14-16) ;
[see Iv.2.4]

not relevant

not relevant

2-17-22 ; §-11-22 ; 7-13-22 ; 11-17-22 ; 12-17-22 ; 15-11-22 ;
3-14-17-22 ; -B%(17-22)

2-18-21 ; 6-18-21 ; 7-18-21 ; 11-18-21 ; 12-18-21 ; 15-18-21 ;
3-14-18-21 ; -6%(18-21) [see 1v.2.4]

feeds 116 us level (see IV.2.4) ; not relevant

fed by 116 us level {see IV.2.4) ; 280-21 (not accurate)

10-21 5 13-21 ; 2-18-21 ; 20-21 (not accurate; see IV.2.4) ;
8-21 ; 14-18-21 ; -1#(18-21) .
2-17-22 § 6-17-22 ; 7-17-22 ; 11-17-22 § 12-17-22 ; 15-17-22 ;
3-14-17-22 ; -6%{17-22) -

|
i
1
1
1
1
1
1
1
i
1
|
|
1
1

continued
I 1
E_.kev | a i c
¥ 1 1
......... A BT T PP
336.6 1 0.19 T {1.)
884.2 1 1.00 I 1.00
1 1
i 1
1464.0 1 0.123 1 (1.
629.9 | 0.88 t (1
1 1
834.0 1 1.00 1 1.00
] 1
e e e ] e e wm] w e m
2501.8 1 i
! 1
1 1
2507.9 i
i 1
1 1
......... ]--_.-__-l.-.---.--
139.7 1 ¥
......... I e N
264.6 ¢ 1
......... fovocmmma|cmmncaaan
582.5 1 0.37 (1)
1368.3 1 0.48 (1))
810.4 1 0.34 P
673.1 1 0.96 1)
1309.3 { 0,29 [ I B
928.9 1 0.1% [ BRI |
907.1 1 0.83 i (1)
1263.9 1 0.3% 1 {1
338.7 1 0.31 t 0.99
1193.3 1 0.8 [ ]
749.9 1 1,00 1 (1.}
745.7 1 0.75 1 {1.)
925.5 1 0.036 1 1.00
| 1
Ey.kev i a i c
1 i
--------- ‘-..........--l........-.._-_
558.1 1 0.65 1 1.00
N ¥ |
1 |
i ]
| 1
461.4 1 1.00 1 tt.)
631.8 | ©0.18 1 1.00
416.3 | 0.50 i 1.00
i |
367.4 1 0.29 1 1.00
1 ]
156.4 | 0.018 1 0.87
211.1 1 0.96 | 0.93
264.4 1 1.00 | 0.99
| 1
215.5 1 1.00 1 0.99
| 1
i i
1453.6 | 0.20 1 1)
880.9 | 0.0676 1 (1.)
862.1 { 0.10 1 (1)
2096.3 | 0.53 1 {10
1439.1 1 0.27 (1)
867.6 1 0.13 b))
1 }

721.0 1 0.67 Po4))
1212.9 1 0.88% 1(1.)
740.1 1 0.070 1 (1.)
515.3 1 0.97 [ R ]
695.2 1 0.33 1)
17687.7 1 0.14 1 (1.}
| |
1228.5 1 0.60 1 {1.)
i |

1-20 ; 1-21-23 ;
not relevant
not relevant

not relevant
5-20 ; 5-21-23 ; 5=6+15
§-12 ; B-13-23 ; 6-14-22-23
$-16-19-23 ; -1%{6-15)

ot relevant

8-20 ; B-21-23 ; 8-9+18
9-17-23 ; 8-18-20 ; 9-18-21-23 ; -1%(9-18)

not relevant

not relevant

3-12 3 6-12 ;7 10-12 5 12=13+423 ; 12=14+22+423 4 12=15+20 ;
12=15+421+423 : 12=16+19+23

3-13-23 ; 6-13-23 ; 7-13-23 ; 10-13-23 ; -3%(13-23) ;
13214422 ; 13515421 ; 13=16+1%

122418 ; 123415

6-15-20 ; 6-15-21-23
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TABLE IV.2-4 : continued

! Radio~ 1 | 1 | 1 1 ]
t i i 1 i 1 1 Coincidence 1
{ nuclide | 1 1 i t ] i
{==mmmmtan- | 1 1 § i R b e atabal e LD Db D Dl E S R Rt P 1
t As-76 1 i i 1 1 | 3-14-22-23 14-22-23 ; 7-14-22-23 ; 10-14-22-23 ;

i {cont'd) 1 1 1 1 t | ~3%({14-22-23} 1
{ | 15 1 571.5 | 0.068 1 (1.} 1 0.14 | 3-15-21-23 ; 3-15-20 ; 6-15-2%-23 ; 6-15-20 ; 7-15-21-23 ;

i | i 1 t i | 7-15-20 ; 10-15-21-23 ; 10-15-20 ; ~1%(3-15) ; -1*{7-15) ;

t 1 1 1 i t | =1%(10-18) 3 -3%(15-21-23) ; -3%({15-20) ; -1%{6~15)

i | 16 1 456.8 1 0.018 1 (1.} i 0.038 | not relevant {
1 1 17 1 1128.9 1 0.87 [ Y I 0.13 1 2-17-23 ; 8-17-23 ; -1*(17-23) 1
i 1 18 | 472.8 1 0.26 1 (1) t 0.050 1 not relevant |
] 1 19 1 711,71 1.00 t 1) I 0.12 | 10-16-19-23 ; 6-16-19-23 ; 11-19-23 ; -1%(18-23) ; |
| 1 i i i t 1 -1*{16-19-23} i
1 1 20 1 1216.1 t 0.386 o i 3.42 I 1-20 ; 5-20 ; B-20 ; 15-20 ; 20=21+23

1 1 21 i 657.1 § 0.84% [ IS Y 1 6.17 | 1-21-23 ; 5-21-23 ; 8-21-23 ; 15-21-23 ; -3%{21-23)

1 | 22 1 563.2 t 1.00 Pl i 1.20 | 6-14-22-23 |
1 i 23 i §59.1 ¢ t.00 t (1.1 P 45.0 | 4-23 ; 13-23 ; 22-23 ; 8-21-23 1
1 } [ il BRI B [ T I S e B R 1
1 i 1 559.2 1 1 i 46.2 1 Eeff of lines 22 & 23 t
1 i 1 i 1 1 { . t
) i i ' i i y COL = €01, 5u7pp * COLyg-7p3) /1Y yy * 7yl X
1 i 1 | 1 i t ]
1 i t1215.1 1 1 i 4.886 1 Eeif of lines 8 & 20 i
1 1 ¥ i i { H . i
. ; | \ ) ) . €01 = (COla.ya + C0120.720)/('ye + 120) X
i H ! ] 1 { 1 |
f=mmmmmmmes Jumomanme jomemennen Jurnmonene IRl i IR Jr e e e e e e o e e e e e e - t
1 Se-75 i 1 i 460.7 1 8.13 1 1.00 1 11,44 i 1247 ; 1=3+6 ; 1524849 |
1 {see [ 2 ] 136.0 | 0.6§ 1 0.97 1 58.5 1 2-7T ¢ 2-8-9 ]
1 IV.2.41 3 3 i 121.1 1 8.19 1 0.9 11747 1 3-§ \
1 ! 4 ] 96.7 | 0.038 1 0.50 | 3.42 T no coincidence |
| ] 5 ! 303.9 1 0.98 1 0.85 | 1.321 | no coincidence |
1 i 6 1 279.5 1| 1.00 1 0.89 1 24.94 1 3-8 ]
1 i 1 I 266.7 1 0.98 1 0.99 1 58.8 12-7 1 1=8+9 ]
i [} 8 I 66.1 1 0.017 1 0.77 1 1.13 1 not relevant ]
1 i 9 | 198.6 1 1.00 1 6.9%8 i 1.466 1 2-8-9 1

I

| Br-82 1 1007.5 .94 11} 1.27 1-34-17 ; 1=2+410 §
| 2 401.1 .06 (1.1} 0.10 not relevant i
1 3 827.8 .24 1.00 24.1 3-14-17 ¢ 3=4+13 ; 3=5+10 1
i 3 .23 0.99 70.8 5-11-17 5 4-12-15 ;5 4-12-18-17 5 £-13-14-17 ; ~1*{4-12)

i 5 221.5 . . 5-8-15 ; 5-8-16-17 ; 5-10-14-17 | -1%(5-9) 1
\ ] 0077 0.43 0.72 B-7-16-17 ; §-7-15 ; -1%(§-7) ]
1 7 1081.3 6 {1.) . 6-1-16~17 ; 6-1-15 ; ~1*(6-1) . |
i 8 1650.3 334 (1.) 0.75 2-8-17 ; 5-8-17 ; ~1%(8-17) ; B=8+16 ; B=10+14

| 8 852.0 16 {1.) 0.38 §5-8-15 ; 5-8-16-17 ; 2-9-15 ; 2-9-16-17 ; -1%(5-9) | -1%{2-9) ;|
1 ~1%(3-15) ~1%(9-16-17) |
| 10 606.3 0.51 {1.) 1.25 5-10-14-17 5 2-10-14~17 ; -1*{10-14-17)

| 11 1317.5 0.38 1.00 27.0 4-11-17 3 11=12+16 ; 11=13+14 |
y 12 $19.1 0.61 1.00 £3.3 4-12-15 1 8-12-16-17 5 -1%(4-12) 1
| 13 273.5 0.012 0.98 0.81 4-13-14-17 |
1 14 1044.0 1.00 1.00 27.5 1-14-17 5 3-14-17 ; 4-13-14-17 [ 5-10-14-17 ; -3%(14-17)

i 15 1474 .9 0.367 1.00 16.4 6-7-15 5 4-12-15 ; 15=16+1 i
] 16 £698.4 0.63 1.00 28.4 4-12-16-17 +; 5-9-1B-17 § 6-7-16-17 ; -2*(16-1T) i
i 17 7176.5 1.00 1.00 83.4 1-14-17 5 3-14~17 5 4-11-17 ; 4£-12-16-17 ; 5-10-14-17 ; |
t ~2%{14-17) i

coocoooo oo
(ol
~
w
=1
w0
o1
~
~
=
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TABLE IV.2-4 : continued

i 1

1 1

] i

i 1
| Rb-88 1 2118.9 D.64 (1.1 ] 0.45 1 not relevant ]
1 2 1366.7 0.15 (1.} f 0.100 1 2-7 ]
| 3 338.9 0.08 (1.} | 0.060 1 not relevant 1
1 3 3009.4 0.67 (1.} ] 0.26 | not relevant ]
1 5 2677.9 1 0.80 (1.} i 2.05 1 3-5-11 ; §=6+10 §
| 3 1779.8 | 0.10 (1.} ! 0.22 1 3-6-10-11 )
1 7 3486.5 1.00 (1.} 1 0.14 | not relevant {
1 8 1382.5 1 0.75 1.y 1 0.78 1 8-11 3 8=9+10 i
1 9 484.5 0.03 11.) 1 0.030 1 not relevant i
1 10 898.0 0.99 1.00 1147 1 6-10-11 3 1-10~-11 ; -1*{10-11) t
1 1 1636.0 1 1.00 1.0 1 22.% | 4=11 3 5-11 ; 1-10-11 ; B-10-11 5 -1%{10-11)
I e L e B B Immmmrmmm e ] = oo e e e Sl e |
1 Sr-85m 1 23t1.7 1 84,72 | no ceincidence 1
[ e SR EE TP PETEEEEES PR [ L om o e s e S S |
} Sr-8§ i 989.270 i no coincidence i

1 I

1 1

1 1

[ 1

1 1

i 1

1 1

i 1

t 1

1 Z2r-95 1 124.2 04,17 no coincidence 1
1 2 156.7 54 no coincidence 1
i R B B il B IR BN |omim mm m e s a o e e e e e s e e o oo m e mm e e s - f
1 Nb-95 ] 765.8 t 99.79 ! no coincidence ]
e L e e R e R e LT EEE LR 1
Zr-97 1 871.5 0.61 {1.) i 0.29 { not relevant 1

2 699.3 0.21 {1.) i 0.1¢0 | not relevant 1

3 1362.5 0.24 (1.) 1 1.33 1 3=4417 1

& 855.0 0.060 {1.) i 0.34 i not relevant i

5 829.7 0.043 {1.) 1 0.23 1 not relevant i

cont'd 8 355.4 0.43 0.99 1 2.38 i H i

from " Mo + "'"Tc; at equilibrium (t, 3 60 h)

i
1
1
1
1
1
| Radio- 1 i i 1 I |
1 1 | | 1 | |
| nuclide 1 1 1 | |
foe i | i i | i
| 2r-87 t 1 .2 1 0. i . 1 . 1 7-8 ; 7-9-18
1 {cont'd} 1 8 1 1851.8 1 0.24 b)) 1 0.45 | not relevant
1 1 9 1 703.7 1 0.56 1) i 1.04 1 7-3-18
1 1 10 1 1021.2 1 1 | 1.04 { no coincidence
1 1 11 1 §13.5 § 0.32 1 (s.} i 0.57 i not relevant
1 1 12 I 1750.5 1 0.44 (1) i 1.18 1 6-12 : 12=13+18
| 1 13 1 602.4 1 0,51 1 (1.} I 1.37 | 6-13-18
| 1 14 1 400.4 1 0.55 [ ] I 0.39 I not relevant
| 1 15 1 272.4 1 0.40 1 {1.) | 0.28 | not relevant
1 1 16 1 1275.8 4 1.00 1 {1.) 1 0.95 | 2-15-16 ; S-16 ; 1-18 1
1 1 11 i §07.7 1 1.00 1 0.99 i §.31 1 11-17 3 4-17
] i 18 1 1148.0 1 1.00 1 1.00 i 2.65 1 14-18 ; 6-13-18 ; 7-5-18
1 (I e T e et I R [ T e T B i
i Nb-97m 1 1 1 743.3 1 t t 87.9 I no coincidence 1
i I === =] == - -5 el e ] s e L R R N A N N
1 Nb-37 1 1 1 657.9 1 1 1 98.4 t no coincidence |
[emsocmaann | ==mmmmm = Jomeomnnm from=mne- lmmmmmmm e feommsmmnirena Rt D D e LR T ST PP
{ Nb-94m 1 1 1 702.0 1 a0 t 1.00 1 0.0031 i 1-2

1 2 1 671.0 | 1.00 i 1.00 i 0.50 | no coincidence
|ommemmmmm |mmmmen fommommm - Jr=mormms |mmmmemcae [ e b R it et et L T PR PP {
i Mo-99 1 1 1 961.1 1 0.88 t 1.00 i 0.10 1 not relevant |
| 1 2 1 621.3 1 0.22 I 1.00 i 0.025 i not relevant
| 1 3 i B22.8 | 0.98 1 1.00 ] 0.13 | not relevant
t | 4 i 778.0 1 0.26 1 1.00 | 4.36 | no coincidence
| | 5 i 738.5 1 0.74% 1 1.00 I 12,14 | 5-8 ; 5-9-10
! 1 6 t 411.5 1 0.001 1 1.00 i 0.016 | not relevant
t I 7 i 366.4 t 1.00 | 0.99 I 1.16 1 6-1 3 2-1
1 1 8 1 181.1 1 0.88 | ©6.87 | 6.08 1 1-8 ; 3-8 ; 5-8 ; 8=9+10
1 i 9 1 40.6 | 0.12 1 0.20 [} 0.85 i not relevant
H . t 10 | 140.5 1 1.00 1 0.90 1 5.18 1 5-9-10
! [ B T B B R L e I I R 1
t Tc-99m i 1 1 140.5 1 1 | 8r.2 | ‘no coincidence
[ I === =1 = = == | == =] v = o= === L T e R I L |

1 140.5 | 1 29 89
1 1
1 1

col =‘0'9691!L0,Tc' COI‘LO'Ho.yi‘o‘Mo)/(0.96911L0'Tco
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TABLE IV.2-4 : continued

| Radio- | Line | { | i | |
| 1 I Ey.kev 1 a i c i v, b | Coincidence 1
| nucljde | Code | 1 i 1 1 i
I R fommmomm - Pmwmemmsn [EEEEEEE T Jomomem e i e E T R 1
| Mo-101 1 1 1 1339.4 t 0.38 i1 i 0.17 | not relevant |
I {see 1 2 611.6 1 0.43 (1.} 0.4 | not relevant 1
1IV.2.4) 1 3 1 1941.8 1 0.032 ¢ (1.) t 0.055 | not relevant |
i 1 4 1 1530.3 | 0.16 t {1.) ! 0.27 | not relevant 1
1 1 § 1 1325.7 1 0.1% f01.) 1 0.28 | not relevant |
1 1 [ 1 510.1 § 0.57 t () i 0.98 i not relevant |
i 1 1 1 1414.,2 1 0.80 t (1) 1 0.50 | not relevant 1
i 1 8 1 1526.6 | 0.15 1 (1.} t 0.11 1 not relevant |
1 1 k] | 1548.7 | 0.43 to(t} | 0.15 | not relevant |
1 1 10 1 1030.1 t 0.20 [ S t 0.071 { not relevant 1
! 1 1 1 1523.0 + 0.14% 1t} 1 0.29 i not relevant |
| 1 12 I 1418.6 | 0.42 1 (1) 1 0.88 i not relevant \
1 1 13 | 1768.2 1 0.054¢ 1 (1.} 1 0.15 | not relevant i
1 1 14 1 1532.5 1 8.29 1 {1 1 5.396 I 6-14-87 ; 6-14-88 ; -1%(6~14) ; 14=18+72 1
t | 15 I t431.86 1 8.017 1 {1.) 1 0.38 | not relevant i
{ 1 16 i 1311.7 1 0.0812 1 {1.) i 0.24 | not relevant 1
i § 17 f 1336.3 1 0.0084 1 (1.) 1 6.18 1 not relevant 1
1 I .18 1 1161.0 1 0.9 1 {1.) 3  3.87 | 8-18-69 ; 6-18-70 ; 6-18-71 ; 6-18-72-87 ; 6-18-73 ; -4*(6-18) I
1 I 18 1 1020.0 1 0.022 1 ({1.) q 0.47 | not relevant 1
1 t 20 1 728.3 1 0.004 5 {1.) ! 0.092 1 not relevant |
1 t 21 1 448.7 ) 0.033 1 (1) i 0.69 | not relevant 1
1 1 22 1 1712.8 1 0.22 oA} ] 0.20 i not relevant 1
] 1 23 1 1394.8 1 0.67 1 (1) i 0.61 ) not relevant 1
t 1 24 1 1673.9 1 0.11 1 (10 1 1.69 t not relevant ]
| 1 25 I 1355.8 1 0.11 1 (1) 1 1.87 | not relevant ]
1 i 26 I 1348.1 1 0.870 1 (1.) 1 1.03 t not relevant ]
| § 217 I 1251.1 1 0.31 1 1.0 i 4.61 I 27-747; 27-715 ; 27-76-87 ; 21-76~88 ; -1%{27-76) t
1 ] 28 I 834.2 | 0.23 1 (10 i 3.40 | 28-64 ; 28-65 ; 28-656-92 ; 28-67-87 ; 28-68-83 ; 28=30+54

| [} 29 i 642.8 | 0.084 1 {1.) i 1.24 I not relevant |
| t 30 1 367.9 1 0.007T 1 {1.) ] g.11 | not relevant |
| i kR 1 318.0 1 0,016 1 (1.) ] 0.24 | not relevant |
1 1 32 1 1382.7 1 0.42 [ & ] ] 1.15 | not relevant 1
] 1 33 1 1186.6 t 0.37 Vot ! 1.03 | not relevant i
t cont'd | 34 1 869.7 1 0.12 (1. i 0.34 1 34-65 ; 4-67-87 i
1 | 1 ! 1 | i t
1 1 | E_.keV t a ' c I 'y i Coincidence 1
| nuclide i Code | 1 i 1 1 )
IR it Jroomeme J-m--om--- fmmmmm fommemmmmm Jmmmmmem oo e L bt e il L T ]
1 Mo-101 i 35 1 1520.4 1 B.40 (1) ] 0.24 | not relevant 1
1 (cont'd) 36 ! 1308.1 1 8.15 1 (1) i 0.094 | not relevant |
t { 37 0 1293.3 1 0.34 1 1. i 0.21 1 not relevant t
1 1 38 I 1517.8 1 0.067 1 (1.) | 0.22 i not relevant 1
1 q 39 1 1200.0 t 0.53 [ I | 1 1.75 1 not relevant 1
1 1 40 1 778.3 1 0.29% 01 | 0.96 | not relevant 1
1 t 41 1 12606.2 | 0.078 1t (1.} 1 0.15 | not relevant 1
H 1 42 t 1169.0 | 0.12 1 (1.} t 0.23 I not relevant 1
] i 43 P 1064.2 1 0.11 1 {10 i 0.21 1 not relevant 1
1 1 b4 1 888.7 1 0.12 [} | 0.23 1 not relevant 1
1 | 45 1 1248.4  0.26 [ 1 B.26 P 31-45-90 ; 31-45-91 ; -1%(31-45) 1
1 1 46 | 933.3 1 0.74 (1) 1 .75 I 31-46-75 ; 31-46-76-87 ; -1%{31-46) |
1 § 47 | 1011.1 ] 0.26 1 (1) 1 2.26 I 47-83 ; 47-48+59 |
i t 48 § 590.1 1 6.65 1 {1 1 5.64 | 48~64 ; 48-65 ; 4B8-67-87 1
! 1 49 H 514.1 1 0,093 1 (1.} 1 0.81 | not relevant \
| | 50 1 803.6  0.098 1 {1.) | 0.20 { not relevant |
i i 51 1 1310.7 t 0.10 1 (1)) | 0.058 i not relevant 1
1 i 52 1 883.5 1 0.41 [ I 1 g.70 1 not relevant i
H ] 53 1 787.8 1 0.037 ¢ (1.} ] 0.064 | not relevant {
I | 54 i 566.6 1 0.43 1 {1} i 0.73 | not relevant 1
| | 55 I 1304.0 | 0.34% (1.} 1 2.78 | 1-55 ; 20-55 ; 29-55 ; 55=56+88 ; 55:57+83 ; 55=58+75 ;

1 | I } | 1 | 55=58+76+88 )
1 1 56 I 804.4 1 0.12 I(1.) 1 1.00 { not relevant 1
{ § 57 | 713.0 1 0 t {1.) | .38 | 29-57-83 ; 29-57-84 ; 20-57-83 ; 20-57-B4 ; 1-57-83 ; 1-57-84
1 1 i 1 i | | -2%(57-83) ; -2%(57-84) ; -1%x(29-57) ; ~1%{20-57) ; -1*{1-57)
| 1 58 t 608.4 1 0.13 1 {1} 1 1.07 | not relevant t
| | 58 1 943.5 | 0.62 I {t1.) i 0.16 I not relevant 1
] 1 60 ] 571.7 1 0.41 1 {1.) 1 0.19 | not relevant 1
1 i 81 1 515.4 1 0.87 19 | 0.51 t not relevant i
1 1 62 i 815.3 | 0.25 I {1.) 1 0.18 | not relevant 1
] 1 63 1 603.0 ) B.14 (B § 0.10 | not relevant 1
[} 1 64 I 1018.6 | 0.840 | {1.) 1 0.64 | not relevant 1
t t B5 1 1012.5 § 0.80 1 (1.) | 12.8 | 54-85 ; 48-65 ; 40-§5 ; 34-65 ; 28-65 ; 19-65 ; 7-65 ; 4-85 ;

1 cont'd I 1 | i | 1 65=67+88 ; B5:=68+83 -
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TABLE IV.2~4 : continued

i Radio- { Line | 1 | 1 ] 1
1 1 1 E_,kev | a ] c 1 Y.1 1 Coincidence 1
1 .nuclide 1 Code | Y | ' i i 1
R Jmmmmm e R R {eommmmmn- Immmmm e e b o e e e e e e e e 1
t Mo-101 t 66 i 738.5 1 0.019 1 (1.} i 9.30 i not relevant 1
1 f(cont’'d] 1 67 1 512.8 1 0.11% (1) 1 1.75 t not relevant i
1 1 68 1 421.7 4 0.035 1 (1.) i 0.58 i not relevant 1
1 1 69 1 887.0 1 0.040 1 (1.) 1 0.23 i not relevant |
1 i 10 1 877.4 1 0.59 1 {1.) i 3.40 1 53-70 5 44-10 ; 6-18-10 ; 70=72+87 ; 70=73+8%

i 1 1 i 871.1 1 0.31 1 (1.} H 1.80 I &4-T71 3 6-18-71 ; I11=72+87 1
] I 72 i 371.6 1 0.03% 1 (1.} ] 0.18 1 not relevant 1
1 \ 73 | 353.0 1 0.025 1 {1.) | 6.14 I not relevant 1
1 1 T4 ] 701.8 1 0.036 1 {1.) i 0.38 { not relevant i
1 1 15 1 695.6 | 0.69 1 (1) | T.20 { 29-58-75 ; 52-15 : 50-75 ; 31-46-75 ; 43-15 ; 3375 ; 27-15 ; 1
1 1 1 1 1 1 1 17-78 : 12-75 : 8-15 ; 715:=76+88 t
1 t 16 i 195.9 1 0.27 T (1.} 1 2.86 1 29-58-76-87 ; 29-58-76-88 ; 52-76-87 ; 52-16-86 ; 50-76-87 ; )
t 1 i 1 1 [ | 50-16-88 ; 31-46-76-87 ; 31-46-76-88 ; 43-76-87 ; 43-76-88 ; |
{ ! i i 1 i | 33-76-87 ; 33-16-88 ; 27-16-87 ; 27-16-88 ; 17-76-87 i
1 | | 1 | i | 17-16-88 ; 12-76-87 ; 12-76-88 ; 8-76-87 ; 8-76-88 ;

1 i i i | | | ~1%(29-58-76) 5 -1%{52-76) ; -1*(50-76) : -1%(31-46-76) ;

1 1 1 i i { t -1%(43-76) ; ~1*(33-76) ; -1%(27-76) ; ~1*{17-76) ; 1
1 [ 1 I 1 1 t -1%{12-76) ; -1%{8-716) ; -9*(76-87) ; -9*(]16-88)

1 +17 1 381.2 1 0.49 1) 1 8.30 t not relevant 1
| 1 78 1 333.7 1 1.00 1 {1 1 0.78 t not relevant |
1 1 79 1 606.8 | 0.10 1 {1.) 1 0.21 | not relevant |
i 1 80 1 408.7 1 0.78 {10 1 1.60 | 10-60-80 ; 26-80 ; 15-80 ; 3-80 ; 80=81+92 ; 80=82+89+92

] i at | 327.7 1 0.10 1 (1.} i 0.21 | not relevant |
1 i a2 i 115.8 1 0.016 § (1.} 1 0.832 | not relevant . 1
|} | 83 ] 590.9 1 0.95 [ I 16.4 | 68-83 ; 61-83 ; 29-57-83 ; 47-83 ; 42-03 ; 39-83 ; 25-83 ;

i t t t t 1 1 23-83 ; 11-83 I
1 1 84 1 398.9 1 0.052 1 (1.) | 0.90 1 not relevant t
1 1 . 85 1 524.2 1 0.30 [ & I B | 8.17 { not relevant ]
1 i 86 | 505.1 1 1.00 1 (1) i 1.22 | no coincidence (for effective energy only) ]
1 i 87 i 505.9 1 0.89 101} 1 11.8 | 33-76-87 ; 27-76-87 : 12-76-87 ; 72-87 ; 268-67-87 ; 56-87 : {
1 ] i i 1 i 1 37-87 7 32-817 ; 6-14-87 ;5 ~2%(76-87)

i i 88 i 499.7 1+ 0.1 t (1.} t 1.47 | 58-76-88 ; 52-76-88 ; 46-76-88 ; 33-76-88 ; 27-76-88 ; 72-88 ;

| i | i i 1 } 12-76-88 ; 40-657-88 ; 28-67-88 ; 29-56-88 ; 37-88 ; 32-88 ;

1 cont’'d 1 | i ! i | 6-14-88 -5%(76-88) ; -1%(67-88) ]
1 Radio- 1 Line 1 1 1 | t i
| 1 1 Jkev | a | [ 1 ¥.1 1 Coincidence |
| nuclide | Code | i 1 | | 1
[ bbbttt fruomanaon fremmmenee fmemom o froesmma—— |ommmmm e e e A e E bl T et e DL L L L L LI R R Lt et L RS LT L LR !
1 Mo-101 | 89 | 212.0 } 0.88 1 L) | 0.51 | not relevant i
t (cont'd) 1 20 1 379.3 1 0.41 1 (1) | 0.32 | not relevant 1
i § 9t 1 187.4 1 0.59 1 {1.) | 0.47 1 ‘not relevant !
t 192 80.9 | 1,00 | ©0.66 {1 3.83 | 49-53-89-92 ; 36-89-92 ; 26-81-92 ; 78-92 ; 16-77-92 i 24-92 ;

1 1 i 1 Tt 1 | 9-77-92  48-66-92 ; 28-66-92 ; 49-62-92 ; 5-59-92 ; 21-51-92 ;
1 1 1 1 1 ! | 22-82 ; 13-92 ; 38-92 ; 35-82 ; -1%(89-82) ; -1%({77-92) ; t
[ 1 1 1 1 i | -1*(66-92) !
1 i 93 1 181.9 t 1.00 i 0.78 | 18.8 | fed by 760 us level (see IV.2.4) ; no coincidence i
1 1 Lmm s mfmmmm] mm e | === w e I R i e I S S i
1 i ! 192.4 1 | I 21.7 | Eaff of lines 83 & 76 ) )
i i 1 i | | ]

X X X X | | | 0L = Hygy ¢ COLpeyy M lygy + 7q0) :
i | { 505.8 1 | I 13.1 1 E g of lines 86 & 07 1
i | i | 1 | I

| X | ' X X | SO = bygo v COTgpuy o M vy, + 7gy) :
| | | 580.7 1 i 1 22.0 | Eeff of lines &8 & 83 i
| | | | I 1 | - ]
1 i 1 1 i ' g 0T = COL oy v COL 7yl /17 g + Yg3! '
1 1 1 870.9 4 | ) 1 Egee of lines 34 & 71 !
1 1 i t | I { =

l X | X X | [ EOL = (0L gy v COTy vy Wiy, ¢ 7 :
[ { 1 934.0 1 | I 4,15 I Eeff of lines 46 & 28 i
1 1 i I { | I 1
\ \ ) \ | \ ) col = (COIl's-’I‘.G + 60120.723)1(1‘6 + 123) |
1 1 1 1812.3 ) 1 1 15.0 1 E of lines 47 & 65 1
| i } | 1 1 efF R 1
1 1 | 1 ! i g GO = (COT oy y » COLpe ¥ /17 g * gy h
t 1 I 1251.0 1 i i 487 1 E of lines 45 & 27

1 | | ] 1 ] 1 off i
) \ . \ ' N €01 = {COL, guy o+ COL .y, ity o ¢ 7y X
i [N R T B g B R [ e i T T R R R R i
i | | 1 i | | 1
{ Tc-101 | 1 | Bt1.4 1 0.072 1 (1.) | 0.060 | not relevant 1
i ! 2 1 627.0 | 0.46 10 1 0.39 | not relevant [}
| cont’d 1 3 1 393.3 ) 0.12 1 (1.} 1 0.097 | not relevant {
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TABLE IV.2-4 : continued

| Radio- Line

1 E_.keV a c
I nuclide Code

| ————————————————————————————————————————————
it Te~101 4 617.3 .17 (1.1
I fcont’'d) 5 715.8 0.386 1.}
1 6 531.4 0.53 (1.)
{ 7 545.1 0.91 (1.}
1 8 238.3 0.048 1.}
1 9 233.7 0.042 {1.)
i 10 311.3 0.12 0.99
! 11 184.1 g.88 0.94
i 12 306.8 0.99 0.98
1 13 179.7 0.008 0.886
1 14 127.2 1.00 0.8%5
[

not relevant

not relevant

£-10 ; §-11-14

3-7 ;3 1=8+12 ; T=9+11+14
not relevant

not relevant

not relevant

9-11-14 ¢ B-11-14 ; 4=11-14 3 2-11-14 5 -3*(11-14)

not relevant
13-14 3 9-11-14 § 6-11-14 5 4-11-14 ; 2-11-
-3%(11-14)

not relevant
2-3 5 3=445
not relevant

1
i
1
1
i
i
]
i
no coincidence i
1
1
i
|
i
1
i
{
i

1
2 |
no coincidence 1
not relevant 1

i 1 .3 8.8 .

1 2 460.6 0.11 0.99
1 3 324.5 0.93% 0.98
| 3 108.8 0.010 (1.}
i 5 . 1.0

| 1 .3

1 2 .0

1 3 497.1

i 4 53.3 1.00 0.32
I Ru-105 1 1017.5 0.91 {1.)
i 2 907.86 0.32 {1.)
i 3 878.1 0.29 (1.1}
i & 138.3 0.047 (1.9
I 5 407.6 0.055 1.1
i 6 8715.9 0.71 1.00
t 7 845.8 0.18 (1.}
1 8 559.2 0.031 (1.)
1 9 822.0 0.33 {(1.)
i 10 968.4 0.52 1.00
I cont’d

i t H 1
i i EYkeV ¥ a 1 c

nuclide 1 Code 1 1 1
fomommmmm e Jomemmme L Jommmm——— Jovmsmmmne
| Ru-18% i 11 i §13.7 1 8.049 1 (1.)
t leont'd) 12 1 500.1 1 0.14 [ P
1 1 13 1 470.% ) 0.045 ) 0.99
[ 1 14 1 330.8 1 0.17 i 0.99
1 1 15 | 245.2 1 0.006 | 0.97
1 1 16 t 183.6 | 0.028 1 0.87
| | 17 1 343.3 1 t.00 ()
1 1 18 | 676.4 1 0.82 f 1,00
t I 19 1 413.5 1 0.12 i 1.00
i 1 20 1 350.2 ) 0.053 | 1.00
{ i 21 ! 366.7 1 0.004 1 0.98
1 1 22 t 656.2 | 0.12 1. 1.00
) ¥ 23 i 393.4 v 0.22 11,00
i { 24 1 316.4 | 0.66 i 0.98
1 l 25 1 286.3 ¢ 0.002 1 o0.97
| i 28 t 724.3 1 0.98 1 1.00
1 | 27 1 575.1 1 0.098 t 1.00
1 i 28 { 225.1 1 0.003 1} 0.96
! 1 28 | 638.7 t 0.27 (IR S |
) | 30 i 489.5 | 0.67 1 0.99
! i kB i 138.3 t 0.065 1 0.88
| 1 32 1 498.3 1 0.88 b))
i 1 | 1 1
i 1 33 i 350.0 1 0.12 i 1.00
I 1 34 1 468.4 | 1,00 i 0.99
1 | 35 | 326.1 t 0.88 t 0.99
1 Sl 36 I 62.4 1 0.12 1 0.43
1 i 37 1 262.8 1 1.00 1 0.97
{ i 38 i 149.1 1 1.00 ! 0.88
i I i ] i
1 1 [ BRI B
1 i i 469.4 | i
i H i 1 1
| cont'd 1 1 i I

relevant
relevant
relevant
relevant
relevant
6-34 ; B=8+424
not relevant

not relevant
not relevant
5-10 ; 10212434
10=15+26 3

18=13+32

10=16+24+34

1 18=14+30+38 ; 10=14+31+432 ;

|
Coincidence 1
1

not relevant

not relevant

no coincidence (for effective energy only)
not relevant

not relevant

not relevant

not relevant

18=19+37 ; 18=20+35
19-37

20-35 ; 20-36-37

not relevant
22=23+37

23-37

24-34

not relevant
28=274+38

not relevant

not relevant

not relevant

not relevant

not relevant

3-32 ; 7-32 ; 21-32 ;
17-32 ; 32=33+38

not relevant

1-34 3 2-34 ; 6-3% ; 12-34 ; 24-34

11-35 5 20-35 ; 35236437

not relevant

19-37 ; 23-37 i 20-36-37

27-38 ; 4-30-38 ; 14-30-38 : 13-33-38 ; 9-33-28
3-33-38 : -1%{30-38) ; -3%(33-38) -

9-32 1 14-31-

off of lines 13 & 34 |

cor = 11‘3 + c°134'136,l(1i3
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TABLE IV.2-4 : continued

i Radio- I Line ]

1 1 | E_.keV c 1 .1

| nuclide | <Code | i 1

frocmmememe |mmeseme— | B el Endei bl Enbelatadetadateded jormmmme e
1 Ru-105 1 i 1

t {cont'd) 1 ] 1

I Rh-1085m 1 | 129 i 20.0

! S R B R
1 1 { |

1 Rh-105 ] 1 1 319 1 19.2

1 | 2 1 306 { 5.13
Jommosmanwe frecemen | R R el Seolutieide il jrewmemmnn————
t Rh-104m 1 1 ] 0.022 2.07

i ! 2 ! 0.5¢ I 48.2
I--vomenmen= Jomemmem— | Rt 08 Rttt Kbkttt lommommmommm e
1 Rh-104 1 1 1 1237 (1.} | 0.07

1 1 2 1 555. 1.} 1 2.0
R [EEEREEEEE | el LT T EERELE T lorommmmammee
| Pd-109m | 11 188 1 55.7
Jommmmmn s [EEEEEERE | L tE L EEEE L LR Tmmmmmmmmmeen
| Pd-t09 1t 4 181 1.00 1 0.0112

i 1 2 } 736 1.00 1 0.4017

[ t 3 | 558 1.00 1 0.0024

i i L3 | 454 (1.} i 0.0005

i i S | 145 0.87 | 0.0011

] i 6 i 134 0.83 i 0.0013

! | 1 1 551. (1.} | 0.0006

1 | 8 H 4417.6 0.99 i 0.0008

1 1 9 i 647.3 1.00 1 0.0244

1 1 10 I 602.5 1.00 1 0.00798

1 [} 1" [} 423.9 0.98 { 0.0010

1 i 12 1 636.3 1.00 ] 0.00998

] i 13 i 413.0 0.99 1 6.00659

1 1 14 | 309.1 0.99 | 0.00488

1 | 15 { 380.6 0.99 1 0.0009

1 1 16 i 286.3 {1.) 1 0.0001

1 i 17 | 415.2 0.99 1 0.0107

| cont'd ] 18 | 103.9 0.72 i 0.0009

no coincidence
no coincidence
not relevant
1-2

1-2

1=2420 ; 1=5+12 ;
not relevant

not relevant

not relevant

not relevant

not relevant

not relevant

not relevant

6-3 ; 9=10+20
6-10-20

not relevant

5-12

5-13-19 ;3 13=14+18
14-17 ; 14-18-19
not relevant

not relevant

16-17 5 5-14-17 5 8-1
not relevant

§ ] | i
1 1 | 1
1 i 1 i
I | | i
i Pd~-109 ] 19 | 311.4 1 1.00 t 0.98 0.0320
i (cont'd) 1 20 1 4.7 1 1.00 T 0.%4 0,0011
H i 1 == == === ~===]====««-
1 i 1 311.11) 1 | 0.0368
1 i { | 1 1
i 1 | i 1 1
i 1 i f14.4 1 t 1 0.0173
1 1 1 i i |
1 1 1 i | |
1 1 - ===t = -=-]====]«===«]===«=««-
1 | i 1 1 1
i Ag-109m | 1 1 88.0 1 | 1 3.614
f 1 i | i
| Pd~11im 1 I 1063.4% 1 0.78 1 (1) | 0.13
| 1 2 | 1045.2 (| 0.33 1 (1) i 0.095
| i 3 1 1282.5 1 0.867 1 1.00 1 0.99
1 i 4 1 1200.1 { 0.27 [ P | i 0.30
1 i 5 i 862.1 1 0.17 (1) 1 0.20
i 1 ] P 1115.9 t 0.20 ot 1.04
i 1 1 | 7971.8 1 0.18 [ | 0.97
1 1 8 i 357.9 1 0.08 (1) i 0.40
1 1 9 1 272.0 1 0.03 1 (1)) i 0.16
| 1 10 i 1601.,2 1| 8.18 1 1.0 | 0.085
1 ] 1 i 525.6 | 0.58 1 1) { 1.23
1 1 12 i £39.3 | 0.48 o) i 0.23
| i 13 1 632.8 1 0.98 1 1.00 | 3.38
| 1 1 i i |
} | 1 1 | ]
! P | H 1 | [}
1 i | [} 1 i
1 1 14 i 118.7 | 0.05 11 i 6.095
| 1 15 § 575.0 1 0.97 1 1.00 1 3.02
| | 16 { 391.3 1 0.93 i 0.99 1 5.13
i cont'd 1 i 1 1 1

14-18-19 ; 15-19 ; 5-13-19 ; 11-19 ; 7-19 ;
not relevant

Eaff of lines 14 & 19

CoI = (COIi‘.v“ + c0119.1‘9)/(11‘ + 119)
Eoff of lines 13 & 17
COT = (COX ..7,4 * COI17.117)/(713 + 111)

relevant

relevant

relevant

relevant

relevant

relevant

relevant

relevant

relevant

relevant

relevant

not relevant

8-12-13-16 ; 0-12-13-17-18 ; 9-11-13-16 ; 9-11-13-17-18 ;
T-13-16 ; 7-13-17-18 ; 5-13-16 ; §-13-17-18 ; 2-13-16 ;
2-13-17-18 ; 1-13-16 ; 1-13-17-18 ; -1%(8-12-13) ; ~1*{7-13} ;
=A%(9-11-13) 5 -1%(5-13) 5 -1%(2-13) i -1*(1-13) ; -5*(13-16)
-5%(13-17-18)

not relevant '

14-15-19  10-15-19 ; 6-15-19 ; 4-15-19 ; 3-15-19 ; -4*(15-19)
8-12-13-16 ; 9-11-13-316 ; 7-13-16 ; 5-13-16 ; 2-13-36 ;
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TABLE 1IV.2-4 : continued

1 3 t I 1
i 1 1 1 1
1 ' 1 1 1
1 1 i H |
1 Pd-t1tm 17 1 101.8 1 0.07 t 0.7t i 0.27 1 not relevant |
1 (cont'd) 1 18 1 289.8 1 1.00 | 0.88 ! 0.99 1 not relevant ]
1 { 19 1 70.4 1 1.00 1 0.46 i 7.87 | not relevant ]
1 i [ | | ! ¥ 1
1 1 20 ] 172.1 ¢ i 1 33.0 1 no coincidence t
1 N B TR IR el B R i I T R Sl {
t Ag-111 | 1 1 342.1 1 0.97 1 0.98 1 .68 1 12243 ]
1 ! 2 1 86.7 | 0.03 1 0.65 1 0.2 | not relevant '
1 i 3 | 245.4 1 1.00 1 0.84 i 1.2¢4 { not relevant : i
[EEEETEEEE R (R E lemmommnn lmmammmmnn e et T s e e e e e e e e e e et b e b e i i
i Ag-108 1 1 i 1007.2 1 0,83 11 1 8.014 | not relevant §
1 1 2 [ 618.9 1 1.00 t o {1.) [ 0.262 b 2-3 1
| ! 3 I 433.9 1 1.00 o) 1 0.50 -3 2-3 |
| i 1 t 1 ' 1 §
1 1 4 1 633.0 1 1 | 1.76 1 no coincidence 1
R it Jmmme e (e fommommes fumemmean jreoroecocnnn- R e R D ittt e D D |
1 Ag-110m 1 t 1384.3 | 0.37 1 1.00 1 24.34 1 oL-14-17 5 122413 § 123410 ; 1=445 1
| ! 2 (] 763.9 1 0.33 i 1.00 1 22.29 1 2-11-37 ; 2-12-15 5 2-12-16-17 ; 2-13~14-17 ; -1%(2-12) {
i i 3 1 706.7 | 0.24 i 1.00 1 16.4 { 3-8-17 ; 3-8-15 ; 3-9-16-17 ; 3-10-14-17 ; ~1%(3-9} ]
| i 4 ] 446.8 1 0.055 1 0.99 i 3.72 i 4-6-14-17 1
f | 5 i 626.1 1 0.56 (IS I | 0.23 1 not relevant §
| 1 [ 1 937.5 1 1.00 1 1.00 1 34.37 1 ]
1 1 7 1 708.1 1 0.87 1 1) 1 8.3 1 |
| l 8 I 1562.3 | 0.072 { 1.00 1 1.027 t =G+16 ; 8=10+14
1 1 9 { 744.3 1 0.28 t 1.00 i 4.73 1 -9-16-17 ; -1%{3-9) [
i 1 10 | 677.6 | 0.85% io1.00 3 10.3 t ]
1 i 11 1 1505.0 1| 8.58 1 1.00 1 13,05 i 3 11212416 5 11=13+14
! | 12 | 687.0 1 0.29 i 1.00 1 6.43 1 -12-16-17 5 ~1%{2-12) 1
1 t 13 | 820.4 1 0.12 i 1.00 1 2.802 i {
1 t 14 t  884.7 | 1.00 1 1.00 1 12.7 | 2-13-14-17 ; 3-10-14-17 § 4-6-14~17 ; -3*(14-17) 1
] 1 15 t 1475.8 { 0.36 i 1.00 | 3.990 1 3-9-15 ; 15=16+17 |
! H 1 1 I { i 3-9-18 H )
|
!
|
1

off
CcoI = (C013.13 + C0111731(73 + 71)

! Radio- I Line i |

! I E ,keY a c | 2 | Coincidence

| nuclide | Code i |

Jommmmm B el LS EE R EESEP Ry PR [ | e e e o
I Ag-110m | 17 657.7 1.00 1.00 I 84.51 11-14-17 ; 2-93-14-17 ; 3-10-14-17 | &~6-14-17 ; 2-11-17 ;

1 lcont'd}l . [ 1 3-8-17 5 2-12-16-17 ¢ 3-9-16-17 ; -1%(16-17) ; -3%{14~17) '
1 1 18 676.6 l 0.14 1 not placed in decay scheme; no coincidence assumed '
! I B B R I i R 1
: 677.8 : 10;48 : Eeff of lines 18 & 10 |
1 1 G0 = Dygg » COLGur gy g ¢ 7yg) :
i 706.7 | 16.66 t E of lines 3 & 7 1
1 1 i 1
1 1 | i
i

1

] 1

I |

I 1

1 i

1 1
1 Cd-115m 1 1280.5 0.98 (1.} 1 .77 1 12243 1
I 2 158.0 0.022 0.85 1 G6.02 i not relevant 1
i 3 1132.5 1.00 {1.) 1 0.07 | hot relevant 1
1 4 484.3 1 0.99 0.99 1 0.26 { 4-5 |
i 5 933.6 1.00 1.00 1 1.7 1 &-5
R el L e Rl B lommtmsm e Lt 1
t Cd-118 1 527.9 t 27.5 | no coincidence 1
{ 2 492.4 0.92 1.00 1 8.03 | 2=3+4 i
t 3 231.4 0.08 0.98 I 0.740 | not relevant 1
| 4 260.9 1.00 1 0.97 1 1.94 13-4 |
t e B Bt BN BT R e T N '
t In-115m 1 336.2 1 1 45.8 | no coincidence 1
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TABLE IV.2-4 : continued

| Radie- 1 Line ! 1 ! ! - !

1 i E ,kev 1 a ! < 1 vl 1 Coincidence

{ nuclide 1 Code i { ' ! !

R fommemme]|omrmanan. fosmmmmnn jrommm———— |evmrmemena P P e |

| Cd-11T{ml1 ! ] ! | !

1 i 1 i 1 1 1

| In-11Tm 1 315.3 1 ! 1 19.5 | no coincidence :

i 1 § ]

: : 2 158.6 i 1 t 15,9 | no coincidence

[ 1 1 ' | i 1

VoIn-117 1 3 553.0 | 1.00 [ ] i 9%.0 1 3-4

1 \ & 158.6 1 1.00 + 0.86 1 66.0 13-4

1 | L B R B B [BEE R I I I R L B AL B B R N N S

t 1 150.6 1 1 i i sum of lines 2 and 4 , 1

1 | | | 1 1 .27 Np 1 %"y 1
1 1 1 ' 1COI = (N . = e i e e L '

\ 1 i i 1 I Pt Ty Oy sy 507y ¢ !

1 1 ] i ] ! 1

\ ) \ ' ' { '

] 1 1 ! 1 1 1

1 1 ¥ 1 i I 1

Jemmmmeman Jemmmmon e e e —— 1

I In-114m | 1 190.3 i 1 15.4 4

1 1 1 ] 1 i 1

i 1 2 725.2 1 1.00 1 1.) | 4.33 | 2-3

1 | 3 558.4 ¢ 1.00 t 1) i 4.38 | 2-3

| [ it LT R fovmmvmenn Jowommmnoneusn IR R e GGRE LR DL E P E R E LR 1

| In-116m 1 1 1753.8 1 06.91 1 1.00 4 2.48 1 1-18 4 15645 0 12348 1 12249 !

i 1 2 781.0 | 0.040 t (1.) | 0.11 | not relevant i

1 1 3 655.7 1 0.040 & (1.} { a.11 { not relevant '

1 1 4 245.0 1 0,014 1 (1.) i 0.037 i not relevant

§ i 5 1507.5 t+ 0.98 1 1.00 | 9.96 I 5-14

1 1 6 %16.9 | 0,87 4§ 0.99 | 29,20 1 6-10 5 8-11-14 ; §-12-13-14 i

| ! 1 1T 137.9 1 0.12 1 0.79 i 3.29 i 1-8-14 }

I | 8 1097.2 1 1,080 I 1.00 1 856,21 | 1-8-14 ]

1 [ 9 872.6 | 1.00 1 (1. 1 0.4% | not relevant t

] [T 2112.2 1 6.56 1 1.00 1 15.53 1 6-10 5 10=11+1% ; 10=12+13+14 1

| | 1 818.7 1 0.4¢% i 1.00 111,48 1 6-11-14 5 11212413

| 1 12 355.4 1 0.030 1 0.98 ! 0.83 ! not relevant

1 1 13 483.1 1 1.08 [ ] 1 0.83 ! not relevant

t t 14 1293.5 ( .00 t 1.00 1 1 ]

1 Radio- f Line 1 | |

¥ 1 E_.kev | a t c

i nuclide | Code i i 1

leoemeraann Jomeamron|cuccemmen [ REEEELEE] |oncevonan 1

I Sn-113(m}t 1 1 |

i 1 1 i |

1 In-113m 1 391.7 1 ! 1

|sorecomnun e R tahd lommremen leweoen ==

I Sa-11Tm 1 156.0 1 1.00 1 0.021 ¢

] 1 ? 158.6 1 1.00 t 0.886 1

§ | LR B AR R B |

1 | 158.5 | R t 88.51% 1E of lines t & 2 1

1 ' 1 1 1 y off of. .y 114 ) 1

| | \ \ i ) ¢of = (COI‘.V‘ + C PELLIAL TR :

l=rmmccncnn fmccomerr]ommnrnannn jrmemoam rleccormnen jaaan i=--

| Sn-123m | 1 160.3 | ] 1 85.8 | no coincidence

fecmvncmnan [ e e ] I=ceneema focrrmecen jrmmcnmcunee L ELLT

| Sn-125m 1 331.9 1 | 1 99.57 | no coincidence

(LR lmmmmen o lemmmanann lommmrnnn Jomemmoonn L el mo o e e mccmenaaa B T TR, 1

| Sn-125 | 1 1220.9 1 08.93 Vo) | 0.25 | not relevant

! 1} 2 270.6 1 0.89 1 {1,) Vo 9.089 | not relevant

i i 3 1173.3 1 0.30 1) 1 .17 | not relevant B

1 1 4 1151.2 t 0.19 1) | 6.11 i not relevant

| | 5 350.9 1 0.43 [N 1 0.25 | not relevant

| | 6 934.6 1 0.096 ¢ {1.) | 0.19 { not relevant

i | 1 652.6 1 0.018 1 (1.} t 0.038 1 not relevant

| i 8 915.5 | 0.83 [ B P ] 3.85 1 2-8-18

i 1 9 883.4 | 0.06 1 (1.) 1 0.27 1 not relevant

i | 10 822.5 1 0.82 1 (1)) § 3.99 | 5-10-18

| 1 11 800.3 | D.15 (1) 1 0.99 | not relevant

| i te 468.8 1 0.21 1 £1.) | 1.38 | 5-12~-14 ; 5-12-15-19 ; -1*%(5-12)

1 \ 13 1258.4 | 0.47 t {1 1 0.02% 1 not relevant

t t 14 1419.7 1 0.29 [ RS | | 0.454 | not relevant [

] 1 15 1087.1 1 0.71 1) | 1.11 § 5-12-15-19 i

| { 18 1017.4 1 0.77 1) 1 0.30 1 not relevant t

1 i 17 1088.2 | 1,00 1 {1} | 4.28 to4-17 3 8-17 3 11-17 |

1 BT 10671 1 1,00 1 (8.} 1 9.04 } 5-10-18 ; 1-18 5 3-18 ; 6-18 ; 8-18 1

| i 19 332.1 1 t.00 1 0.97 ] 1.1 t13-19 5 12«1 -19 3 7-16-19 1

| 1 L B e R B L L R R T i

| i 1088.9 | 1 ] 5.39 t E of lines 15 & 17 i

I ! | | I y off : ey 1 '

| cont'd 1 1 i 1 j GO = 00T gy g+ COL gy M lry5 * 7y )




TABLE IV.2-4

-117~

Radio-~

nuclide

{8n-125
cont’'d)

Sb-124
{cont'd}

I-131

: continued
E ,keV a c

635.9 0.85 1.00
208.1 0.014 0.89
606.6

iz o 0.08 £.93
600.86 0.99 1.00
204 .1 0,15 8.91
463.4

427.9 0.74 £.99

Coincidence

1=248

not relevant
no coincidence
not relevant
no coincidence

not relevant
no caincidence
no coincidence

io-1x(3-4)
T -1%(3-4)

not relevant

not relevant

not relevant

5-24 ; 5=8+23 ; 527422 ; 5:8+20+23 ; 5:8+12
not relevant

7-21 ; 7-22-24

not relevant

not relevant

not relevant

not relevant

12-24 7 12513423 ; 12214422
13-23-24 ; 13=15+20

14-21 3 14-22-24

not relevant

not relevant

11-37-24 5 17=19+22 ; 17=18+23
not relevant
11-18-21 § 11-19-22-24 ; -1%(11-19)

2-20-23-24 ; 8-20-23-24 ; 10-20-23-24 3
-3%({20-23-24)

3-21 ¢ T-21 3 14-21 ;5 19-21 3 21=22+24
3-22-24 ;3 T-22-24 ; 14-22-24 ; 19-22-24
1-23-24 3 6-23-24 ; 13-23-24 : 16-23-24
-5%{23-24)
5-24 5 12-24 ;
1=245 { 1=3+4

not relevant

not relevant

not relevant

not relevant

15-20-23-24 ;

i -3%(22-24)
i 18-23-24 ; 20-23-24%

not relevant
not relevant
not relevant
2-4-5

1-5

1=2+3

not relevant

not relevant
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TABLE IV.2-4 : continued

i ] 1 i ! i i
1 V E_.kev | a [ c t Yol 1 Coincidence §
nuclide | Code i 1 i ! 1 i
Pmmm e e e bmmmmmmee R i Pommm o b o e e e e e e i e e m e -1
1 Cs-134 1 11 1365.2 1 0.11 1 1.00 1 3.04 ! 1-10 |
t 1 2 1 801.910.32 | 1.60 | 8.73 i 2-8 ; 2-9-10 ,
1 1 3 1 569.3 1 0.57 f 0.99 1 15,43 1 3-7-10 1
| 1 4 {1 1038.6 | 0.40 I 1.08 i 1.00 P 410 ; 45548 | 4=6+7 |
1 1 § 1 #15.4 { 0.58 { 0.99 1 1.465 t 5-8 ; 5-9-18 |
1 [ ] | 242.9 4 0.008 | (1.} P 0,021 | not relevant 1
i i 7 ] 795.8 1 1.00 {1 1.80 1 85.44 1 3-7-10 1
| 1 8 t 1168.0 1 0.18 1 1.00 1 1.805 1 5-8 ; 2-8 ; 8=9+10 1
] 1 8 t 563.2 | 0.82 1 0.99 1 8.38 | 2-9-10 ; 5-9-10 ; -1%(8-10) i
t ! 10 1 60471 1.00. 1 ©0.98 1 97.58 t 4-10 5. 4-18 ; 3-7-10 ; 2-9-10 ; 5-8-10 ; -1%{9-10) 1
R [ommmmenn I [ fmmmmmmmse R [ m e e o e e e e e i |
{ Ba-131m 1 1 1 79.1 1 1.00 i 0.076 1.19 1 1-2 |
1 1 2 1 108.5 1 00 t 0.53 I 55.2 1 1-2
precamamaas Jmeomnenn fmmesmmom I==-m-m-- R e R s L i et 4
| Ba-131 i 1 | 1047.6 | 0.46 1 1.00 1 1.1790 1 122+30 ; 1=3+28 ; 1=4+27 ; 1=5+25 ; 1=6+21 ; 1=7+18 |
i 1 i 1 1 1 1 128414429 ; 129410 ; 159411429 ; 1=9+12+25 1
! i 2 ] 969.2 | 0.014 1 ({1.) i 0.037 1 not relevant |
I t 3 t 823.8 | 0.2% 1 1.00 1 0.730 | not relevant !
i t 4 1 914.7 1 0.016 1 1.00 i 0.042 I not relevant |
1 i 5 H 831.6 | 0.08 1 1.00 i 0.231 I not relevant ]
{ 1 6 i 674.4 1 0.05 | 0.99 i 0.133 | not relevant i
i | 7 i 461.2 ) 0.04 i 0.88 | 0.103 { not relevant t
1 1 8 | 427.7 ) 0.036 t 0.99 | 0.098 1 not relevant |
i 1 9 i a51.2 | 0.06 1 0.99 ] 0.102 1 not relevant i
1 1 10 1 696.5 t 0.18 i 0.99 f 0.148 | not relevant )
| 1 11 1 572.7  0.24 1 0.99 i 0.155 i not relevant 1
{ i 12 ] 480.4 + 0.58 1 0.99 t 0.323 I not relevant '
[ it 13 1 620.1 § 0.027 1 1.00 | 1.38 1 13214429 ; 13=15+27 ; }3=16+25 ; 13=17+21 ; 13=17+22+29 ; |
1 i i 1 1 i 1 13=17+23+27 ]
1 t 44 ) %86.3 1 0.89 | 0.99 | 46.8 | 14-29 I |
1 1 15 1 486.5 1 0.038 1 0.99 1 2.07 I 15-27 ; 15-28-30 ; 15=17+23 i
1 1 16 1 404.0 1 0.027 1 0.99 1 1.3086 t 18-25 ; 16-26-29 |
1 1 17 i 247.0 | 0.014 ) 0.983 i 0.641 | not relevant t
| cont'd i 18 i 585.0 t 0.88 t 0.99 I 1.221 b 7-18 : 18=19+28 ; 18s20+27
1 1 1
1 Ey,kev | a c vz Coincidence i
| nuclide Code i i
lommemm e e [ o mmmmmm | o b o o i e e e e e e e e e e e e 1
{ Ba-131 18 461.2 1 0.08 .98 6.103 not relevant |
| {cont'd} 20 451.4 1 0.04 0.99 0.045 not relevant 1
i 21 373.2 1 0.68 0.98 4.0 17-21 5 21=22+29 ; 21=23+27 ; 21=24+25 i
t 22 248.4 | 0.16 0.94 2.82 17~22-29 1
1 23 239.6 1 D.14 0.94 2.40 17-23-27 1
1 24 157.1 1 0.0013 (1.} 0.190 not relevant ]
1 25 216.1 § 0.95 0.91 19.7 12-25 ; 16-25 ; 24-25 ; 25726+29 1
1 26 892.3 | 0.052 0.59 0.64 not relevant 1
t 21 133.6 1| 0.%4 0.69 2.18 4-27 5 15-27  20-27 ; 17-23-27 ; 27:=28+30 |
1 28 54.8 1 0.08 0.09 0.437 not relevant 1
| 29 123.8 1 1.00 0.55 29.90 3-28 ; 14-28 ; 22-28 ; 26-28 1
1 30 78.8 1 1.00 0.37 0.730 not relevant 1
1
i
i
1
i
| Ba-13Tm 1 661.6 1 89.9 no coincidence 1
Il B R el R Rttt Jrm o e e e o i s s e o e e e e e e e e i e e e e o 1
t Ba-139 1 1420.5 | 0.87 1.} 0.261 1=2+3 {
| 2 12564.7 1 0.13 (1.} 0.033 not relevant |
| 3 165.9 | 1.00 0.81 23.78 no coincidence 1
R e bt bbb b b e e | e e e e e e e e e e e e el G i
i La-140 1 825.2 | 0.64% 1.00 7.09 1-12 5 122410 3 1=3+7 ; 1=3+8+11 i
i 2 173.6 + 0.012 4.98 0.12 not relevant i
1 3 109.4 1 0.019 0.53 6.19 not relevant 1
1 4 919.6 1 0.48 1.00 2.88 4-12 ; 4=5+11 |
} 5 432.5 1| 0.52 0.88 2.94 5-11-12 |
i 6 867.8 1 1.00 1.00 5.63 E5-12 1
1 7 815.8 1 0.5% 1.00 23.5 I-12 3 1=6+11 ]
| 8 328.8 1 0.45 0.98 20.5 8-11-12 i
| 9 266.6 t 0.54 0.94 0.48 not relevant §
1 10 751.8 1 0.83 1.00 4.40 2-10-12 ]
i 11 487.0 1 1.00 0.99 45.5 $-11-12 ; §5-11-12 ; 8-11-12 ; -2*(11-12) 1
i 12 1596.5 1 1.00 0.98 95.49 1-12 5 4-12 5 6-12 3 7-12 ; 10-12 ; 5-11-12 5 8-11-12 ; |
l [ -1¥(11-12) - 1
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| Radio-

i

1 nuclide

l ..........
| Ce-137

' __________
1 Ce-139
I ..........
I Ce-141

t Nd-147

| Radio-

|

{ nuclide

‘ __________
Nd-149

N
o
@
NN ND DO - NG D

267.

-~
~
o

- Ul w O EN S ND D

0.0075
0.053
0.28
0.65
0.023
0.18
0.34
0.30
0.023
0.18
0.74

-

6.03

0.16
0.23
0.57
0.98
0.031
0.27
0.51
0.40
0.034%

2.55

coincidence
no coincidence

no coincidence

1-12 ;
not relevant
not relevant

122411

4=5+12 ; 4=8+7

5-12 ; §=6+8 ; 5=
[}

6-7 ; 6-8-12 ;

i 6-89-
3-1 : B-1 ; 1=8+12

not relevant
not relevant
10=11+12
11-12

not relevant

6+48+11
11

122412 3 153410 ;3 3=3+11412 3 12448 ; 15449412

not relevant
3-10 3 3-11-12
not relevant
5=6+12

6-12 ; 6=7+11
not relevant

not relevant
4-9-12

not relevant
3-11-12 ; 7-11-12
3-11-12

3 3=7+29 ;

3 2-37-40
relevant
relevant
relevant
relevant

not relevant

PoT-11-12

i -1x(11-12)
8-12 3

~1x(11-12)

Coincidence

no coincidence (for effective energy only)

11-28-40
12-40 ; 12=13+39

13-38 3 13-38-40
14-37-40

14~36 3
line 34 feeds 3%
coIsh 15-31
COInsh : 15-31 ;
not relevant

not relevant

not relevant

not relevant

not relevant

i 12514437 § 12215432 5 12=16+29

3 13=17+19427
s 14=154+33

us level {see IV.2.4)

15-32-40
15-32-40 ;

21=22+40 ; 21=23+3%

not relevant
not relevant

15-33-36
1§-23-36 ; 15-34-35

no coincidence (for effective energy only}

not relevant

20-26-38 ; 20-26-39-40 ; B-26-38 ; 8-26-39-40 ; -1%{20-26)

-1%{8-26) ; -1%(26-38) ; ~1%(26-39-40)
17-18-27-38 ; 17-18-27-39-40 ; -1%{17-19-27}

not relevant
not relevant
not relevant

5-31 ; 15-31 ; 18-31 ; 31=32+40 ; 31=33+36
5-32-40 ; 18-32-40 ; 15-32-40 ; -2%({32-40)

not relevant
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TABLE 1IV.2-4 : continued

| Radio- 1 Line | | | 1
i | 1 EY.keV | Y. 1 1 Coincidence 1
| nuclide 1 Code | i 1 1
f--- 1 1 1 R D e L bbb bt - 1
| Nd-149 i 34 1 30.0 ] 0.017 1 feeds 35 ps level ; not relevant |
1 (cont'd) 1 35 | 240.2 1 3.94 I no coincidence '
1 1 36 1 211.3 1 25.9 | 4-36 ; 14-38 ; 23-38 ; 33-36 ; 36=37+40 1
t | 37 1 97.0 t 1.45 | 4-37-40 ; 14-37-40 ; 23-37-40 ; 33-37-40 ; -3%(37-40) §
t | 38 i 188.6 1 1.79 | 1-26-38 ; B6-26-38 ; 13-38 { 17-19-27-38 ; ~1%x(26-38) ; 38=39+40
| t 39 i 74.3 ] 1.1 ! not relevant 1
1 ] 40 1 114.3 1 19.0 | 3-40 ; 12-40 ; 22-40 ; 25-40 ; 7-29-40 ; 15-32-40 ; 37-40 ; ]
1 1 | 1 i 39-40 . 1
1 [ | - == - | === - =~ [ R L L R A B S T R i
1 i | 87.¢ { 1.48 {1 E of lines 10 & 37 1
! ! i 1 o . X
| i i ' g 0T = Ly g ¢ COLuvgqd My g + 759) |
| ! ] 155.9 t 5.96 | Eeff of lines 24 & 32 |
| 1 | t 1 - i
i i I i R T PR TR I TY '
: : : 180.9 : 1.44 : Eeff of lines 11 & 27 :
| | . ) | col1 = (COI1'.7‘| + c0121.127)lly1‘ + 721) |
: : : 349.1 : 1.54 : Eeff of lines 1 & 13 :
| X | h ; €Ol = (C011.11 + COI”.v”l/(v1 + 113) \
I 1 1 423.6 1 7.74 t Eeff of lines 12 & 21 . i
1 1 1 ! { _ i
! | X X y COT = (COL .y, + €O, .7y M/l , + 7,,) )
t [ B B |

) | [ 1 1

| Pm-148 ) 11 285.8 | 1

Immme e L fommommnnn 1 1

| Nd-151 1 1 1 1716.4 | 8.14% { not relevant t
1 1 2 1 1314.5 | 8.317 I not relevant 1
1 1 3 1 1817.8 1 0.38 | not relevant H
{ i & t 1333.3 i 8.20 | not relevant i
] | 5 i 1032.3 I 0.2 | not relevant |
] ] 6 { 562.8 i 0.24 | not relevant [}
{ cont'd ] 7 I 1475.1 ¥ 0.11 | not relevant |
1 Radio~ I Line 1 1 | 1 1 t
1 1 | EY.keV i a 1 c | Y.1 ] Coincidence |
| nuclide | Code | ' i i | ]
frmmmmmmm e |~==mm-- [=mmmmmm e I=mmmmm frmmmm - Imemmmem R et i L D it e D L RS 1
1 Nd-151 1 8 1 1072.7 § 6.1 1 (1) | 0.18 | not relevant 1
| tcont'd) i g 1 809.6 { 0.15 1 (1.) | 0.24 1 not relevant i
| 1 10 1 1270.9 | 0.17 1 {1.) 1 8.17 | not relevant 1
1 1 1 l 904.7 | D.29 1 (1) 1 0.28 | not relevant i
| 1 12 boOo1107.1 1 0048 1 110 1 0.47 | not relevant I
1 1 13 1 1180.6 t 0.72 (1) 1 15.3 | 13-47 5 13=14+46 1
1 1 14 1 1122.1 1 0.22 1 {1.) 1 4.62 I 34-44 5 14-45-48 5 14-46-47 ]
| 1 15 1 1041.7 1 0.023 1 {1.) 1 0.49 1 not relevant N t
| | 18 | 10t6.4 } 0.62 [ P 1 2.92 { not relevant i
| 1 17 i 858.3 t 0.12 1 (1.) 1 8.57 ! not relevant {
| 1 18 ] 943.3 1 0.33 1) 1 0.40 | not relevant t
| 1 19 § 542.0 1 0.48 1 (1.} 1 0.58 1 not relevant 1
1 1 20 ! 820.0 1 0.08 1 (1.3 1 0.12 1 not relevant t
| i 21 H 487.0 1 G.186 1 1.} i 0.24 ! not relevant i
1 { 22 H 797.5 1 0.56 1 1.00 i 5.58 1 22~-47 ¢ 22=23+46 ; 22=24+43 ; 22=26+37 i
! 1 23 i 739,41 0.16 [ Y ! 1.53 | not relevant 1
| i 24 ¥ 658.5 1 0.09 P (1.} { 0.84 | not relevant . i
i ! 29 1 589.7 1 0.03 [ S i 0.31 | not relevant I
| t 26 1 373.7 1 0.0t4 ¢ (1.) ! 0.14 1 not relevant 1
1 i 27 1 618.8 1 0.23 [ P i 0.32 | not relevant 1
! { 28 i 736.4 | 0.60 1 1.00 1 7.19 { 28-47 ; 28=29+46 ; 28=30+43 ; 28=31+37

! l 29 1 677.9 | 0.22 1) 1 2.63 | 29~44 ; 29-45-48 ; 29-46-47 1
1 1 30 1 596.8 1 0.07 [ | 0.80 | not relevant |
! 1 31 | 312.4 4 0.024 1 (1.) 1 0.2% i not relevant |
i I 32 | 585.5 | 0.19 1 0.98 | 1.58 | not relevant ]
| i 33 1 300.6 1 0.24 1 0.99 | 1.97 | 8-33-37-47 ; 5-33-37-47 ; -1%{33-37-47)

! i 34 1 263.5  0.10 1 (1. 1 0.80 i not relevant 1
! ] 35 1 460.6 1 0.31 1 (1) | 1.11 { not relevant i
i | 36 1 402.2 1 0.586 1 0.97 | 1.86 1 34-36-44 ; 34-36-45-48 ; 34-36-46-47 ; 6-19-36-44 ; 8-36-44 : |
f | | 1 1 | 6-19-36-45-48 ; 6-18-36-46-47 ; 8-36-45-48 ; 8-36-46-47

t | 1 I 1 1 2-36-44 ; 2-36-45-48 ; 2-36-46~47 ; -2%{6-19-36) ; -2%{8-36} ;

i 1 1 | ! 1 -2%{34-36) ; -2%(2-38) ; -3%(36-44) ; -3%(36-45-48) i
{ | | | t | =3%{36-46-47} 1
| ) 37 1 423.5 1 0.97 | 0.87 |  6.61 1 33-37-47 § 31-37-47 ; 26-37-47 3 11-37-47 ; %-37-47 ]
t cont'd 1 1 | t 1 -4&%{37-4T) 1
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TABLE 1IV.2~4 continued

| Radio- 1 1 1. ! 1 |
| 1 i 1 i | |
{ nuclide 1 i t i 1 1
l==----- [ i I 1 | i
1 Nd-151 ! 38 1 332.8 1 0.55 o) ] 0.77 i
| {cont’d} I 39 i 149.4 1 0.10 1 0.93 1 0.32 i
| i 40 | 69.2 | 0.38 | '0.58 i 1.25 1
1 i 41 1 255.6 1 0.59 1 0.91 1 16.8 1
! 1 | 1 i 1 1
i i 42 { 171.0 + 0.14 1 0.77 1 4.12 l
i ! { § i ! i
1 { 43 | 138.8 ] 0.27 1 0.92 | 1.16 §
1 i ! 1 1 ] 1
1 1 44 i 175.0 1 0.74 1 0.85 H 7.58 |
{ | | 1 i i ]
1 | | 1 ¢ 1 1
i | 45 1 88.9 | 0.17 t 0.80 1 1.77

i 1 &5 | 58.5 | 0.08 t 0.50 1 0.92

1 ) 47 i 116.7 1 1.08 1 0.85 i 6.8

i i § i 1 | {
1 { 48 1 85.3 | 1.00 1 0.28 1 2.12 i
1 lmgm sl = s = m == =] e == == - e [
| Pm-151 | 1 1 796.0 1 0.34 [ I i 0.055

i | 2 1 848.7 1 0.29 {1} 1 0.300

] | 3 1 785.8 1 0.22 1 (1.} i 0.229

1 | 4 | 678.2 1 0.12 i (1. 1 0.043

I 1 S i 772.8 1 0.40 t {12 1 0.96

H 1 6 { 709.1 1t 0.06 y (1) | 0.149

t 1 7 | 668.7 1 0.17 110 1 0.36

1 | 8 1 T17.7 1 0.66 1 1.00 | 4.1 i
i i 9 t 654.2 1 0.03% 1 {1.) ! 0.250 !
i | 10 ! 669.2 | 0.28 1 (1.0 | 0.29 1
i t 11 t 564.9 | 0.32 (1. ] 0.36 i
i { 12 i 636.2 | 0.45 (I R 1 1.47 |
1 i 13 1 572.5 1 0.017 1 (1.) i 0.052 [
1 i 14 1 321.8 1 0.22 [ i 0.099

| | 15 1 L45.7 | 0.58 t 0.99 ] b1

1 cont'd | 16 1 440.8B 1 0.22 t 1.00 1 1.53

i Radio- { Line | 1 1 I
1 i | E_.keV | a i c 1 v

1 nuclide | Code | | ¥ | |
[ it fommmomm— |=~=------- Jmmmmmmm - fomm - R i -
1 Pm-151 1 17 | 379.% 1 0.14 1) | 0.97

I {Nd-181 | 18 | 341.0 1 0.01 P 1 0.071

1 cont'd) | 19 | 277.6 | 0.607 { 0.98 ] 0.21

1 1 20 | 236.6 1 0.023 1 (1.) | 0.163

1 i 21 1 346.1 1 0.10 1 {1.) 1 0.038 |
1 § 22 1 206.7 | 0.09 1 (t,) 1 0.037

1 t 23 1 290.8 | D.44 1 0.98 1 0.68 |
i ! 24 i 186.6 | 0.08 [ 1 0.189 |
i { 25 1 34%.9 | 0.053 { 0.99 1 2.18 |
1 ! 26 1 340.1 1 0.57 t 0.99 1 22.8 |
1 i 27 1 275.2 1 0.11 | 0.%8 1 1.2 |
1 i 28 I 240.% | 0.09 v 0.97 1 3.89 |
i 1 29 1 177.2 1 0.08 t 0.74 1 3.87

{ 1 30 1 176.5 | 0.022 1 0.94 1 0.87 |
i H 31 1 156.2 | 0.046 | 0.64 1 0.151

! ! 32 | 147.5 | 0.87 [ 1 0.149

i t 33 | 202.0 | 0.51 [ 1 0.94

i { 34 1 208.0 1 0.87 i 0.83 | 1.79 {
| i 35 1 139.3 1 0.19 i 0.861 | 8.51 i
| i 36 1 168.4 t 0.34% 1 0.87 1 0.92 i
i f 37 i 163.6 | 0.62 i 8.73 i 1.63 !
1 ) 38 1 167.8 t 0.73 I 0.94 | 8.8 i
| I s { 162.9 { 0.08 | 6.91 1 0.89 1
| | 40 1 101.9 { 0.12 1 0.81 1 1.31 {
1 i &1 1 98.0 } 0.033 1 0.77 i 0.34 1
1 ] 42 1 62.9 ) 0.02 1 0.59% { 0.218 1
| 1 43 | 104.8 { 0.58 1 0.36 | 3.55 |
i | 1 1 | { |
4 cont'd ] bh 1 100.0 1 0.42 1 6.33 ! 2.56 I

"hot relevant

not relevant
not relevant
not relevant
40-41 5 32-41 5 30-41

; 27~
41=42+48
k0-42-48
15-42-48
40-43-47

P 4163447
i 32-42-48
: 12-42-48

30-42-48 ; 27-42-48 ;
3-42-48 ; -T*(42-48)
; 32-43-47 § 30-43-47 ; 27-43-47 ;
15-43-47 ; 12-43-47 ; 3-43-47 ; ~T*(43-47)
39-44 5 21-38-44 : 34-36-44 ; 19-3B-44 ; B-36-44
29-44 3 23-44 ; 20-4% ; 18-4% 3 1T-4k ; 14-44 3 1
1-44 1 -3%(36-54) ; §4=45+48 ; 44=46+47

not relevant

not relevant

h6~4T ; 43-47 { 33-37-47 ¢ 35-47 5 28-47 ; 22-4
13-47

not relevant

i
3
H

24-43-47

o -

relevant
relevant
relevant
relevant
relevant
relevant
relevant
8-43 ; B8-44
relevant
relevant
relevant
relevant
relevant

not relevant

18=17+47 ; 15:20+34

not relevant
no coincidence (for effective energy only)
not relevant
not relevant
no coincidence [for effective energy only)
not relevant
not relevant
not relevant

42-43

]
1
1
1
i
i
i
1
25227+45 ; 25 i 25229430 ; 25=29+40+47 ; 25230+36
26=27+46 ; 28; v 26=29+39 ; 26=30+37 i
27-45 3 21-48 5 27=29+41 |
28-43 3 28-44 ; 28=29+42 )
28-38 ; 29-39 : 29-40-47 ; 29-41 4
30-36 ; 30-37 1
not relevant 1
not relevant 1
not relevant |
4-34 5 T-34 3 11-3% ; 20-34 ; 22-34 ; 24-3k ; 34=35+45 1
not relevant 1
30-36 ; 19-36 ; 14-36 ; 13-36 ; 9-36 ; 6-36 ; 3-36 ; 1-36 1
30-37 ; 19-37 5 14-37 ; 13-37 ; 8-37 ; 6-37 ; 3-37 : 1-37 1
29-38 ; 31-38 ; 32-38 ; 3B-40+47 1
29-39 5 31-39 ; 32-38 |
not relevant 1
not relevant 1
not relevant- i
2-43 : 5-43 ; 8-43 ; 10-43 : 12-43 ; 23-43 ; 28-43 ; 33-43 1 |
1
{
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: continued

-122~

i Radio- 1 Line i
1 i 1
| nuclide | Code |
R el i
i Pm-151 l 45 i
1 {Nd~151 1 45 i
I cont'd) ) 47 i
1 1 1
1 1 !
] 1 1
1 1 |
| | 1
! 1 i
1 { |
1 1 1
1 | 1
1 1 1
i 1 t
I ] 1
1 i ]
i 1 i
i I |
] i |
Jeoroomocoonn joremnanw 1
| Sm-153 i 1 1
| 1 2 1
I=emmmmenn [ommmmrme i
1 Sm-15§ 1 1 1
i i 2 {
i 1 3 i
1 1 4 |
| 1 5 |

1 i
i Eu-152m | 1 1
i | 2 i
| 1 3 1
] 1 & i
t cont'd l 5 1

Eu-152m

i 1

EokeV 1 a
1 !
--------- [EEREETTT!
69.7 1 0.20 1
54,9 1 0,80 1§
65.8 1 0.99 |
R e
163.3 1 1

i 1

] 1

167.9 | 1

] |

| |

1771 4 1

1 1

1 1

340.1 1 1

1 ]

1 1

344.9 1 !

1 l

i 1
--------- Vmmmmmeand
69.7 1 0.97 |
103.2 1 0.98 |
--------- |
522.5 | 0.53 |
61.8 1 0.68 |
oo, t

1 0. ]

1 0. 1

] 1

1411.7 1 0.80 1
1314.7 1 6.59 1
870.4 1 0.37 1
699.3 1 0.04b |
703.5 ( 0.80 i

! |
E_,kev | a !
1 I
--------- (B ]
271.1 1 1.00 1
344.3 + 1.00 i
995.8 | 0.40 1
1389.0 1 0.97 i
961.1 1 0.95 1
963.4 § 0.44% i
841.6 1 0.56 i
562.9 1 1.00 |
121.8 1 1.00 |
1 1
1299.1t 1 0.89 1
712.8 | 0.053 |
534.2 | 0.024 1
1089.7 1 0.7 1
678.6 | 0.20 1
503.4 | 0.084
778.9 + 0.94 |
367.8 1 0.063 ¢
764.9 1 0.48 [
586.3 1 0.79 1
411,11 1.00 1
344.3 4 1.00 i
564.0 1 0.53 i
1212.8 | 0.68 1
1408.0 1 0.8% t
488.7 1 0.017 1
£644.0 1 0.11 i
285.9 1 0.618 1
1005.3 1 0.74 1
826.3 | 0.42 1
482.3 1 0.046
1112.1 1 0.76 1
867.4 1 0.24 1
1985.9 1 0.40 1

|
Coincidence 1
i

not relevant i
not relevant i

I
|
i
R i e bt R e et b bbb |
|
i
! not relevant §

E of lines 37 & 38
eff
col = (131.C0X31
€ of lines 36 & 38
off )
Cof = (vaB.COIJG - 730.C013°)I(?35 * Y38
E.ff of lines 29 & 30
€Ol = (vzs.COI29 + vao.COIao)l(vzg + 730)
E of lines 18 & 28
eff
€01 = (718 + 126.(:0126)/(718 . 126)
Eoff of lines 21 & 25
COoI = (72, + 125.C0125)I(12| + 1251

+ 0yqeC0T g gy + 7,

not relevant
not relevant

not relevant i

25347 2244647 !

not relevant

not relevant 1

not relevant 1
i
1
i

Coincidence

not relevant §
1-1 3 3-2 5 §-1 3 1
not relevant ]
8-14 |
not relevant 1
11=12+14 1
12-14 |
8-13~14 1

1

9-14 ; 10-14 ;

1

1

1

|

i

1

|

|

|

1

i

1

1

| -
1 1-12 5 1=2+10 5 1=3+8
i not relevant
1 not relevant
b 4-12 3 4=5+11
| not relevant
1 not relevant
1

1

i

]

i

I

i

i

1

1

1

i

i

1

1

i

i

|

3 4=6+10

1
i
i
[
|
1
1-12 5 J=8+11 |
not relevant 1
not relevant ]
not relevant !
8-11-12 ;3 5-11-12 ; -1*{11-12) |
1-12 ; 4-12 3 7-12 3 10-12 3 5-11-12 5 8-11-12 ; -1%{11-12) 1
13-24 ; 13-25-33 ; 13-26 - |
14-32-33 1
15-33 5 15=16+27 ; 15=17425 ; 15=18+22
not relevant 1
17-24 5 17-25-33 ; 171-26 ]
not relevant {
not relevant §
not relevant i
21-29 ; 21-30-33 ; i
18-22-33 ; 22:23+32 i
18-23-32-33 1
13-26 ¢ 17-24 ; 24=26+32+33 ; 24=25+33 ]

1-31-32-33
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TABLE IV.2-4 : continued

1 i ! 1 1
1 1 1 1 1
i | 1 i |
1 | i § 1
{ Eu-152 i 25 i 964.0 | 0.5%8 t 1.00 t 14,5 1 13-25-33 ; 17~25~33 3 25=26+32 1
I {eont'd} ) 26 1 719.0 | 0.D11 t ©0.99 i 0.27 | not relevant {
| | 27 | 918.4 | 0.72 (1.} | 0,437 i not relevant |
1 i 28 | 656.5 1 0.62 i 0.85 1 0.14 -} not relevant ]
i 1 29 1 810.5 | 0.20 10 | 0.328 i not relevant ]
1 i 30 | €88.7 | 0.87 1 0.96 | 0.883 { not relevant 1
| | 3 i Lé4 .0 1 0.21 | 0.98 1 6.32 { 31-32-33 1
| 1 32 | 244,71 1 1.00 ] 0.90 1 71.59 1 14-32-33 : 19-32-33 ; 20-32-33 ; 18-23-32-33 ; 28-32-33
l ) | i 1 1 | 26-32-33 ; 31-32~33 ; -6%(32-33) 1
1 | 33 a1 121.8 1 1.0 1 0.46 | 28.81 | 23-32-33 ; 14-32-33 5 30-33 ; 22-33 ; 17-25-33 ¢ 15-33 ;
i 1 1 1 1 § I ~1%(32-33} |
! ! [ T LAl B B SN S e L Sl o ST L L SN S SR S S S S 1
i ! i heb .0 | i i 3.1 I Eefi of lines 17 & 31 1
1 1 i 1 ¥ ]
: \ | ll | | | €OT = (COT .7,y + COLy o My g+ 7qy) ‘
[ it Jmommmm- rle-erommm | === [wommmmemew l==--momm e R e e et L R bbbl bl f
| Eu-154 i 1 1 15%6.5 { 0.068 1 1.00 | 1.820 1 1-31 ; 1=2427 ; 1=2+28+30 { 1=3+25 ; 133426430 ; 174+21 ;
! | 1 i 1 1 1 124422430 § 155420 5 138418 ; 1=27+15 ; 1=8+12+29 ; 1=8413+27
| ! 2 1 904.1 } 0.629 1 1,00 1 0.91§ 1 not relevant 1
1 ! 3 ! 723.3 1 0.7% 1 1.00 1 20.28 | 3-24 ; 3-25-31 ; 3-26-30 1
1 1 4 i 591.8 1 0.17 i 1.00 1 5.00 | 4-21-31 ; §-22-30-31 1
| i 5 l 478.3 | 0.008 3 0.98 i 0.22 | not relevant 1
1 ! 6 i 461.9 j 0.002  0.98 { 0.9056 I not relevant 1
i i 1 t 322.56 1 0.003 t+ 0.93 i 0.087 | not relevant i
i 1 8 i 168.2 ¢t 0.009 1 0.95 i 0.23 | not relevant |
1 1 8 i 845.4 ) 0.7 o) 1 0.589 I not relevant 1
) i 11 ¢ 1246.6 { 0.57 1 1.00 1 8.8170 { not relevant |
| i 1 §f 1188.6 1 0.70 1 {1.) 1 D.082 { not relevant i
| t 12 i 850.6 1 0.43 1 {1.) | 0.23 } not relevant 1
| i 13 1 715.8 1 0.33 | 0.939 i 0.7 1 not relevant * 1
] t 14 1 1047.4 | D.68 1 {1.) 1 0.142 1 fiot relevant i
1 1 15 t 1274.4 1 0.97 1 1.00 1 34.8 1 15-31 3 15=16+27 i
i i 16 § 582.0 1 06.023 1 1,00 1 0,912 i not relevant i
t cont’d i 17 i 892.8 1 D.8% 1 1.00 1 D.523 1 not relevant 1
|
1
i

! H i | i | |

| ! 1 E_,keV 1 a ' c | vyl ! Coincidence

| nuclide | Code | | | 1 |

e [REEETEES I == mmmen lommmmn e R lmmmm e en Lo e o e e e e e e i
{ Eu-154 \ 18 Vo 1128.4 4 08.77 1 1.00 i g8.21 t not relevant 1
| tcont’d} 13 | 880.6 § 0.23 1 1.00 { 0.082 I not relevant 1
1 i 20 t 1118.5 | 0.44 | 1.00 | 0.10 | not relevant |
1 i 21 i 1004.8 | 0.80 i 1.00 bo1aT | 4-21-31 ; 21=22+30 i
1 | 22 i 756.9 1 0.20 I 1.00 | 4.60 | 4-22-306-31 1
i | 23 | 676.6 | 0.60 1 0.85 i 0.14 { not relevant 1
i i 24 | 996.4 | 0.47 1 1.00 { 10.58 1 3-26 3 24=25+31 ; 24=26+304+31 1
| { 25 1 873.3  0.52 1 1.00 12,27 1 3-25-31 ; 25=26+30 i
1 i 26 ] 625.2 1 0.014 3 0.99 | 8.31 1 not relevant i
1 1 21 { 692.4 | 0.64 I 0.98 1 1.810 1 16-27-31 ; 8-13-27-31 ; 8-27-31 ; 2-27-31 3 -3*(27-31) ; 1
i I I 1 1 I | 27-28+30 - - 1
i I 28 1 b4h .4 ) 0,18 | 0.38 i 0.569 { not relevant 1
1 i 29 | 557.6 | 0.98 | B.398 4 0.286 { not relevant . 1
| 1 30 | 248.0 | 1.00 t 0.90 { 6.95 1 10-30-31 ; 11-30-31 { 14-30-31 ; 17-30-31 ; 19-30-31 ; i
1 | i 1 i | I 23-30-31 ; 3-26-30-31 ; 4-22-30-31 ; 16-28-30-31 ; 9-28-30-31 ;
i 1 | | I 1 I 2-28-30-31 ; -8*(30-31) : -2*%{28-30-31) i
i 1 31 | 123.1 | 1.00 I B8.45 { 41.0 1 1-31 ; 15-31 ; 4-21-31 ? _—27-21': 4-22-30-31 1
{=nrrmsmemn bt Iomrmmmeme |===-===- fmmmme e |=- e m e m R e e T L L R 1
I Gd-133 1 1 i 69.7 1 0.93 I 0.15 | 2.57 | not relevant i
1 | 2 i 163.2 1 1.00 t 0.38 1 22.2 1 1-2 i
i H 3 1 97.4 } o313 | ne coincidence 1
i B R | m jom e - R {mr mmmmmmeae R el e T T R ]
| Gad- 159 i 1 1 363.6 t 0.98 | 0.39% i 8.0 i no coincidence |
1 1 2 ! 348.2 1 0.82 1)) | 0.17 | 2=3+4 i
1 ! 3 i 290.3 1 0.1% 1 0.91 | 0.03 | not relevant E i
i 1 4 i 58.4 1 1.60 i 0.083 1 1.8 | not relevant i
| Jowmeam - [=mommsoo o fmmmmmmee |=wmmmmeem R b R i o o o e e e e e e e e l
| Gd-161 | t 1 529.5 1 0.22 1 (1.} 1 1.28 11519 ;5 122415 5 123913 5 124410 5 15547 |
i | 2 I 270.9 1 0.16 §0.98 1 0.87 1 not relevant |
t ! 3 1 191.4 1 0.12 1 0.95 | 0.63 ! not relevant |
i i 4 | 168.5 | 0.021 | 0.88 1 0.081 | not relevant !
| i 5 | 105.6 1 0.39 | 0.33 I 0.73 I not relevant 1
i { G I 480.1 1 0.40 {1 1 2.68 1 5-6 1 §=8+14 |
{ l 1 t 423.9 1 0.02 [ ] { 6.18 1 not relevant |
i i 8 1 .21 0.42 i 0.93 | 2.58 | i

cont.'d

5-8-14 + 5-8-15 ; 5-8-16 ; -2%(5-8)




TABLE IV.2-4 :

continued

124~

6d-161
(cont'd)

not

relevant

10-18 ¢ 10=11+18
11-17 ; 11-18-19 ; 11212416

12-1

not
not
not
not
not

2-22

12-14 3 12-15
3-13-19 ;
2-314 3

12-14
relevant
relevant
relevant
relevant
relevant

relevant
i 2=3+21

9-13~

3-21-22
not relevant
not relevant

12-16

9
-8-14

1
5

v

i -1%(13-19)

8-22 ; 6=7+19 ; B=8+416 ; £=8+17+21
J-18 3 7-19-22 3 7-20 ; 7=9+13

not relevant
not relevant

10-22 5 10=11+21

not relevant

12-22 ; 12=13+19 ; 12213420021 5 12=14+16 ; 12=14+17+21

13-18 ; 13-19-22 ;

13-20

1-16-22 5 14-17-21-22

not relevant

8-16-22 5 14-16-22 ; 16=17+21 ; -1%(16-22)
14-17-21-22 ; 8-17-21-22 ; 5-17-21-22 ; -2%{17-21-22)

T-18 ; 13-18

18=19+22

7-18-22 5 T13-18722 ; 19=20+21 ; -1%{19-22)

not relevant

Tb-160
{cont’d)

865.1

1-21-22 ; 3-21-22 ; %-21-22 ; 11-21-22 ; 13-20-21-22 ;

14-17-21-22 3
-2%(17-21-22)
2-22 3 6-22 3

14-16-22 ;
of lines
(COI‘G

Ears
CcoI =
no coincidence

no coincidence

not relevant
not relevant

AT

8-17-21-22 ;
3 -6%(21-22)
10-23 :

16 % 18

NPT ELATY

{see IV.2.4)

)/(116

feeds 1.51 ps level (see IV.2.4)

COIsh : 3=6+41

0 ; 3=5+11

coinsh : 3-13 ; 3=26+410 ; 3=5+11

not
not
not
1-8
7-8
not
not

relevant
relevant
relevant
3 1-9-14
: 8=9+14
relevant
relevant
relevant
relevant

12-22 3 11-21-22
14-17-21-22 ; -2%(21-22)

5-17-23-22 ; 15-21-22 ;
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TABLE IV.2-4 : continued

I Radio- Line \
] Ey.kev a c v. b Coincidence |
! nuclide Lode \
mmmmmmammm | mmmmmmmm | mnm e s | oo mmm o s o | mmnm e | e i e e = = [ i e o i et e o o = o e e e i e i 1
I Dy-1858 13 361.7 1.00 0.78 0.84 fed by 1.51 us level (see IV.2.4%) H
1 {cont'd} 2-13 7 3-13 ; 1-12-13 : 4-12-13 ; §5-11-13 ; 6-1D0-13 ;

1 ~1%{12-13} ; not accurate 1
1 14 84.7 1.00 0.24 3.58 no coincidence 1
et B e B I B Dt )
} Ho-166 1 1662.4 0.38 1.00 0.121 1=2+8 1
i 2 1581.9 0.61 1.00 0.183 2-6 1
1 3 1379.4 0.98 1.00 0.93 3-8 5 3=4+5 1
t 4 674.0 0.621 1.00 0,028 not relevant |
i 5 705.3 2.51 1.00 0.015 not relevant 1
| ] 80.6 1.00 0.15 6.2 3-5 t

1 Er-171 1 372.0 a. . not relevant ]
| 2 362.9 0.041 0.92 8.820 not relevant {
1 3 85.6 0.68 0.17 6.060 not relevant |
1 4 271.4 0.24 0.85 0.58 not relevant i
1 5 237.1 0.14 0.78 8.302 3-5-6 ; 3-5-7 ; 3-5-8-15 ; 1-5-6 ; 1-5-T7 ; 1-5-8-15 ; -2%(3-5)

i ~2%{1-5) ; -1*{5~6) § -1%{5-7) ; -1*(5-8-15) |
i 3 676.1 0.48 6.98 0.2% not relevant 1
i 7 670.7 0.43 6.98 0.25 not relevant i
1 8 559.5 0.081 0.97 0.047 not relevant 1
1 9 210.6 0.93 0.95 0.642 feeds 2.60 ps level {see IV.Z2.4) t
1 COIsh : 3-4-9 ; 1-4-8 ; 2-9 3 ~1%{4-9) t
! COInsh : 3-4-9-10-14 ; 3-4-9-10-15 ; 3-4-9-11-13 ; 2-9-10-14 ; |
| 1-4-9-10-14 ; 1-4-9-10-15 ; 1-4-9-11-13 ; 2-9-10-15 |
| 2-9-11-13 § -1%{3-4-9) ; -1%{4-9-11-13) ; -1*{1-4-9) ;i
| ~1%{3-4-9-10) ; -1%{1-4-9-10) ; -1%{9-11-13) ; 1
| ~1%(2-9-10) : -1%{2-8) ; -1%{4-9-10-14) ; ]
| S1%(89-10-14) 5 -1%(4-9-10-15) ; ~1%(9-10-15) ; 1
i cont'd +2%(9-10) ; +2x{4-9) 1
1 Radio- 1 Line 1 1 1 1

| 1 { Ey.keV i a t c 1 Y, 1

| nuclide | Code | | 1 i

[EEEEEEE RS f-rommmee Joccvomman |mmmommm— frmommmeee R et i i b Db L LR LD 1

| Er-171 § 10 1 308.3 1 0.69 1 0.88 1 64,4 I 10-14 ; 10-15

| tcont'd) AR i 285.9 1 0.31 | 8.98 i 28.9 1 11-13

I i 12 i 210.1 1 0.18 1 0.82 | 0.007 | no coincidence [(for effective energy onlyl

] 1 13 i 124.0 1 0.73 I 0.42 1 9.1 §o11-13 1

1 | 14 1 116.7 |1 0.085 1 0.36 i 2.30 1 10-14

1 { 15 1 111.6 1 0.92 1 0.30 1 20.5 1 10-15

1 | [ R Tt B BEREE [ N I I S N R B 1

1 1 t 210.6 1 ' { 0.649 i Eeff of lines 9 & 12

| 1 1 i 1 1 1 . |
I h | . \ | | ol = (coxg.yg + 112)/(79 + 712) )
[ R bemmmmean lomommnnn bommm e en N R L L LB L PR TP 1

t Tm-170 i 1 1 84.3 1 { i 3.28 t no coincidence

frmcemoeeen I lrmmmme R [EEEEEEEES [ it R T L LR L LR PR PP 1
1 Yb-169 | 1o 93.6 1 1.00 | 0.21 | 2,68 1 1-2 5 1- i
1 ! | | ' 1 I o-2%(1-3) i
1 i 2 1 261.1 t 0.021 {1 0.97 i 1.90 i 1-2-8

{ i 3 1 63.1 1 0.98 1 0.47 i 43,1 1 1-3-4 3 H
1 | 4 1 307.7 1 0.12 1 0.54 | 16.8 1 1-3-4 3 i
1 1 5 1 198.0 1 0.52 1 0.89 i 34,8 } 1-3-5-8

1 i 6 l 177.2 1 0.36 1 0.63 1 21,5 1 1-3-§-7

] | 1 | 130.5 | 0.68 1 0.46 1111 | 1-3-6-1

1 1 8 1 118.2 1 6.078 1 0.38 | 1.88 | 1-3-5-8 ; 2-8

] [ 3 1 109.8 1 0.92 1 0.2%8 1 17.4% t 1-3-5-3 ; 2-3 l
[==rmmeean~ froomemo- fommmmem [~=-mmme- |osmocimene Jmoommmmmm e R et e et i |
| Yb-1735 1 1 1 396.3 1 0.%6 | 0.95 | 6.5 1 1=2+6 ; 173+4

1 | 2 1 282.5 1 0.31 1 0.97 1 3.0 I 2-6 3 2:3+45

I 1 31 144.9 1 0.034 1 0.88 1 0.34 | 3-5-6 5 3-4 1
1 | 4 | 251.4 1 0.4 | 0.92 1 0.082 { not relevant

1 1 ] i 137.7 1 0.57 1 0.47 1 0.104 1 3-5-6

1 | 13 1 113.8 1 1.060 | 0.30 | 1.88 | 2-8 3-5-8
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TABLE IV.2-4 : continued

| Radio- I Line ) " i i i ]
i 1 | Jkev 1 a [ c | Y.l § Coincidence ]
| nuclide 1 Code | [ | 1 1 |
[-<=meomn—m |mmmmim e |mmmmssmnn fromeemm— frmmsmmm—— fomemmmenmnee Jimim e s e i et i e T = e e e A e e - e |
i Yb-177 i 1 I 1241.4 1 0.88 1) i 3.36 1 1=2+15 1
] i 2 1 1119.8 1 0.1%4 1 (1)) i 0.545 1 2-15 |
| | 3 | 1109.0 | 0.024 t (1.) 1 0.18 { not relevant |
| 1 4 | 1080.1 § 0.76 i (1) 1 5.5 | feeds 0.12 us level (see IV.2.4) i
1 1 1 1 | 1 - | 4=5+412 ; 4-14 (for ¢ in us range ) 1
t H 5 i 961.7 1 0.14 1 (1) t 1.1 | line 12 feeds 0.12 ys level {(see IV.2.4)
i \ i | 1 i . | §5=6+11 ; 5-12-14 (for 1 in us range ) ]
1 1 6 | 7719.3 1 0.09T 1 (1.) | 0.12 { -not relevant |
i | 7 I 1149.7 1 8.50 (SN 1 0.643 i 7=8+15 ]
i i 8 i t028.0 1 0.50 i1 { 8.633 t 8-15 [}
i t 9 i 899.2 | 0.87 1 {1 t 0.644 | feeds :0.12 us level (see 1IV.2.4) ’ 1
i i 1 | 1 H | 9=10+12 ; 9-14 (for T in ps range ) t
| | 10 i 760.4 § 0.07 [ | 1 0.055 | not relevant i
] | 11 1 162.5 | 1.00 i (1) | 0.0860 1 not relevant ]
] 1 12 | 138.6 1 1.00 i 0.42 | 1.33 | feeds 0.12 us 'level (see IV.2.4) |
t 1 i | | i I 5-12-14 3 10-12-14 ; 6-11-12-14 ; -2%{12-14} |
i t { | | i | {for t in us range |} |
| | 13 1 th7.2 1 0.52 1 0.51 1 0.18 | not relevant ]
| | 14 | 150.4 | 1.00 I 0.86 1 20.0 | fed by 0.12 yus level (see IV.2.4) 1
i i 1 | i i t 5-12-14 ; 9-14 ¢ 4-14 |
| i 15 1 t21.6 | 1.00 1 0.34 1 3.41 I 2-15 ; 3-15 ; 8-15 ; 13-1 i

l 1 1 § 1 1 =

t i i | 1 |

---------- i 1 { | | 1}
i | i ] 1 !
| | 1 3 1 i

nuclide

Note : From Hf-175, Y-KX{IC) and Y-KX{EC) are considered in addition to Y-y coincidence, unless otherwise stated;

1 1
1 i
1 the meaning of the notation is as follows (exemplary) 1
| A-B : enly Y-Y coincidence has to be taken into account { y-KX coincidence negligible ) i
| A-B/Kat + B'1(B) : Y-y as well as y-Kal, y-Ka2 and y-KB'1 coincidence "has to be taken into account 1
i {y-kB'2, etc. coincidence is negligible ). 1
1 A-Kat,a2{B) : Y-Ko1 and v-Ka2 coincidence has to be taken into account ]
1 (Y-KB'1, etc. coincidence is negligible ). ]
I 1
|~ mmm e Jommm——=- [EEEAII frmecmmae femeommmm— R ittty (R bttt R Rt e L LT T i
| Hf-115 1 1 1 432.8 1| 0.37 I 0.95 | 1.48 1 1=2+5 ; 1=3+4 ; { y-KX not considered } 1
i 1 2 i 318.9 1 0.04 i 0.87 | 0.17 | not relevant |
! 1 3 1 89.4 1 0.59 t0.17 ! 2.26 I 3-4 ; ( y-KX not considered ) |
1 | 1 1 | og=4.2 | 1 1
1 1 4 1 343.6 1 0.89 1 0.90 ) 87.0 I Kot > B'2(EC276)-4 ; Ka1 > B 1{EC186)-3/Kat *~ B"1(3)-4 t
1 I 5 4 113.8 1 1.08 1 0.3 1 0.3 I not relevant -

1 | 1 | ! i 1 ]
i 1 1 1 i i 1 EC276 = 276 keV EC transition ; € = 8371 ; PR = 0.74

i 1 1 | i 1 I EC186 = 186 keV EC transition ; € = 167 ; Pg = 0.72 i
i 1 1 1 1 1 i wg = 8.982 1
1 | 1 1 1 1 ! kot {54.1 kev) = 0.503 1
| ] 1 1 1 i I k62{53.0 keVv) = 0,287 1
i i { 1 1 1 1" KB'1(61.2 keV} = 0.167 {
I 1 i | | 1 i kB'2(63.0 keV) = 0.043 1
frmmm e {==remen= f-mmmmmm (R R frmmmmmm e e Dt e PR |
I Hf=-179m | 1 i 160.7 1 1.00 1 0.028 2.79 1 not relevant i
1 | | 1 1 og=19 | 1 i
1 i 2 ] 214.1  1.00 i 0.95 t 95.2 1 1/Ke1 + 3'2(1)"3

| | i 1 1 i 1 i
I 1 [ 1 i ] 1 wg = 0,954 1
1 1 i I i | 1 ko1({55.8 kev) = 0.502 ]
| I ] | i | I ko2{54.6 keV} = 0.287 |
1 1 i i i | 1 kB'1(63.2 keV) = 0.168 1
1 ] 1 f | 1 It kB'2(65.0 keV) = 0.043 |
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TABLE IV.2-4 : continued

eff

co1 = (COI‘.vi + C015.751/(1| 7y

)

| Radio~ i Line i § 1 | i {
1 1 i E  keV 1+ a 1 < t Y, 1 ' Cu;ncidence 1
| nuclide | Code | Y 4 i { 1 |
Jmmmm s | emmmmms lomommnan Jomemmnn R et I ettt o m e o e e e S ol )
| Hf-180m | 1 ! 500.7 1 0.21% i 0.85 112.8 1 1-4-5-6 ; 32243 ; | Y-KX not considered ) 1
| i 2 i 57.5 1 0.79 1 0.865 i 48.4 1 not relevant i
| | 3 | 443.1 1 1.00 | 0.98 1 85.0 1 2-3-4/Kat{4)~5/Kal > B"1(5)-6/Kat > B'1(6)

| 1 4 | 332.3 1 1.00 1 0.95 1 84.4 I 1-4~5/Kat > B 1(5)-6/Ka1 + B 1(6) ; 1
1 ! t | | og=0.03T1 | 2-3-4-5/Ko1 » B 1(5)-6/Kat + B’ 1(8) ; {
] I 1 1 i i t =1%(4-5/Kol > BT 1{5)~6/Kai > R*1(6)] i
i 1 ] ! 215.2 1 1.00 | 0.83 § 81.7 1 1-4/Kal1{4)-5-8/Kat > B 1(8) 1
! 1 i i | aK=0.1221 1 2-3-4/Kotl4)-5-6/Ka1 ~ B°1(6) 3

| | 1 1 1 1 I -1%[4/Kat (4)-5-6/Ka1 > B°1(6)] |
t | 8 | 93.3 1 1.00 { 0.17 t 17.0 I 1-4-5-§ ; 2-3-4-5-8 ; ~1*{4~5-6) 5 { Y-KX not considered ) |
i { i 1 { QK=1.10 t i ]
| ! L i 1 ' i ]
| ! { 1 1 1 1w, = 0.954 ]
1 r 1 ' | 1 I ka1(55.8 kev) = 0.502 1
| i 1 1 | i I ko2(54.6 keV) = 0.287 i
! 1 { i 1 1 I kB'1{63.2 keV) = 0,168 i
|=mmwmmem——- fommmmmm- fommmmmmm- --mmom-- [rmmmmmm Rt bl S | o e e o e e et s s i e e i
| Hf-181 I 1 i 136.9 1 1.00 1 0.38 1 0.76 I 1-3 ; 1-4-5 7 { Y-KXX not considered ) |
| i 2 1 133.0 1 1.00 1 D.44 [ I § 1 2-3 ;3 2-4-5/Ka1 + B'1(5)

i ! 1 1 t oag=0.4871 t |
i 1 3 1 482.2 | 0.83 1 G.87 i 8 {2/Ket > BU1{2)-3 ; 3=4+5 1
i i 4 1 345.9 1 0.16 i 0.95 17,2 | 2-4-5 3 { Y-KX not considered ) |
1 i 5 | 136.2 | 1.00 1 0.36 i 2 i 2-4-5 ; | Y-KX not considered } t
! | | 1 1 aK=1.386| 1 H
i 1 ! 1 1 | [ |
i 1 i | i I 1w, = 0.956 1
1 1 1 1 1 i t ka1(57.5 kev} = 0.501 1
1 1 | { i i 1 ka2{56.3 keV) = 0.288 1
| | 1 1 | 1 | kB'1{65.2 keV) = 0.169 i
1 1 [ I B B [ R i T R N S 1
1 ! i 133.4 1 § 1 47.7 | Eeff of lines t, 2 & §

: : : : : : : COI = LCOL .7y + COT .7, + COL .y bily, + ¥, + ¥g)

1 ! | 136.3 1 1 | 5.96 1 E of lines 1 & §

i i | i 1 1 |

1 i 1 1 1 | i

5

I | I 1 i i |

| | | E_.kev | a t c ! Y.2 | Coincidence

| nuciide 1| Code 1 ' 1 ! ! |

fommmmm - fommmm - |=mmmmmmee |==mmmmme frmmmsmm - fmmmm e d o e e e e e e i e e me )
| Ta-182m | 1 1 185.1 1 0.99 1 0.27 P 23.4 P 1-2 0 1-3/KRatl > B'2(3)-4/Kat » B'2(4)

| i 1 1 | og=0.62 1 | 1
1 i 2 { 318.4 1 0.12 1 06.93 1 6.55 i not relevant 1
| 1 3 H 171.6 | D.88 1 0.50 1 45.8 I t/Kat ~> B 1(1)-3-4/Kal = B'2(4) i
1 i i i ) 0g=0.84 | 1 i
1 | 4 | 146.8 | 1.00 i 0.41 1 35.8 I 1/Kat =+ 8" 1{1}-3/Kat » B 2(3)-4 ]
1 i I | | Og=1.22 ] |
| i 1 | 1 i i |
1 1 1 | 1 i I wg = 0.956 |
1 i 1 1 | | I kot(57.5 kev) = 0.501 i
1 1 { 1 | | I ka2(56.3 keV) = 0.288 {
| i ! 1 i 1 1 kB'1(65.2 keV) = 0.168 i
i i | i 1 | | kB'2(67.0 keV) = 0.042 H
[ ahd Ireomome frmmm----- [ lommmmemm l-rmmmmn e o e e e e e e e i e e e |
I Ta-162 | 1 | 264.1 1 0.21 i 0.90 1 3.64 I 1-20 ; 1-21-30 ; 1-23 ; 1=3+16 ; 1=4+6 ; ( Y-KX not considered)
i 1 2 1 222.1 | 0.43 i 0.85 | 7.50 | 2-18-30 ; 2-18-28-30 ; 2=4+7 ; { Y-KX not considered) I
i 1 k] 1 179.4 | 0.18 t 0.60 i 3.09 I 3-11 3 3-12-30 ; 3-13-29 ; 3-14-27 ; 3~14-28-30 ; 3-15-24 ; 1
1 | | 1 i -1 | 3-16-21-30 ; 3-16-23-27 ; 3-16-23-28-30 ; 3-17-18 | -1%{3-14)

1 1 1 1 1 i | -1*{3-16) ; -1*(3-16-23) ; 3=4+8 ; [ Y-KX not considered)

| i [} 1 65.7 1 0.16 1 0.25 ] 2.80 I not relevant 1
1 | 5 1 1158.1 | 0.05 1 0.95% i 0.35 1 not relevant |
] i 6 1 198.4 | 0.23 1 0.77 t 1.44 | 4-56-20 ; 4-6-21-30 ; 4-6-23-27 ; 4-6-23-28-30 ; ~-2%(4-5) ;

i i i 1 | 1 P o-1*{4-5-23) ; 6=8+18 5 | Y-KX not considered)

i | 7 i 156.4 | 0.41 I 0.91 | 2.63 § 4-1-18-30 ; 4-7-19-29-30 ; 7=8+17 i ( Y-KX not considered) |
1 | 8 t 113.7 | 6.29 1 0.25 | 1.87 bo4-8-11 5 4-8-12-30 5 4-8-13-29 ; 4-B-14-27 ; 4-B-14-28-30 ;

| ! 1 { i uK=2.3 | | 4-8-15-24 ; 4-8-16-21-30 ; %-8-16-23-27 ; 4-8-16-23-28 ; ]
1 | | ! 1 1 1 4=B-17-18 5 -1%(4-8-16-23) ; -1%(4-8-16) ; -1*{4-8-14) ;

1 i | i 1 i 1 -6%(4-8) ; ( Y-KX not considered) 1
| i 9 | 1342.7 | 0.40 t 1.00 i 0.26 | not ‘relevant |
I 1 10 I 1113.4 1 0.60 t 0.89 I 6.39 | not relevant i
{ i 11 | 1373.8 1 0.02 1 1.00 i 6.23 | not relevant t
1 H 12 1 1273.7 | 0.057 1.00 3 9.66 | not relevant 1
t cont'd [ 13 J 1044.4 ] 0.021 | 0.99 } 0.24 | not relevant |



TABLE IV.2=4 : continued

Ta- 182
{cont’d)

20
21
22
23
24
25

26
21

28

29

116. 4
84.17

42.17
1231.0

1001.6
1289.0
1189.0

959.7
1257:4
1157.3

928.0
1221.4

1121.3

229.3

oo

.038
.23

.021
.85

.0235

.274

.0059

.54

.23

.22
bé

.58

.00

0.
0.
@p=5.0
0.
1.

8.

1.

85
13

7
06

.00

.99

.00

99

oo

6.85

~-128-

0.445%
2.63

0.266
11.58

0.863
2r.11

36.30

3-14-27 ; 3-14-28-30 ; 4-8-14-27 ; 4-8-14-28-30 7 -1#{3-14) ;
“1%(4-8-14) ; -1%(14-27) ; -1%(14-28-30) ; 14=16+23 ;

{ y-KX not considered)

not relevant

not relevant

not relevant

2-18-30 ; 4-7-18-30 ; -1%{18-30) ; 18=19+29 ;

{ Y-KX not considered}

2-19-29-30 ; 4-7-18-29-30 | 17-19-29-30 ; -2%(19-29-30)

{ ¥-KX not considered)

1-20 ; 4-6-20 ; 18-20 ; 20=21+30 ; 20=22+29+30 ; 20=23427 ;
20=23+28+30 ; { Y~-KX not considered)

1-21-30 ; 6-21-30 ; 16-21~30 ; -2%{21-30) ; 21=22+29 ;

21=23+28 ; { Y-KX not considered)

§-8-15-24 ; 3-15-24 ; -1%{15-24) ; 24=25+30 ; 24=26+29+30 ;

i
i
$
i
i
!
§
t
{
!
i
1
1
1
|
1
|
|
{ Y-KX not considered)
|
1
1
1
1
|
i
1
i
i
§
§
i
i
§
i

3-15-25-30 ; 4-8-15-25-30 ; ~1%(15-25-30) ; 25:26+29

{ Y~KX not considered)

not relevant

1-23-27 5 6-23-27 ; 16/Kai » B 1(16)-23-27 ; 3-14-27 ;
B/Ko1,a2(8)-14~-27 ; -2%(23-27) ; -1%{14-27) ; 27:2B+30
3-14-28-30/Kot »+ B'1130) ; 8/Kal,c2i8)-14-28-30/Ka1 +> B8°1(30) ;
1-23-28-30/Ke1 > B'1(30) ; 6-23-28-30/Ka1 »~ B'1{30) ;

16/Ka1 + B 1{16)-23-28-30/Ka1 > B 1(30)

~1%{28-30/Kx1 > 8°1({30)] : -1%[14-28-30/Koe1 > B 1(30)] ;
-2%{23-28-36/Ka1 * B 1(30)]

4-5-29-30 ; 10-29-30 ; 3-13-28-30 ; 2-19-29-30 ; 7-19-29-30 ;
22-29-30 ; 15-26-29-30 ; ~1%(19-28-30) ; -5%(29-30)

{ Y-KX not considered)

Ta-182
{cont'd}

>~

.58

.45
.11

LN
@ -

1+2-30 5 2-18-39 ; 4-7-18-30 ; 1-21-30 ; 16-2t-30 ; 25-30 ;
16-23-28-30 ; 1-23-28-30 ; 8-14-28-30 ; 3-14-28-30 ; 26-29-30 ;)
2-19-29-30 ; ~1*{14-28-30) ; -1*{21-30) ; -1%{23-28-30} ; 1
~1%{28-30) ; -1*(18-30) ; -1%{29-30) ; | y~KX not considered)

w = 0.957
ka2(58.0 kev) 0.288

i
:
ka1{59.3 kev) = 0.500 1
kB'1{67.2 kev)== 8.169 :
not relevant

1/Kot B'1(1)~g;31Ku1 > B'1(3) 5 t/Kat > B 1{1)-2-4-5 :

~1%(1/Kat > B"1(1)-2]
not relevant

not relevant

w = 0.957
ka1(59.3 kev) = 0.500
ka2(58.0 keV) = 0.288

|
1
1
i
1
1
not relevant
1
i
i
i
}
kB'1(67.2 keV) 0.1868 ]

not relevant t
not relevant . 1
not relevant
1
1

no coincidence ; {y -KX not considered)
5=6+13 (see IV.2.4)




TABLE IV.2~-4 : contlnued
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{ Radio-
1
| nuclide

{ Re-186
1
1

i Radio-
1
| nuclide

10

12

13

D WD~ W R

625.
618,
511,

2.

134

478.

155.

633,

- W oW

WL UW o e

o

o

.99
.21
.97
98
53
=0.72

o scooo e

ag=1.86

1.186
0.074

0.69
11.9

£-13 (not accurate : see 1IV.2.4)

feeds 0.56 us level [see IV.2.4)

C0Ish : no coincidence

CoInsh : 7-12/Kal > B'2{12)-13/Ka1 > B'2(13)
3-8 3 8=9+11 ; { y-KX not considered)

not relevant

2-10 ; { y~-KX not considered}

not relevant

not relevant

line 12 is fed by 0.56 us level (see IV.2.4}
1-13 5 6-13 ; 7-12-13 ; {y-KX not considered)

@ = 0.95%9
kat(61.1 kev}
ka2(53.7 keV)
kB'11{69.2 keV)
kB'2{71.2 keV)

no coincidence ; { vy -KX not considered)

no -coincidence

Coincidence

1/Kat > B'2(11-3 ; 2/Ka1 + B'2(2)-3

wy = 0.959

kal(61.1 kev) = 0.489
ka2(89.7 keV) = 0,288
kB 1(69.2 kev) = 0.170
kB'2(71.2 keVv) = 0.043

not relevant

not relevant

not relevant

not relevant

5-11 ; 5-12-13 ; { y-KX not considered}
not relevant

not relevant

8-13 ; 8=9+12 ; { y-KX not considered)
not relevant

2-10-13 ; 3-10-13 ; 6-10-13 ; -2%(10-13)
{ y-KX not considered)

9-11 5 T-11 5 5-11 ¢ &-11 5 -4
{ y-KX not considered)

T 11212413

9-12-13 ¢ 7-12-13 § 5-12-13 ; 4-12-13 ; 1-12-13 ; -4*(12-13) ;

{ y-KX not considered)
8-13 : 12-13

Eeff of lines 10 & 11

CoI = (COI‘ . + COI

)/(710 v o7,

1°71 1
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TABLE 1IV.2-4 : continued

0s-150m 1-2-3/Ka1{3)-4/Kal > B"1(4}
1-2-3/K01(3)-4/Kal + B 1{4)
1-2-3

-2-

| Radio- Line 1
1 E_,keV a c i '
1 nuclide Code 1
e B R R e it fowmmmr e
0s5-185 1 880.5 8.72 0.89 H 5.00 3+5 ; ( Y-KX not considered) [
2 234.2 0.089 0.67 ] 0.42 not relevant t
3 162.9 0.19 0.43 1 0.56 not relevant i
4 874.8 1.00 0.99 1 6.61 no coincidence ; ( Y-KX.not considered) i
5 T17.4 0.65 0.99 ] 4,12 3-5 3 52648 ; | Y-KX not considered) ]
6 592.1 g.21 8.99 | 1.33 3-6-8 ; | Y-KX not considered) |
7 646.1 1.00 0.99 1 81.0 Kot -+ 8'2{EC369)-7 |
8 125.4 1.00 8.27 1 0.35 not relevant |
1 !
1 EC368 = 369 keV EC transition ; € = 80.4% ; P_ = 0.78 !
K
| wy = 0.959 |
1 kat1{61.1 kev} = 0.499 i
1 ka2{59.7 keVv) = 0.288 i
| kB'1(689.2 keV) 0.170 ]
1 0.043 ]
1
{
i
i

-4/Ko1 + 8 1(4)

1-2-3/Kai(3)-4

wg = 0.961
kat{63.0 kev) = 0.497
ka2(61.5 kev) = 0.288

!

1

1

1

i

1

}

H

i

1

{

i

1

] =
I kB'2(71.2 keV) =
|

|

1

|

i

1

i

1

i

}

1 .
i kB 1(71.3 keV) = 0.171
i

1

no coincidence

{ Radio-
H
I nuclide

i 1 1 ! i 1

i 1 | I | |

i i | i i |

1 | i i [ |
i ¥ 1 i 1ot} 1 0.0028 | no coincidence {for effective energy only) : 1
i ] 1 | 1 | 1 { y-KX not considered) ]
t I 2 1 441.0 | 0.28 I 0.91 § 0.092 1 not relevant 1
t ! 3 1 142.1 1 0.71 | 0.30 i 0.075 1 3-10-27 ; ( Y-KX not considered) 1
] i 4 1 532.0 1 0.16 1 8.96 1 6.083 {1 not relevant 1
i 1 5 { 350.2 § 0.015 ) 0.84 I 6.0071 { not relevant 1
1 | 6 { 251,61 0.5 1 0.68 1 0.217 | 8-18 ; B-19-31 ; §-20-30 ; B-21-29-31 ; { Y-KX not considered) {
1 1 7 i 1654.7 ) 0.15 | 0.36 1 0.030 1 not relevant 1
1 i 8 1 556.0 | 8.831 1 (1.} | 0.0032 | no coincidence {(for effective energy only) ;
i 1 H | 1 1 1 { y-KX not considered} 1
i 1 9 1 525.0 1 ©.872 1 0.8%8 i 0.0186 | not relevant 1
1 i 10 1 298.8 1 0.89 {1 0.91 1 0.1886 1 3-10-27 ; { y-KX not considered} 1
1 1 1 | 559.3 1 0.69 1 0.85 i 0.486 1 11=12+30 ; { y-KX not considered) 1
| 1 12 1 420.3 1 0.25 1 0.9%0 1 0.17 1 not relevant 1
] | 13 1 587.4 1 D.56 { 0.95 | 1.304 I 7-13 & 13=14+31 ; 13=15+30 ; 13=17+18 ; { y-KX not considered) |
1 1 14 i 484.3 1 0.074 1 0.93 i 0.17 { not relevant t
| i 15 | 418.4 | 0.023 | 0.96 1 0.055 { not relevant . 1
1 1 18 ] 377.3 1 0.033 1 O0.8b 1 0.071 t not relevant 1
i 1 17 | 96.8 | 0.3t 1 0.13 1 0.099 i not relevant 1
1 1 1 1 1 ap=5.55 1 i 1
1 1 18 1 460.5 1 0.47 t .93 i 3.95 I 17/Kol,a2(17)-18 ; 6-18 ; 18=19+431 ; 18=20430 ; 18=21+28
1 1 19 1 387.5 t 0.16 i 0.88 1 1.26 1 37-19-31 ; 6-19-31 ; -1%{19-31) ; 19=21+29 4 t
1 1 ! 1 1 i i { y-KX not considered) ]
] 1 20 1 321.6 | 0.1 1 0.81 i .28 1 17-20-30 ; §-20-30 ; -1%*{20-38) ; ( Y-KX not considered)
] 1 21 1 280.4 1 0.1 I 0.74 i 1.24 ! 17-21-28 ; 17-21-29-31 ; 6-21-28 | 6-21-29-31 ; -1%{17-21) ; i
1 | 1 1 i { 1o-1%(6-21) ; -1%(21-28) ; -1%(21-29-31) ; { -y-KX not considered)
| 1 22 1 986.7 1 0.094 ¢ O0.13 i 0.617 | not relevant 1
1 1 23 | 361.8 1+ 0.38 | 0.85 i 0.296 1 22-23 ; 23=24+31 ; 23=25+28 ; { y-KX not considered)
1 | 24 | 288.8 | 0.17 t 0.80 ] 0.14 { not relevant §
1 1 25 i 181.8 | 0.45 I 0.47 | 0.193 1 22-25-28 7 22-25-29-31 ; -1*{22-25) ; { y-KX not considered)
1 1 28 1 218.8 1 0.58 1 0.81 I 6.0087 1 26-30 ; ( y-KX not considered) |
| | 21 | 219.1 1 1.00 t 0.79 t 0.276 1 3-10-27 ; 2-27 3 ( Yy-KX not considered) 1
| 1 28 1 186.0 § 0.085 ¢ 0.51 | 0.182 1 21-28 ; 25-28 ; 16-28 ; 4-28 ; 28-29+31 i
1 1 1 | f ] 1 )

{ y-KX not considered)
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TABLE 1IV.2-4 : continued

i i | I 1 i

1 I N 1 ! 1
| nuclide | Code | 1 1 '
I Jommm s lmmmmm e lmmmemmnn I ommmm e e e L L EE LT !
1 0s-193 i 29 1 167.0 1 0.82 t 0.16 1 0.64 | not relevant I
| lcont'd) 30 1 138.9 { 1.00 + 0.30 1 4.266 1 12-38 ; 20-38 1
i i 31 1 73.0 1 1.00 t 0.13 i 3.24 1 not relevant 1
1 i | ] i i 1 |
| 1 1 ! ] i 1 wg = 0.962 i
1 | | i I 1 i kat{64.9 kev} = 0.497 1
i | 1 i 1 1 I ka2(63.3 kev) = 0.288 1
i | [ R B RS T B J == = = 5 = & == = ¢ = e kD s ke e e s s e ks e s s e ]
1 1 § 138.0 1 1 1 4.34% 1 € of lines 3 & 30 1
) i ! 1 ] 1 g off ) i
| \ i \ I { \ co1 = (C013.73 + COIao.vao)/(’y3 * 739 \
1 | 1 180.9 1 1 i 0.378 i Eeff of lines 25 & 28 1
1 1 1 | ] | | . 1
i | | | | ) | COT = 1COL,57yg + COLyg-7pg) /1Yy * 7q! X
} | | 219.1 1 1 1 0.285 1 Eeff of lines 26 & 27 1
] 1 1 1 | | i 1
| | | 1 | | | oI = (coxzs.vzs + C0127.727)I(726 + V! |
1 i | 567.9 1 | | 1.80 t Eeff of lines 1, 8, 11, & 13 1
: | : : : : : COL = dyy » 7y & COL vy # COL gy g}/ lyy 7+ gy * Vy5! :
Jommemmmme (RPN Jmmemmmen I lmmmm e N R T et T T T I [
] Ir-192 | 1 | 588.6 1 0.82 1 0.98 | 4.57 | not relevant i
1 { 2 1 £16.5 | 0.13 1 0.98 1 0.564 { not relevant ]
1 i 3 | 604.4 | 0.20 | 0.98 1 8.20 t not relevant
1 1 4 1 308.5 ¢ 0.79 t 0.8t I 29.68 t 4-6 ; 4-7-8 ; { y-KX not considered)
1 ! 5 1 468.1 1 1.00 1 0.87 1 48.1 1 2-5-8 ; { y~KX not considered)
1 1 6 | 612.5 1 0.14 I 0.38 t 5.34 | not relevant
| 1 7 1 296.0 | 0.86 } 0.90 I 28.02 | 4-7-8 ¢ 1-71-8 ¢ -1%{7-8) ; { y-KX .not considered}
1 1 8 1 316.5 1 1.00 i 0.92 | 82.85 | 4-7-8 3 1-T-8 ; 3-8 ; 5-8 ; -1%(7-8) 1

i i { 1 I 1
! o 1 1 1 |
! 1 1 1 | I
| 1 i i I 1
| Tr-194 | 1 | 1468.8 { 0.86 [ | 1 a.191 { not relevant \
1 1 2 1 1175.6 | 0.17 (1) 1 0.060 t not relevant |
t 1 3 1 1000.1 { 0.29 t (1) ] C.046 1 not relevant 1
t i 4 1 1183.5 | 0.55 1 {t.) i 8.30 | not relevant ]
{ i 5 1 889.9 1 0.092 1 (f.,} 1 6.050 | not relevant ]
} 1 [} i 589.2 | 0.25 1 (1.} ] 6.140 | not relevant |
1 i 7 § 1150.8 1 0.85 1 (1.} i ¢.60 1 1-13 : { y-KX not considered) §
| I 8 1 938.7 | 0.34 1 {1} i 0.60 1 8-13 ; 8=9+412 ; { Y-KX not considered) §
1 I g 1 645.1 1 0.86 1 (1) I 1.17 1 8-11 ; 9-12-13 ; { v-KX not considered) i
| 1 10 1 300.7 1 0.84 (1) 1 0.35 i not relevant |
1 1 11 1 622.0 1 0.116 1 ({1.) i 0.34 | not relevant |
1 112 1 293,51 0.88 1 0.9 i 2.6 1 2-12-13 5 3-12-13 ; 5-12-13 ; 9-12-13 ; 6-10-12-13 ; -4*(12-13}4
1 £ 13 1 328,41 1.00 1 {1.) 1 13.1 I 1-13 5 4-13 5 7-13 5 8-13 ; 9-12-13 ; 10-12-13 ; -1%(12-13) i
1-mmmmmmmm o (EEEEEEEE I Jomommm- R [ | e e e e e e e e e e D e 1
1 Pt-19Tm 1 1 | 346.5 1 1.00 1 0.1 1 1t.2 1 1-2 |
] 1 2 | §3.1 1 1.00 1 0.011 | 1,08 i not relevant . 1
| | 1 ! 1 i :
! 1 1 1 1 1 i 1
1 | | | i i | 1
| Au-199 i 1 i 208.2 1 0.97 1 0.53 i 8.4 1 1=2+3 1
| { 2 i 49.8 { . 0.028 1 0.053 | a.328 | not relevant 1
1 1 3 1 158.4 | 1.00 1 0.56 1 36.8 | no coincidence i
1 1 i i | | 1
{ Au-198 1 1 i 675.9 ) 0.87 io0.97 1 1.08 1 1-2 ;5 { y-XX not considered) |
1 i 2 ] 411.8 | 1.00 1 0.86 i 95.56 I no coincidence ]
oo R e Jammmmm Jommemme - lmmmmmmemn Pmmmmmmmm s [ o e e e e e e e e s 1
| Hg-197m | 1 | 165.0 | I ag=77 t 0.274 | not relevant {
| I 2 1 134.0 1 1.00 | 0.37. 1 34.0 I Kat + B'2(1}-2 i
1 1 ] 1 1 1 I |
{ i | 1 1 | 1 wg = 0.968 |
i ] I 1 { | 1 ko1(70.8 kev) = 0.483 |
| 1 1 1 { 1 t ka2(68.9 keVv) = 0.290 |
1 i 1 | { 1 i kB'1(80.2 keV) 0.170 1
| ! l 1 1 1 ! i

kB'2{82.5 keV)
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TABLE IV.2-4 : continued

| Radio- I Line 1 ) 1 ! 1

1 ' 1 E_ kev 1 a [ c ! Y.l

| nuclide 1§ Code | i i i 1

f-mmemomm e fmmmmm e frmmmm oo frmme ommmommen |-----mmerero ]

i Hg-203 i 1 1 279.2 1 1 I 81.486 i

Jmmmm e |===m=mime frmmmm frmmremee fomwm - fmemmmm e |

1 Th-233 1 1 1 1 1 |

i | 1 1 1 1 |

1 Pa-233 1 1 i 415.8 | 0.45 1 0.87 ] 1.82

1 1 2 | 375.4 1 0.7 { 0.85 1 0.676

1 | 3 i 103.9  0.17 t 0.17 1 0.68

i | 4 i 78.3 1 0.22 I 0.071 | 1.31

1 | L 1 388.56 | 0.41 1 0.89 1 1.48

1 i 6 i 86.6 | 0.59 I 0.14 { 2.0%

1 ] 1 i 340.5 | 0.40 | 0.57 t b.h4 1

t 1 8 1 300.1 1 0.59 1 0.51 ] 6.64 I

t i 8 t 312.0 | 0.99 | :0.55 I 38.6 1

i 1 10 1 271.6 1 0.024 1 ©0.89 | 0.96

i ¥-239 ! i i i | i

1 | i i 1 | i

1 Np-239 1 1 i 226.4 1} i 1 0.34

1 1 2 [} 334.3 4 1 1 2.05

1 1 3 ] 315.9 1 1 1.61

1 1 & | 106.1 1 0.85 1 0.79 1 22.9

i 1 | i i 1 ]

1 o § | 285.5 4 0.01t 1 0.80 i 0.781

i 1 & | 277.6 | 0.39 1 0.40 I th.2

i 1 | 1 ! uK=1.22 | )

1 1 1 1 228.2 1 D.44 1 D.27 1 t0.8

| 1 | ] 1 ﬁK=1.95 ] |

i 1 8 | 209.8 § 0.186 i 0.22 i 3.217

i 1 | } 1 | |

{ | 1 ! i 1 i

t 1 1 1 1 1 i

i { ! 1 | 1 |
| 1 | i | ]

1 Np-239 1 ] 1 57.3 1 0.65 1 0.0044 0.10

1 (u-239 1 1 i 1 1 1

. cont'd)l 1 | 1 | 1

1 1 1 i 1 | 1

| | i | 1 | i

1 1 i i 1 | I}

1 i i 1 i | }

i 1 1 | 1 1 |

I 1 T B i BTN BRI

{ ] i 228.1 ) 1 1.1

1 i ! i ]

| 1 L] i |

1=349 ; 1=4+7 ; { y-KX not considered)
223410 ; 2=4+8 ; { Y-KX not considered)
not relevant

not relevant

5=6+8 ; ( y-KX not considered)

not relevant

41

5-8

-8

not relev

ant

no coincidence { for effective energy only )

2=4+7

3=4+8

4-6/Katl > R3(6) ; 4-T/Kat - B3(7) ; 4-B/Ka1,02(8) ;
{interference from 106.5 keV negligible}

4~5 ; 5=7+8

-8

h-1

‘-8

not relevant

wg = 0.977
ka1(103.8 kev) = 0.479
ka2(99.6 keV) = 0.299

kB1(117.3 keV) = 0.108
kB'2(120.6 keV) 0.060
kB3(116.3 keV) 0.056

Eaff of lines 1 & 7

col

(1‘ + C017.71)/(7‘ +y




TABLE IV.2-5 : Exemplary COI-values (Np = Né/COI) for point sources measured at 6 discrete distances to the
‘ active body of a 101 cm3 Ge-detector, with an amplifier's pulse shaping time constant T = 2 us (only
relevant in case of delayed Y-y coincidence ; see IV.2.4).

-

[position 0 : 2.15 cm; position ! : 5.28 cm; position 2 : 8.28 cmj position 3 : 11.27 cm; position 4 :

14.27 cm; position 5 : 17.27 cm].
NOTE : THE DATA CANNOT BE USED FOR ACCURATE CORRECTIONS !

) Radio- I I Coincidence correction factor {COI} . } t  Radio- 1 1 Coincidence correction factor (COI} '
' | EpkeV d- wmms s s e e s - o= swe oo ss-nssmenss - 1 ' I T T T |
t  nuclide i 1 Position 0 | Position 1 t Position 2 { Position 3 | Position 4 1 Position § | t nuclide 1 1 Position 0 | Position t | Position 2 ! Position 3 1 Position & 1 Position 5 1|
' 1 1 I 1 H 1 1 I 1 1 [} I 1 3 1
I Na-24 § 1388.8 1 0.931§ 1 €.9770 ¥ 0.90884 t 0.9927 1 0.9953 1 0.9867 1 b Cu-B4 H 511.0 % 1.0000 t 1.8009 1 1.6000 1 1.0000 1 1.0000 1 1.0000 ]
| it 2754.0 ¢ 0.8209 1 0.9738 L 8.9888 i 6.9%18 [} 0.9945 1 0.396% 1 3 t1345.9 ¢ 1.0080 ¥ 1.6000 1 1.0000 1 1.0080 H 1.0080 t t.0008 1
1 i 1 1 ! i ] 1 1 i 1 hadl] 1 ~t I 1 1 !
1 Mg-27 1 170.7T & 0.9144 1 0.8722 ¥ $.9859 1 0.9813 ' 0.9942 1 0.8858 I t Cu-§6 1 1038.2 ¢ ©.9%8D t 0.993¢% I 0.9987 1 1 1 ]
] 1 843.8 I 0.9886 1 0.9996 t 0.9988 1 0.9899 ] D.9998 ] 0.8898 1 R i Imommemmann 1 i ===l 1 i 1
i I 10144 L 1.0823 1 1.0087 I 1.0003 t 1.0002 1 1.0001 1 1.000¢ [} t Zn-85 i 11155 ) 1.0000 t 1.0000 t 1.0000 1 1 I H
H 1 I i ' i 1 1 1 ] [} ! t ' [} 1 1 A 1
1 AL-28 1 1778.8 ) 1.0000 1 1.0000 t 1.0000 H 1.0000 1 1.0000 [} 1.0000 I I Zn-88m 1 438.6 1 1.0000 H t.0000 4 1.0000 1 1.0200 [} 1.0800 ! 1.00380 1
1 1 1 1 3 1 ! 1 1 t 1 I 1 i [} U 1 1
I §-37 I 3103.8 | 1.0000 } 1.0008 I 1.0000 1 1.0000 ] 1.0000 1 t.0000 ! | 6a-72 t 479.6 1t 0.7517 i 0.8142 I 0.9559 1 0.8726 1 0.9815 ! 2.9865 1
] 1 I H ¢ ¢ [} i 1 I 1 600.9 3 0.8124 i 0.836% I 0.9675 1 8.97%8 1 8.9854 1 .91 1
} €1-38 I 18424 1 0.9276 1 0.9758 1 2.8877 t 0.9824 I 0.9950 1 0.9865 I I t 628.9 ¢ ©.8871 t 0.8945 t 0.9987% 1 ©.8982 1 8.9988 1 8.9991 i
[} | 2187.5 | 9.8428 i 0.9818 1 0.9904 t 9.9840 1 8.9980 H 0.9872 1 I H 786.5 0.6653 H 0.8859 1 0.9416 I 8,38527 ] 9.9156 1 0.9823 [
frreacavacanee R g Lememcmcanann Jowesasameoon ] i Immememomaaan e 3 ! 1 810.8 1 0.8880 ! 8.953% ] 0.9813 1 0.8884 i 0.8922 I 0.9944 1
I K~4&2 1 312.7 1 0.9212 t 0.8739 1 £.9868 1 o.9s%18 1 $.9945. 1 0.9862 [} ) 1 834.0 ¢ 0.8133 1 0.871% ] 2.9853 ] 0.5908 1 0.9939 1 8.9957 !
1 1 1524.7 | 9.9980 ! 0.9994 1 0.9997 i $.9988 1 f.9988 1 0.9898 t 1 [} 89%.2 | 0.8313 ] 0.9429 1 0.9708 ] 0.8818 1 €.9879 1 f8.9912 t
1 ! 1 H ! 1 1 t S} 1 I 878.5 | 0.774% I 0.9230 1 0.9506 [} 0.875% 1 6.8835 1 0.8879 !
I Ca~4T t 488.2 4 §.9138 1 0.9728 l 0.8085% H 0.9812 I 0.9941 1 0.8857 ] t | 1850.8 | 0.8293 ] 0.9427 1 8.9708 1 0.9818 1 0.3878 ] 0.8911 '
1 4 530.4 ) 0.8130 i 0.9718 ! 0.8058 i 0.9912 1 0.9941 i 0.9857 ] ! to1215.1 ) 0.8126 t 0.9387 1 0.8676 i 0.9799 4 0.9864 ] a.9s801 1
1 ] 767.0 1 0.9497 ! 0.8838 ] 9.9918 H D.9950 t 0.9966 1 0.391S I 1 t 1230.9 3 0.99851 i 0.89398 i 0.8995 H 0.9882 i 0.9993 t 0.9894 1
1 [} 807.8 | 2.9071 t 0.870% 1 £.9851 1 0.9308 ] 0.9938 1 0.985¢4 1 1 to1280.1 0.7142 1 0.23038 H 0.9508 H D.9694 1 0.9794 1 0.9849 1 '
i 1 1287.% ) 1.0033 1 1.0010 i 1.0805 1 1.0003 H 1.0002 1 1.0001% I 1 t 1276.8 3} 0.7744% 1 0.8230 ] 0.8606 ] 0.9755 1 0.883% t 0.9879 1 —
e b 3 1 H 1 t 1 i 1 §01291.3 1.0000 t 1.0000 1 t.0000 H 1.6000 H 1.0000 1 1.0000 ]
t Sc-47 i 158.4 ¢ 1.8008 1 1.0800 1 1.0800 l 1.0080 1 1,0008 ] 1.0000 i I cont'd §1484.8 3 1.1338 ¥ 1.0446 1 1.0217 1 1.0126 1 1.0082 1 1.0058 t LN
R e ey et - S - \IN
| Radio- [ ! Coincidence correction factox (COI) | .1 Radio- 1 i Coincidence correction facter (COI) |
1 [ R R A S B i i 1 - R T e e 1
1 nuclide ] 1 Position 0 | Position § i Position 2 ) Position 3 { Position & I Position § | i} nuclide 1 | Position D | Position 1 § Position 2 { Position 3 | Position & | Position § t
I t 1 [} 1 < 1 ¥ | i i 1 1 [} 1 T I ]
I Ca-48 1 143.2 1 0.8115 1 9.9702 ° ¢ 0.9649 1 0.8906 1 0.8838 1 0.9957 1 1 6a-72 1 1536.7 0.8456 1 0.3488 0.8738 1 0.9838 1 0.9881 : 0.9821 :
| 1 1 ©.3276 | 0.9758 ¢ 0.9877 ) 0.9924 1 0.9950 I 0.9965 { (cont'd} t 1881.% 1 1.0000 1 1.0008 | 1.0000 | 1.0000 } 1.0000 | 1.0000 |
1 1 t 0,8333 ) 0.9775 ¢ 0.9886 1 0.9928 ¢ 0.985: | 0.8966 1 1 2201.7 {  0.9148 1 0.9724 | 0.9880 4  0.9913 ¢ 0.9942 i 0.995% !
| 1 P 0.8248 1 0.9737 ¢ 0.9867 { 0.9918 1 0.9946 | 0.99§2 | 1 I 2491.0 1 0.8411 | 0.9812 | 0.9904 { 0.3940 1 0.9959 | 0.8870 i
1 | { 0.8333 | 0,9775 ¢ 0.9886 ¢ 0.9929 L 0.995¢ | 0.9988 | 1 | 2501.8 1 0.9275 | 0.9765 ) 0.9881 t 0.9826 | 0.9350 |  0.9864 |
1 ] t1.0006 §  1.0000 | 1.00000 't 1.,0000 1 1.0000 1 1.0000 | 1 | 2507.3 | ©0.9197 4 §.8738 1 0.8867 | 0.9918 I 0.99%5 |  0.9960. |
1 1 I 1 T 1 1 1 1 R 1 | R t ommm | —
] 1 t  0.918% 1 0.8732 | ©.986& I 0.9916 | ©0.8944 | 0.9968 | 1 Ge-T7 I 2111 ) 0.8888 1 0.9653 | 0.9829 | 0.2885 |  0.4929 : 0.9945 :
i i + 0.8152 1 0.8726 | 0.9880 | ©.9993 1  0.9942 { 0.9358 | i t 2155 1 0.8886 | 0.9637 1 0.9816 i ©0.9886 ! 0.9823 1 0.99%43 |
[} ] ] [RSEE I - ! t } 1 i 264.4 1 0.8338 I 0.9868 ! 0.9833 1 0.9836 1 0.3930 1 0.98947 H
RE ! 0.9989. t  0.9896 | 0.8998 | 0.9999 1  0.8998 1  0.9999 1 | 367.4 11,3577 ) 51088 | 1.0542 1 4.0331 1 1.8226 1  1.0175 1§
] ) 0.8888 + 0.9652 ) 0.8825 | 0,.8882 | 0.9827 i 0.99%% | 1 | 418.3 1 D.8400 1 0.89488 | B.9742 |  0.8841 i 0.9892 | 0.8318 |
1 i 1.0085 ¢ 1.003¢ 1 1.00% 1 1.0088 § 1,0005 1  1.0004 ¢ 1 1 §58.1 1 9.8122 ¢ .0.938% | ©0.9668 | 0.9808 § 0.9869 §  0.9901 |
1 tas 1 ] 1 1 8 i t 1085.2 i 0.8973 1 £0.9981 ! 0.9996 1 2.8897 i 0.98%8 1 8.9999 3
t 0.9187 [ 0.9731 1 0.986% | 0.9815 1 0.9%4 1  0.8960 | 1 § 10870 1 0.738§ | €.9353 1 0.9674 1 0.9800 1  0.9863 | " 0.9885 1
1 4.0000 1 1.0000 f 1.0000 f 1.0008 i 1.0000 | 1.0000 | ! | 1193.3 | ©0.8888 i 0.9659 | D.8829 | 0.9895 { 0£.9928 | 0.9945 |
' t 1 ] 1 i 1 1 | 1 i 1 | 1
1 1.0080 1 3.0800 [ 1.0000 I 1.8000 | $.0000 1 1.0000 | t As-T6 1 554,61 1.0000 | 1.80000 ) 1.0000 ¢ 1.0000. | 1.0000 : 1.0000 :
t I 1 H ] 1 1 t i 558.1 0.7700 1 8.9251 1 0.3621 ' 8.9765 ] 0.9842 1 0.8884 '}
] 0.8580 I 0.8883 ! 0.9846 1 0.9366 [} 0.9978. 1 0.8885 ! I 3 §59.2 | 0.7729 [} 8.9250 $ 0.8625 ] 0.9768 I 0.984¢ t 0.9886 i
' 0.8145 I 8.9722 ! 0.9859 1 0.9813 1 0.9942 1 0.9858 1 1 I §63.2 | 0.8824 1 0.9617 1 0.9808 I 8.9880 1 8.9919 1 a.8940 H
[} 0.5148 ] 0.8722 i §.9858 H 0.9813 ] 0.8942 i 0.9358 ) 1 1 571.3 4 0.8504 H 0.8502 t 0.9747 I 0.9843 I ©.88%4 I 0.9923 1
i I t ] 1 H ] 1 1 &57.3 1 1.0527 4 1.0182 1 1.0081 I 1.0050 [} 1.0034 1 1.0028 1
1 0.9131 4 0.97t4 1 0.9855 ¢  0.9910 | 0.9940 1  D.9957 | ! ! 8B5.3 1 0.814% | 0.9384 | 9.9686 ¢ 0.9806 { 0.3863 | 0.9903 |
] 0.8165 1 0.8722 | 0.9860 | ©.9913 | 0.8942 1 0.9358 i t 1 740.1 1 0.8279 | 0.9438 1 0.8715 [ 0.982% |  0.9881 | 0.8813 |
1 1.0000 1 1.0000 | 1.0000 { 1.0000 | 1.0000 { 1.0000 ) 1 t771.8 1 0.8733 | 0.9587 ) ©.9790 i 0.9870 1 0.9912 | 0.5935 |
| 0.9945. 4 0.9983. | 0.9992 1 0,9995 ) ©0.9996 | 0.9987 1 1 L 867.6 1 D.B262 | 0.9415 1 0.8762 (| 0.9815 | 0.9675 | 0.8908 i
1 1.0026 1 1.0008 1 1.0002 ] 1.0001 ] 1.0001 1 1.0000 i 1 1 t129.8 | 0.8512 1 0.9510 ! D.9750 I 0.9845 ] £.9895 1 0.8923 t
] i -l t I I i ! ) t212.8 ) 0.8610 t 0.9540 1 £.9766 4 0.8855 1 0.8902 ! 0.9382¢ 1
1 0.8205 | 0.8738 | 0.9867 1 0.9918 1 0.8845 t  0.9961 | ! 1 1215.1 )} 0.9822 { 0.9878 | 0.9982 i 0.9587 . 0.9990 1  0.3992 i
] 0.9181 | 0.973%4 |  0.9885 | 9.8916 |  0.8%4¢ | 0.9%60 | I Po1216.1 11,0475 1 1,815t | 10073 § 1.0042 1 1.0027 f  1.0018 |
1 1 1 ! 1 t 1 1 t 1226.5 t 0.9102 | 0.9713 1 0.985¢ { 0.9909 1 0.9939 [ 0.985% |
) 0.9183 1 0.8732 | 0.3864 | 0.9996 4  0.884% . | 0.9960 i I t 1435.1 1 0.861% | £.9541 ¢ 0.8766 | 0.9855 | 0.9802 ‘| 0.9929
i 0.9656 | ©0.9882 | 0.9945 | 0.3966 1 0.987T | 0£.8983 | | $453.6 1 0.8842 1 0.8551 | 0.9772 | 0.3858 | 0.39505 § 0.8930
1 1.0083 ! 1.8028 1 +.0012 [} 1.0898 i 1.0008 [} 1.0003 ¢ 1 1 1787.6 | t.0821 i 1.0285 1 1.0128 1 1.0074 H 1.0048 t 1.8034 I




TABLE IV.2-5

¢ continued

Radio- ! i Coincidence correction factor (COI} i

I Ey,kev IR - e E R R T g i

nuclide [} 1 Position @ .| Position ) ) Position 2 | Position 3 1 Position 4 t Position 5 1

{ ' t i 1 ] ! 1

Se-15 L 88.7 | 1.0800 I 1.6000 i 1. 0000 1 1.0080 i 1.0000 1 1.a000 )
t 121.1 1} 0.8904 2 0.9859 1 0.8829 1 0.8895 1 0.8329 1 0.8946 ]

' 138.0 | 0.8889 t 0.9858 1 0.8829 1 8.9885. 1 0.8928 t 0.9845 1

t 198.6 | 0.9357 t 0.9627 1 0.8827 ] ©.9898 1 0.9934 H 0.9954 1

' 264.7 | p.932t t 09634 1 0.9025 § 0.9857 1 e.8932 t 0.9951 1

3 278.5 | 9.9514 ' 0.9138 1 0.8878 I 0.9929 1 ©.9954 H 0.9%68 ]

' 303.9 1.9000 1 1.0000 1 1.0000 I 1.0200 1 1.00080 H 1.0000 1

t £00.7 1 1.6800: t 1.2045 1 1.0948 ] 1.0840 1 10347 ' t.024t )

1 t 1 1 L 3 ' 1

Br-80 H 616.3 | 0.9941 ¢ 0.5881 ] §.998¢0 t 0.9994 1 6.99986 1 0.9887 I
i 838.2 1 0.9108 t 0.8713 1 0.9855 1 28,9911 t 0.8940 H 0.9858 ]

1 655.8 | 0.9%68 ¢ 0.9990 I 0.8995 t 0.9997 1 0.8998 t 0.9938 ]

3 704.0 | 0.9108 i 0.8713 1 0.8855 ] 0.9911 1 0.9940 i 0.9856 1

1 1 1 I L 1 ¥ 1

Br-82 1 92.2 | 0.8%40 L] 0.9465 1 8.9728 t 9.9830 1 0.9085 1 0.9817 1
1 221.5 ¢ 0.B45S 1 0.8%71 1 0.9728 t 0.9831 1 0.9886 1 0.9817 1

i 213.5 ¢ 0.7586 H 0.817¢ 1 6.9574 t 0.9735 1 0.9822 1 0.9870 [}

H 554.3 0.8075 1 B.8347 I 0.9565. t 0.9792 ) 0.9861 H 0.9899 1

i 605.3 0.7463 t 0.9138 I 8.9560 t 0.9127 1 a.9015 1 0.9863 1

1 618.1 ¢ 0.7864% 1 8.9213 L 0.9528 t 0.9769 1 B8.9044 1 0.9888

1 698.4 | 0.7588 1 0.9173 I 8.9576 t 0.9737 1 0.9822 i 0.9869 1

i 776.5 0.8117 1 06.9364 I 6.9675 i 0.9798 ) 0.9854 1 0.980¢ 1

1 82r.a 0.8405 1 0.9466 I 0.9728 t 0.9831 ] 0.98856 1 0.9518 1

1 835.2 1.0006 1 1.0089 [} 1.0000 i 1.6000 1 1.0000 1 1.0008 1

1 852.1 1 0.7683 1 0.9222 I 0.9604 1 0.9755 I 0.9834 1 6.9875 [}

1 100T.6 1 0.8393 1 0.9482 t 8.9726 1 0.8830 ! 0.9886 1 0.9817 1

1 104%.0 0.8280 1 0.9424 ] £.9707 ! 0.9818 I 8.9878 1 0.9811 |

1 1081.4 1 0.8233 ] 0.3288 [} 8.9850 1 0.5788 1 £.9850 1 0.85801 ]

1 1317.5 0.8585 1 0.8538 I 0.9764 1 0.8853 I 0.9900 1 0.8826 I

1 14749 0.8742 1 0.9585 2 0.9783 1 0.8870 I 0.9912 1 0.9934% 1

1 1650.31 0.8495 1 ©.9530 I 0.9752 i 0.9852 I 2.9886 1 0.9822 ]

| Radio~ | 1 Coincidence correction factor (COI) I
| 1 Er.keV I I A R A R A B A R IS I ..o ef
1 nuclide 1 b Position O 1| Position t | Position 2 | Position 3 | Position &4 { Position 5 1
1 I H 1 t ! - ! i
1 Rb-86 i 1018:6. ¢t 1.8000 H t.0000 ! 1.0000 t 1.0000 1 1.0000 ' 1.0200 H
' i 3 ' 1 ' 1 I t
t Rb-88 I 898.0 | 0.9216 t 0.8738 } 0.8867 1 0.9918 ] 0.8946 1 0.9962 !
t b 1366.3 | 0.9351 i 0.3780 1 0.9888 ] 9.9931 1 0.9955 I 0.9970 [
3 I 1382.4 ) Q.97 t 9.937¢ 1 0.9679 1 0.9800 H 0.9867 I ©.9907 ]
\ 1 1779.8 0.8455 ] 0.9477 1 0.8733 1 0.9834 H 0.9889 ] g.9921 1
1 | 1836.0 ) £.8353 1 9.9788 i 0.9693 1 0.8933 t 0.9856 I £.9968 1
] | 287T.9 1 0.8241 1 0.9747 ' 0.9872 1 0.8920 2 0.9847 L} 0.8963 1
1 + 1 l i 1 k 1 =1
| Sr-85m 1 151.2 1 1.0080 1 1,0000 ' 1.0000 1 1.8080 ] 1.0000 1 1.0008 1
1 1 231.7 ¢ 1.0000 ] 1.0000 t 1.0000 1 1.0008 ] 1.0000 1 1.0000 1
1+ ) i ! t H -1 H i
i Sr-85 1 514.0 1.0000 H t.0080 I 1.0000 i 1.0008 1 1.0000 1 t.0000 1
B 1 H 1 ' i =1 - 1
1 Sr-81m t 388.4 1.0000 1 1.0000 1 1.0000 t 1.8008 I 1.0000 i 1.0008 1
t 1 ] 1 ! I 1 t 1
I Y-80m 1 202.5 | 0.9580 t 0.8997 1 0.9998 1 $.9939 1 0.9998 H 1.8000 1
I I 479.5 | £.8883 1 0.9659 i 0.8830 I 0.9887 1 0.8929 t 0.9945 H
1 1 882.0 1 t.2354 [} 1.0728 H 1.0348 1 1.0201 1 1.0130 1 1.00%1 1
1 | 1 1 H 1 H 1 I
{ 2r-85 i 235.7 1 1.0000 [} 1.0800 t 1.0000 1 1.0080 t 1.0000 1 1.0000 t
1 T, 126.2 3 1.8000 1] 1.0088 ] 1.0000 1 1.0008 3 1.0000 1 1.0008 L
1 i 742.2 ¢ 1.0000 H 1.0000 L 1.00800 i 1.0000 [} 1.0000 ] 1.8008 1
[} 2 786.7 | 1.8000 H 1.0000 [} 1.0600 H 1.0000 I 1.0080 1 1.0000 1
I i I 1 I t 1 i !
| Nb-95 I 765.8 | 1.0000 t 1.0008 ! 1.0000 t 1.0000 [} 1.00860 1 1.8000 1
1 t [} 1 1 t 1 H I
1 Zr-97 1 254.2 ) 0.8910 2 0.9635 1 6.9814 4 0.9885 I 0.9923 1 0.984% 1
¥ 1 355.4 1 f8.8828 i 0.9509 ] 0.9801 [} 0.9877 1 2.9917 1 0.9841 1
3 1 507.1 0.8848 I 0.9850 1 0.8975 ] 6.95985 1 0.8930 ) 0.9882 1
1 i 602.4 3 0.833¢ I 0.9451 i 0.8721 [} 2.9827 1 0.8883 ! 0.9814 1
1 I 783.7 ¢ 0.6474 ) 8.9499 1 0.8746 1 0.8843 1 0.8894 i 0.9822 1
| cont’d L 1021.3 ¢ 1.8006 1 1.0800 H 1.0000 1 1.0000 1 1.0000 3 1.0000 1

| Radio- ] t Coincidence correction factor (COI}) 1
1 IEP.keV e e A S B A S e S N !
1 nuclide 1 I Position 0 | Position 1 { Position 2 | Position 3 | Position & 1 Position 5 |
) 1 [} ] 1-== 1 lummmcomarene [REEL Lt |
1 2r-87 I 114B.0 1 0.8329 ] 8.9455 ] 9.9724 t 0.9829 1 0.988% 1 0.991¢ 1
1 {cont’d) I 1276.1 6.9177 1 0,973¢ t 0.8867 1 0.8818 1 0.9845 [} 0.9958 1
I L 1362.7 | 1.8088 [} 1.8028 1 1.00%4 i 1.0008 H 1.0005 1 1.000% 1
t L 1750.5 ¢ 0.9370 I 0.8809 ] ©.9903 1 0.8940 1 0.9958 ] 0.3968 H
! 1 1 t [} 1 fmemn 1 w==—t
§ Nb-97m [} 743.3 t.0000 t 1.90000 1 1.0000 1 1.0080 1 1.0000 ] 1.0000 1
H 1 1 t I 1 i--- [ il ]
1 Hb-87 3 657.9 1 1.0000 t 1.0000 I 1.0000 [} 1.0000 ] 1.0000 1 1.0000 1
1 1 10285 ) 1.0000 ' 1.0060 ] 1.0000 1 1.0000 I 1.0000 1 $.0000 !
1 1 1 i (244 Jomme === 1 '
1 Nb-9¢m H 782.6 0.9%49 1] 0.8723 ] 0.9860 ) 0.9913 ) 0,9942 ] 0.9958 )
1 1 811.0 1 1.0000 i 1.0060 I 1.0000 1 4.0000 1 1.0000 1 1.0000 i
1 [} 1 i [ Rt [} [Eid R g 1
1 Mo-38 1 18t.1 1 0.853% i 0.9580 [} 9.9778 [} 0.8852 I 4.9908 1 0.9933 i
1 1 366.4 | 0.9957 1 0.89%0 ! 0.9995 1 0.9987 I 0.99%8 1 £.9938 1
1 1 T39.5 | 0.3032 1 0.9589 1 0.9846 1 0.8907 1 8.9937 1 0.9951 1
! I 178.0 1 1.0000 1 4.0000 i 1.0000 1 1.04000 I 1.0000 i 1.0080 1
[} t t [} H I ! I 1
| Ho-89/Tc-9%m | 180.5 1 0.9%87 1 0.9996 i 0.9998 1 2.8999 [} 0.9899 ] 0.9389 I
1 t t 1 H I ] ! I
| Mo-101 ] 80.8 | 8.807% 1 0.9637 i 0.9847 1 0.9905 I 0.9936 ' 0.9954 1
! 1 191.8 1 8.9588 i 0.9885 t 0.5932 I $.9958 t 0.9871 L 0.9979 1
1 I 195.8 | 1.0000 1 t.0000 ! 1.0000 I 1.0000 1 1.0000 1 1.0000 1
1 i 182.%4 1 8.3588 t 0.8865 t 0.39832 t 0.8858 ] a.897t t 0.9378 1
] 1 408.7 | 0,2396 1 0.3801 t 0.9898 ] 9.8937 1 £.9959 1 9.8970 1
] ] 489.7 1 0.8900 ] 0.8640 I 0.9818 I 0.8887 1 8.992¢ ] 0.9945 i
3 1 505.9 1 0.9073 t 0.9698 1 Q.9848 1 0.9808 1 0.8937 1 0.3854 3
1 H 590.7 ¢ 0,8345 i 0.8786 ] 0.9892 ] 0.9933 1 0.9955 t 0.9968 1
i t 695.6 1 0.9237 1 2.9750 1 G.9873 H 0.882¢ i 0.9847 L 0.9862 1
H t T13.0. ¢t 0,8328 I 0.9853 1 0.9824 3 0.9881 1 0.9%27 1 0.9946 1
! ¥ 8710.9 0.8383 I 0.97137 1 0. 9897 t 0.9936 1 0.9857 t D.9969 I
t cont'd t art.e 0.3399 I 0.9802 1 0.9900 1 0.9838 L 0.9358 H 0.987¢0 1
!t Radio- | 1 Coincidence correction factor (COl} t
] ] E’,,keV IR e e T e S T T R T i i
i nuclide 1 I Position 0 | Position 1 i Position 2 | Positior 3 | Position 4 | Position § |
1 ! 1 1 1 1 1-- 1 -1
I Mo-tot i 934.0 ) 0.8966 t 0.8661 1 0.8828 1 0.9834 1 9.9929 1 0.9948 1
I {cont d) )1012.3 1 0.9326 i 0.3783 i 0.9890 1 0.9932 ] 0.9954 | 0.9966 1
1 I t16t.0 | 0.9018 ) 0.9700 ! 0.9848 [} £.99306 ] £.9937 1 8.9954 1
1 Iov25t.0 ) 0.8811 H 0.9617 ! 0.9608 1 B.3881 1 £.9918 ! 8.9940 1
i 1 1304.0 1.0326 1 1.0104 H 1.0080 1 1.0029 1 1.0018 1 1.0013 1
! 1 1532.5 | 8.9019 1 0.9686 1 0.8841 t 9.9902 1 6.993¢% 1 0.9451 [}
H I I=== [} 1 t H ) - 1
i Te-10t ] 127.2 | 8.8814% ] ©.9550 k 0.8779 I a.9864 t 0.8908 I 0.9830 1
1 1 179.7 o 1.0000 1 1.0000 i 1.9000 1 1.0000 H 1.0000 ) 1.98000 1
H 1 184.0 ) £.8639 1 0.9428 1 0.5719 1 0.9831 i 0.3888 1 0.9918 1
t i 308.8 1.0000 1 1.0000 t t.ea0c i t.0060 i t.g000 [} 1.3080 H
1 1 531.4 | .0.8433 1 0.8391 I 0.970¢ 1 6.8821 ' 0.9880 1 0.8910 t
! 1 545.1 1.0832 1 1.0083 1 1.0004 1 1.0002 t 1.0081 I 1.0001 1
t 1 715.5 t.0000 1 1.0000 i 1.0000 1 1.0000 4 1.0000 1 1.0000 [}
] 1 I 1 L] I hid | I== 1
| Ru-97 1 215.7 1t 0.9881 1 0.8997 1 0.9989 ] 0.9899 t 0.89%9 1 1.0000 !
I H 3245 0,999% 1 0.3999 I 1.0000 1 1.0000 t 1.0000 1 1.0000 !
! 1 58%.3 0.8906 1 0.9684% 1 9.9832 1 0.98%48 1 0.9830 1 0.9946 !
I==- t 1 I 1 1 1 t i
) Ru-103 1 487.1 | 1.0008 1 1.0000 1 1.0080 1 1.0000 1 1.0000 1 1.0000 1
¥ ! 857.8 | 0,9970 1 0.9975 1 0.2980 i £.9984 ] 0.989§ i 6.9997 1
! I 618.3 | 1.0008 1 1.06802 1 1.00061 ' 1.0000 1 1.0000 [} 1.0080 1
prmm 1 [l 1 1 ] 1 i ]
i Ru-10§ 1 149.1 1 0.8548 1 0.9532 1 0.8763 1 ©.9854 I 0.880% 1 0.9926 H
H [} 262.8 | 0.99073 1 0.9706 1 0.9852 ¢ 0.99309 t 0.8838 1 0.895¢ 1
H i 364 ) 0.9032 I 0.9692 1 0.9845 t 0.9904 1 ©.8935 3 0.9952 1
i } 326.1 1 0.288% I 0.9679 U B.9838 i 0.9301 1 0.9932 t 0.9849 t
i ! 350.2 | 0.8877 I 0.9639 ] 0.9820 ] 0.5830 1 0.9925 t 0.9943 t
t I 393.4 1 0.8910 I 0.9662 1 G.9831 t 0.8896 1 0.8929 1 0.9846 t
L ] 413.5 | 0.8810 ] 0.9662 1 §.9831 1 0.9896 ] 8.992¢9 ' 0.9848 H
] . I 469.4 0.3113 L 0.9728 [} 0.9859 1 0.9913 1 0.9941 1 0.9958 1
t cant'd ) 499.3 ¢ 0.8683 ] 0.9894 1 6.9943 1 0.9962 1 6.9974 1 0.5980 1

-hel=



TABLE IV.2-5 : continued

1 Coincidence correction factor {COI) t

] Radio~ H 1 Coincidence correction factor (COI) i 1 Radic- ]
! I EpokaV = = smn-scpcese-messssse e ges s s ' A N e e e e e e .
+  nuclide [} | Position 0 | Position ) ! Position 2 § Position 3 i Position 4 | Position 5 | t  nucliae ' 1 Position 0 | Position 1 | Position 2 I Position 3 | Position 4 | Position 5 |
1 t | ! i i -1 il ! i ] - 1 -1 -1 mlemeaaan LS |
t Ru-195 ] 656.2 1 1.037% 1 1.0118 I 1.0057 t 1.003¢ 1 1.0022 | 1.00t6 ) I In-115m 1 336.2 | 1.0008 ] 1.0000 1 1.8000 1 1.0000 1 1.0000 1 1.0800 1
1 fcont'd) I 876.4 t+ 1.0143 ¢ 10046 ( f.0021 ¢ 1.8012 | 1.0008 | 1.0006 | ' dememe - JJ— | \ |
! ] 12%.3 ¢t 1.0020 t £.0008 | 1.0003  1.0002 . 1.0000 ¢ 1.0001 1 Cd-11Tm | 366.3 | 0.8402 ¢+ 0.8464 1 0.9728 | 0.9831 | 0.9886 | 0.9917
1 [} 815.9 0.5047 ] 0.9697 1 0.984T ' 2.9908 1 0.993% i 0.9952 t ] ] 564.0 ) 0.9005 1 0.9657 1 0.9832 1 0.9836 1 0.9930 ] 0.9950 i
' t 969.4 I 1.0851 ¢ 1.0045 1 1.0022 | 1.0012 1 1.0008 |  1.0006 I ' ) 831.§ | 0.8808 ¢ 0.9603 | 0.9788 | 0.9875 1  0.9916 | 0.993% |
1 ) ===t [ 1 I ' R ' } 768.% 1 0.9317 | 0.877S 1 0.9888 1 0.993) { 0.995% | 0.9966 I
! Rh-105m I 129.7 | 1.00000 | 1.6000 t 1.0008 ) 1.0080 ¢ 1.0000 |  1.0000 | 3 1 762.7 | 0.9140 1 0.9714 | 0.9855 { 0.9911 1  0.9840 1  0.9357 |
1 R ] ! ! i ! [ -1 === 1 t 880.5 1 0.9153 | 0.9722 1 0.8853 1 0,9913 1 0.9942 1 0,9958
I Rh-105S | 306.1 1 1.0000 | 1.0000 4 1.0000 | 1.0060  1.0000 1  t.0000 | ! 1 2314 ¢ 1.0000 1 1.0000 ; 1,0000 ( 1.0000 1 1.0000 | 1.8000 |
1 | 318.2 1 1.0000 1 4.0800 { 1.0000 1 1.0008 1 1.0000 t 1.0000 | 1 1 1029.0 11,8348 1 10110 @ 1.0085 11,0021 1 1.0012 1 1.0087 1
' i 1 1 | [ 1 i --nt | | 1065.0 | ©0.9450 4 ©0.9820 i 0.9809 | 0.99¢4 | 0.9962 1 0.8972 |
1 Rh-104m 1 5t.4 1 0.9991 1 0.9995 | ©0.9998 ¢ 0.9999 | ©0.8993 1 0.9998 i \ | 1234.0 | ©.9188 { 0.9738 1 0.9868 | 0.9918 t 0.9945 |  0.8960 . 1
| ] 87.1 11,0006 1 1.00080 | t.0000 { 1.0880 | 1.0008  1.0000 ! §1339.4 ¢ 0.9184 1 0.8733 | 0.9865 | 0.9816 I 0.99% | 0.9960 |
Jmmmmmmmmmecmas [ aeaneaa ] 1= ! -1 ¥ R il ' I 1432.0 1 0.9160 | 0.972% | 0.9863 ! 06.8915 1 0.9943 }  0.9958 |
1 Rh-104% 1 §55.8 t 0.9972 i 4.989t | 0.8995 | 0.9937 ¢ 0.9898 | .0.899% | b t1987.§ 1 1.0185 1 1.0055 | 1.0027 1 1.0016 1 1.0011 p 1.0008 |
I=-=e= mmmmmees Al e Gl i ! == i il bl Stadl Immermeann smmeml 1 [l P H Tlrmme e fommeraoen -y
1 Pd-109 t 3111 | ©0.9526 | 0.9843 i 0.9921 | 0.9952 { 0.9967 | 0.9878 | 1 cd-117 1 88,7 0.8820 1 0.9622 | 0.8808 I 0.9882 | 0.9828 1  0.5940
1 | 4t4.4 | 0.9282 f 9.9770 1 0.3884 | 0.9928 t 0.9951 | 0.98%63 | | { 273.3 | ©0.9377 4 0.97% ) 0.9886 1 0.8935 1 ©0.9857 { 0.9969 |
! t 602.5 1 ©0.9968 | ©0.898t 1 0.9891 ] 0.3995 | 0.9987 | 0.9998 | 1 | 344.5 1 ©0.9988 ! 0.9938 1 0.9989 | 1,0000 & 1.0800 1  1,0000 |
[ | 636.3 1 0.3955 | 0.99B1 | D0.99ST i D.9395 1  0.9995 1  0.9987 ! t 434.2 | 0.8810 1 0.9833 1 DB.9963 | ©,9976 | 0.8983 1  0.5988 I
1 | 847.3 ¢ 0.997¢ | 0.9985 | ©0.9993 ¢ 0.9396 | 0.8997 1 0.5938 1 ' + 831.8 ¢ ©0.873% 1 0.9588. | 0.8792 { 0.987% 1 0.9813 1 0.9835 1
1 | 7814 1 t.o1os | | f,08%5 | 1.0809 I 1.0006 ! 1.008 t | 880.7 1 ©0.9067 | D.9§95 1 0.9846 1 0.3904 | 0.9936 |  0.995% I
| 1 i s 1 1 “eq- e len - 1 1 1 845.7 1 0.9017 | 0.8673 1 0.9837 1 0.9893 ! D0.9832 |  0.9851 4
1 Ag~109m ! 88.0. 1 t.0000 1 Loo1.0000 4 1.0800 1 1.0000 1 1.0000 ' } 1051.7 ¢ 0,8333 | 0.9785 1 0.9891 | 0.9832 i 0.995 1 0.9966 |
1 1 i 1 1 | 1 .- 1 1 1 1142.5 ¢ 0.9025 1 0.9581 | 0.9840 | 0.9902 | 0.9833 1  0£.9350 |
1 Pd-11im 1 172.1 1.0000 I 1.0000 1 1.g0000 1 1.0000 [} 1.0000 1 1.0000 i 1 1 1303.3 0.8983 ] £.9686 b 0.9842 1 £.9903 1 8.9934 I B.9949 1
i i 391.3 1 £.9027 | 0.9677T ¢ 0.9835 §  0.9837 1 0.9831 t 0.9948 1 | y 1337.4 1 0.9978 10,9983 4 0.9998 1 1.00000 1 1.0001 1 1.000% 1
l { 413.5 | 0,7785 | 0.9266 | 0.953¢ 1 0.9777 | 0.9843 { 0.8886 ) | 1562.5 | 0.8942 4 O0.8842 4 ©0.9822 | 0.9891 | 0.9927 | 0.9846 1
' | &15.1 1 0.3054 | ©0.985¢ { 9.8832 { 0.9638 | 0.9832 1 0.9950 1 | + 1576.8 | 1.082¢ 1 1.0256 1  1.0125 |  1.0073 | 1.0048 b  1.0036 1
1 | 626.6 | .0.8152 ) 0.33862 | 0.9687 { 0.9806 | 0.9869 I  0.8903 } 1 1 1723.3 1 0.8983 | 0.9685 | 0.5862 | 0.9903 | 0.9834 { 0.9949 ! ]
1 Vo 575.9 1 0.5219 3 D0.8T3F 10,9863 1 0.9917 1 D.9945 L D.3862 S RO P PO SO | '
1 ! §32.8 t 0.8218 t 0.3605 1 0.3698 | 0.8814 1 0.98T¢ | 0.9906 | 1 In-117m v 158.6 1 1,00000 1,000 1 1.0000 & 1.0000 1 1.0000 1 1.0000 -3
1 ¢ 694.1 1 0.9558 ( 0.9811 )  0.8811 |  0.9947 ¢ 0.9985 | 0.9876 1 ' }315.3 t  1.0000 §  1.0000 1 1.0000 |  1.0000 ¢ 1.0000 |  1.0060 W
1 t 1115.9 1 1.0000 | 1.0000 ! 1.00063 1 1.8008 ! 1.0080 f 1.0000 VO O wm
1 ¢ 1891.1 | 1.0128. 1 0.9896 {1 1.000% | 1.0003 | 1,0003 | 1.0002 e e e I, e
,,,,, - TrTmmmetT B Coincidence correction factor (COI) 1 l
JO. demmm il e ———— mmm———— s R e L] IR R e . .
| Ragio- | ' Coincidence correction factor (COI) d | Position 0 | Position 1 | Position 2 | Position 3 | Position 4 | Position 5 1
1 | Ep.keV - - - - - - B R LI N LRI | P PN P - [ ' PO
I nuclide ] v i Position 0 | Position 1 | Position 2 I Position 3 t Position 4 | Position § | i 1586.6 1 0.9086 1 0.9708 1 0.9652 1 0.3809 i 0.3338 1 0.9954 1
Jrermm e Pmoome Al mmmwamemasnd il el ! bt d el i $§3.0 1 0.9426 t 0.9689 | D.9647 } 0.9%08 ! ©.8939 |  0.9953F I
T Ag-111 t 3%4z.1 11,0023 1 1.0007 1 1.8003 | 1.0082 1 1.0000 1  t.0001 | - ROORRI [ et O TUU N NNy DO
1 i ! ! i- ! ! S Rl bl ' 1 In-114m 1 1906.3 4 1.08008 1 1.0000 | 1.0800 | 1.0000 | 1.0000 ¢ 1.0000 |
I Ag-108 | 433.2 1 8.9510 | ©0.9842 { 0.9920 ) 0.9951 | 0.9967 | 0.9976 | | | S58.4 1 0.913& | 0.9720 | 0.9859 | 0.9912 | 0.9941 |  0.§957 1
! | 510.8 1 0.835 | 0.9458 { 0.9725 | 0.9830 | 0.8886 | 0,891k 1 | 725.2 1 0.9080 | 0.9705 ! 0.9851 | 0.3908 I 0,9938 |  0.895¢ 1|
| | 618.3 1 0.8011 | 0.9686 i 0.9842 1 0.9503 1 0,883% 1 ©0.8951 | [P, O DU O P, [T, Joremmcmann O PR PO SR
! ! §33.0 & 1.0000 1 1.0000 | t.0000 1 1.0000 1 f.0008 1 1.0080 1 1 In-116m I 137.9 1 0.8448 1 0.8475 ) 0.9733 t 0.9834 1  0.9889 1  0.9921 |
! 1 ' [ I ! -1 ! ! | ! 416.9 | 0.8884 1 0.9618 | 0.9806 1 0.9879 1 0.9920 1 6£.9943 |
' ! ! v 0.7686 I 0.8801 1 0.9252 | 0.3484 | 8.3529 1 ) | 818.7 | ©.8275 1 0.9428 | 0.9703 | ©5.3818 ! 0.8878 | .0.891% |
i | ! | 0.9180. | 0.8579 1 0.8738 1 0.982: | 0,887% 1 L 1087.2 t 0.9164 1 0.974§ | 0.9856 I 0.9911 { 0.9%41 i  0.9958
! 1 1 { 0.838% 1 0.3689 1 0.9807 4 0.9870 | 0.8806 | 1 ! 1293.5 1 0.8092 1  ©0.9701 ¢ 0.9843  ©.9906 1  0.2937 |  0.8955 |
1 1 1 | 0.9186. 1 0.9588 |} 0.974s 1 0.8827 I 0.9874 1 | 1507.6 1 0.9202 ¢ 0.9737 1 0.9867 1 0.9917 I 0.8945 [  0.8861
! 1 ' | 0.8282 | B,9632 | 0.9771 ) 0.9846 1 0.3888 1| t t 1752.4 11,0080 | 1.0000 4 1.0000 ¢ 1.0000 { 1.0083 1 1.0000 |
i I 1 I 0.9223 | 0.9605 1 0.975¢ t 0.9834 1  0.9879 1 | 2112.2 1 0.9100 1 0.971% | 0.9858 i 0.9912 1 0.9940 |  0.9955 1|
| 1 1 t 0.9279 | 0.9631 | 0.9770 1 0.9845 I 0.9888 fmmmmm s O PR, fememmmmmmmen S R PR U TR o
! ! ! I 0.9371  t 0.8679 | 0.8808 4 0.9866 | 0.3303 ! In-113m t381.T 1 1.0800 }  1.0000 4 1.0000 1 1.0000 ¢ 1.6080 1 1.0000 1
1 1 1 | 0.9182 1 0.958t | 0.9739 1 0.982% } 0.9871 1+ g Tl . Jomnmmnn SR TR Y DU, lcmmmmmmmmmen [P P O S
! 1 i | ©0.8386 i 0.9687 | 0.9805 | 0.9883 1 0.9905 1 Sn-11Tm 1 156.5 { ©0.9973 | 0.9885 | 0.9993 1 0.9996 ! 0.9997  0.9938 |
1 i i ! 0.8413 | 0.9701 1 0.9814 | 0.987T5 1  0.9989 | Jmmmnn e PR | - -t any - O |
i 1 1384.3 | 0.8523 4 0.8512 1 0.9751 ¢ 0.9845 | 0.9895 1 0.8923 | t Sn-123m ! 180.3 1 1.0000 | 1.0000 ¢ 1.0000 § 1.0000 | 1.0000 1  1.0000 ¢
| | 1475.8 1 0.8816 i 0.9618 | 0,880 1 0.8877 | 0.8916 |  0.3938 | R U PR I | ! N PRI P ammmenl
! | 1505.0 | 0.8443 | D0.9487 ! 0.8739 | 0.9837 { 0.9630 | 0.3820 | 1 Sn-125m I 331.9 11,0000 11,0000 1 1.8000 | 1.0000 1 1.0000 |  1.0000 |
' ©o1552.3 1 1,107z | 1.0437 1 1.0216 1 1.0122 1.0079 1  1.0053 | [mrmmmrmeen rmme ) mmmmmeatian e v————— t ade- | J-- ' R
== ¥ ---t |t bee 1 ! 1 i I sn-12% | 332.1 1 0.8462 | 0.9490 | 0.8740 1 0.383¢ 1 0.8882  0.3%2% ¢
| Cd-111m \ 150.8 | 0.8952 1 0.8676 | 0.9838 ¢ 0.9%0t1 | 0.8932 t 0.9%8 | | | 469.8 { 0.3140 | 0.9718 | 0.8857 L 0.9911 ! 0.384% t ©0.8857 |
i | 2%5.4 | 0.9793 | 0.9888 | 0.9846 1 0.9967 | 0.9978 |  0.83984 1 ' | 822.5 | 0.9140 | 0.9718  0.9857 i ©.9811 1 0.984t | 0.5957 |
[EEER 1 | (=== [ | 1 1 ! 1 ! 915.5 1 0.9153 1 0.8722 1 0.9859 | 0.9913 | 0.992 1 0.9958 I
I Cd-115m ! 484.3 1 0.9158 | 0.9726 1 0.9861 | 0.89914 & 0.9%42 | 0.3958 | ) 1 1067.1 I 0.8188 1 0.8736 1 ©0.9667 | 0.9917 | 0.9945 {  0.8860 1
' 1 839.6 1 0.9158 | 0.9726 ( ©0.9861 | 0.9314 | 0.9942 | 0.9958 | \ | 1086.9 1  0.8453 |  0.9495 1 0.97¢4 1 0.9842 | 0.8893 | 0.9918 |
1 | 1290.5 1 1.0820 | 1.0006 ( 1.0003 1 1.0002 |  1.0001 I  1.8801 | e O a—— - e R PR
[EEER | B e 1 [ [ =1 ]
1 Cd-115 } 280.6 1 0.9597 | 0.9876 1 0.9938 | 0.9962 | 0.9974 ¢ 0.9980
1 t o 492.2 1 1.0082 | 1.0825 1 1.0012 | 1.0007 1 1.0005 | 1.0003 1
! 1 527.7  1.0008 1 1.0000 t 1.0000 | 1.0000 § 1.00000 | 1.0000




TABLE IV.2~5 : continued

t  Radio- i 1 Coincidence correction factor (C01) ! I Radio- 4 ' Coincidence correction factor (COL) !
) | EpKeV G- - s s = s e os T L T P i ! ) I O EpkeV - - o= - - St omemTommec s ottt ot
I nuclide 1 1. Pesition D | Position 1 | Position 2 | Position 3 1 Position & | Position 5 | 1 nuclide 1 1 Position 8 j Position 1 : Position 2 : Position 3 : Position 4 : Position § :
i ! [ 1 I ¢ ! 1 i
: Sb-125 : 176.3 : 0.9893 : €.8987 1 0.9983 : 0.9920 1 0.9993 |  0.8995 | 1 Ba<131 { 496.3 1 0.9606 | 0.9789 1 0.8901 { 0.9%42 | 0.9862 1 0.99%
1 | 427.8 1 1.0000 ) 1.0000 | 1.0000 1 1.0008 | 1.0000 4  1.0000 | | fcont'd) | 585.0 & 0.9993 | 0.9997 | 0.9998 - { 0.9998 1  0.9999 { 0.9999
t I 463.4 1 1.0000 {_  1.0000 ¢t 1.06000 1 1.0000 1 §.0680 |  1.0008 | 1 t 0 620.1 1 2.8090 {  1.5730 - I 1.2664 1 1.1520 11,0977 & 1.0678 |
' { S00.6 1 1.0800 4 1.0000 & 1.0008 1 1.0008 | 1.0000 1 1.0008 | 1 | 1047.6 1 1.0490 1 10149 | 1.8070 ! a0 s.0026 1 Lo
06.5 .0800 1. 800 1.0000 1.000 1.0000 ! ! v ! 1 h
X : fanls | 10013 | i.g::: : :.gnng : oo { voeer 1.2030 ‘ t Ba-133m L2761 11,0000 1 1.0000 i 1.0000 ' 100 1.0000 1.9000 '
1 i ' \ i ' i ' ' !
Veborez VT eenr 1 Tooesee 4 o.sees - P s e Y S 1 Ba-138 | 165.9 1  1.0000 ¢ 1.0080  1.0000. 1 1.0000 1 1.0000 i 1.0000 1
1 | §92.8 1 ©.9052 | 0.3703 | 0.9853 | 0.8988 & 0.9938 | ©0.3955 i 1 | te20.5 | 30075 i 10023 1 0601 0 n.008 0 00 1.0003 3
) l ' ‘ J ] t 1==-- ' I t L 1 ' I=mmaseenones Tommmmmenn
1 Sb-124m1 L¢88.4 1 0.8302 & 0.89437 1 0.8714 |  0.9822 & 0.9880 |  0.5912 | I La-140 | 328.8 1 0.8353 1 0.9450. 1 0.8720 1 0.9626 |  0.9883 | !
1 Y 802.7 1 0.7378 | 0.9140 1 0.8564 | 0.8730 { 0.8818 |  0.3856 | ! t 432,51 0.8353 | 0.9¢50 J 0.8720 1 0.9826 | 0.9883 | !
1 ) 685.8 { 0,733 1 0.9129 | 0.9558 | 0.8727 1 0.9815 I 0.9863 i PoA8T.0 1 0.8470 1 0.8626 1 0.9911 ¢ .0.9945 i 0.9%62 | !
\ ' ' ' | i B | ' ' | 7S51.8 1 0.9205 1 0.3736 | 0.9867 i 0.9817 |  0.9945 | |
1 sb124 ) 8027 t 0.73%6 1 0.8326 | 0.3658 | ©6.9788 1 0.9858 ! 0.9838 1 ! | 815.8 1 e.83MT I 0.8306 | 0.9843 1 0.9986 ¢ 0.9577 1 !
1 ! 645.8 3  0.8612 t 0.85¢1 | 0.87ST | ©0.9855 1 0.9803 [ 0.9929 ¢ ! | 867.6 1 0.9220 3 0.9744 1 0.9870 ) 0.8919 | 08T '
i | 709.3 1 0.8173 ¢ 0.9390 1 0.968% | .0.9807 & 0.9870 {  0.9904 | ! I 819.6 1 0.9688 1 0.8a37 1 0.9345 1 0.5380 1 0.9976 | !
' | T13.8 1§ 0.8368 ) 0.9454 | 0.9722 | 0.9828 | 0.3884 1 0.9815 | ' |o825.2 1 p.8250 1 0.9751 1 0.3874 | 0.992% 1 0.9948 | !
f L 722.8 ) 0.8648 } 0.955¢ | ©0.9773 1 0.9859 ) ©0.3905 1  0.9831 : ll 1696.5 “ 0.8813 1 0.9848 : 0.8022 : ©.9890 : 0.9928 I‘ :
i
0 | tms.2 ) 0 | ket | o.M | ogmd 1 oeser 1 oeare | POel ) WS | 10000 | 10000 | 10000 1 10080 | 10000 i 1.0000 1
1325. . 1. . . . . ! ! e
: | .3::.? X ;.;::: X 0,2323 ' ",.3?5.‘, : o oas : ;,2;32 , .’,_;’ZI‘,‘ ' | ce-143 | 2316 1| 0.8957 t 0.9672 | 0.9835 | 0.8838 1 0.9931 | 0.998 1
i I 1436.7 1 ' 0,9678. 1. 0.9908 | 0.9951 | 0.9967 | 0.9977 |  0.3982 | ! I 293.3 1 0.9960 © 0.9985  0.389¢ | 0.8896 1 0.9993 | 0.8998
! | 1526.4 | 0.6328 | 0.9447 & 0.9718 1 0.9825 | ©0.9882 1  0.3813 | ! 1 350,61 10316 1 10103 1004 11,0027 0 10017 0 1.0012 4
o L 1891.0 ) 0.8120 1 ©.9718 | 0.9857 1 0.9912 | 0.9940 1 0.9856 1 i ' 480.4 | §.8989 1 0.9591 t 0.8845 1 0.9905 | 0.9935 | 0.3950 |
| | 2090.8 1 0.9296 1 0.975) { 0.987% t 0.9922 | 0.9947 1  0.9861 | ! | 8645 1 0.9998 1 0.9980 1 0.9995 | 0.9998 | 0.9993 1 0.399%
: ) P ) PRI ) ) onen ) | | 722.0 1 1.0288 1 1.0084 I 1.0040 | 1.0023 1 1.0015 |  v.0011 |
t Te-127 | 817.9 ) 1.0038 1 1.0092 §  1.0006 1  1.0003 1  1.0002 §  1.000f | ‘ ' soo-4 1 nemz 0026 ! 1.0014 ! Lo 2 1.0008 : 10004 :
renrar Ve VT oemer 1 aemie v Taesss 4 olaare Ve e Vo) t Pr-142 | 4575.6 1| 1.8000 1 1.0000  1.9006 | 1.0000 { 1.0000 1 1.0000
' ©452.3 1 0,941 I 0.9702 1 0.9855 | 0.9813 | 0.9942 1  0.3857 |
. S [} Radio- ‘ ' Coincidence correction factor (COY} I
1 Radio-~ 1 I Coincidence correction factor (COl) 1 t 1 Ey.kaV T A A I B I A
1 1 Er.kcv I= = = = = = % & % 2 m = = m e mamm e mmmm e mm .. a . 1 1 nuclide 1 1 Position 8 1 Position t | Pasition 2 | Position 3 | Position & | Position 5 ¢
<1 nuclide t | Position 0 | Position 1 ) Position 2 | Position 3 | Position 4 | Position 5 | ' 1 1= i ¢ [ { ! f
i ! I | 1 \ | 1 | 1 Nd-147 | St.1 1 0.9343 1 ©0.9981 1 0.8990 t 0.9994 § 0.9995 |  0.9837 |
1 I-131 | 38,5 1 1.0017 | 1.0005 t 1.0002 |  1.0001 | ' \ | 120.5 1| o0.8812 1 0,962 4 0.979 ¢ 0.9875 § 0.9946 | 0.9938 1.
' I Peavasmnsmnon|sanacannanan [P P PR 1 ) \ | 196.5 1 0.8687 | 0.9507 4 0.9806 { 0.9882 4  0.9821 1  0.9342 |
| 1-128 { %42.8 10,9913 | 0.9872 | 0.9986 ]  0.9991 | 0.998¢ |  0.8985 | ) L 215.4 | 0.8812 | 0.9582 1 0.879% i 0.9875 1 0.99%6 { 0.9938 |
1 | 526.6 10,8027 1 0.9631 | 0.9846 1 0.9806 | 0.9935 1  0.9851 | 1 | 319.4  0.9165 1 0.9618 | 0.89822 | 0.8836  0.9932 |  0.3852 |
h ' ] 1 ' - | 1 : | ] { 398.2 1t 0.9685 | 0.963% | 0.8923 | 0.5855 1 0.9970 | 0.5878 |
| 1-132 | 667.7 1 0.843% 1 0.9478 © 0.8734 { 0.9835 | 0.9888 1  0.9818 | | | 438.9 & 1,0103 | 0.9983 | 0.99% | 0.9996 1 0.9998 ( 0.3999 |
1 1 §67.8 1 0.8434 ! 0.9476 | 0.9733 | 0.983% | 0.9889 i 0.9813 | t 5§31.6 @ 1.0020 t 1.0008 | 1.0003 1 1.00802 ¢ 1,000 £ 1.0001 I
I | .689.8 1 0.8319 1 0.9440 I 0.9715 ¢ 0.9823 | 0.9881 1  0.9913 | 1 { . 685.9 t 1.0155 1 1,0044 | 1.0020 | 1.0011 1 1.0007 ¢  1.0005 |
I tT72.6 1 0.8426 1 0.8475 | 0.9732 | 0.983% { 0.9888 1 ' 1 I 1 i | 1 ' 1 I
' 1 i ) 1 1 ) ! | Ng-148 ? 87.0 & 0.9430 1 0.976) | ©.9887 | 0.993¢ t 0.9357 { 0,389 |
1 Cs-13km t 127.5 . 1,0000 +  1.0000 | 1.0000 |  1.0000 t 1.0000 | I | | 114.3 1t 0.8683 1 0.9567 ( ©0.9784 | 0.9859  0.9911 1 0.8932 |
I ' 1 [EEE I 1 i | | 1 { 155.9 | 0.9988 ¢ 1.0076 | 1.8027 | t.0012 f 1,8005 1 1.0008 |
| Cs-134 | ATS.6 | 0.8447 I 0,948 ) 0.8733 | 0.8838 |  0.9691 | \ 1 ¢ 188.6 1 0.9358 t 0.9788 | 0.989 | 0.9935 |  0.9955 | 0.9966 |
| I 583.2 1 0.8%28 1 0.9480 | 0.9735 1 0.9835 { 0.9688 | | 1 | 196.9 1 0.9264 i 0.9638 | 0.9833 4 0.9503 | 0.9937 | 0.9956
1 | 569.3 1 0.9986 | 0.9895 | 0.9998 | 0.9998 | 0.9989 | 1 I | 208.% t  0.8375 + 0.9735 | 0.987% 1 0.9926 | 0.9951 |  0.998¢ 1
i | B04.T 1 0.8330 | 0.9787 i - 0.9887 4 0.9835 | 0.8957 1 ) i | 211,34 0.9823 1 0.9942 | 0.9871 { 0.9982 | 0.9988 |  0.9991 |
1 | 785.8 10,4279 | 0.8080. 1 0.9920 1 0.8392 | 0.9589 1 i I | 248.2 % 1.0000 1 1.8000 4 1.0080 ¢ 1.0800 | 1.0000 4 1.0000
i |- 801.9 | 0.8867 | 0.9630 { ©0.9813 § 0.988% | 0.8822 1 | \ 287,71 0.8203 1 0.968% | 0.9848 { 0.9908 | 0.9939 1  0.995¢ |
' | 1038.5 11,0861 1 1.0236 I 1.0113 ¢t  1.0063 | 1.0040 | ' 1 | 270.2 1 1.0006 1 1.0000 4 0.9956 | £.8985 | 0.3985 | 0.9995 |
i I1967.9. ¢ 0.9112 4 0.8715 |  0.9856 |  0.9811 |  0.9940 | ' 1 | 326.8 1 ©0.9093 4 ©0.9708 1 0.3855 { 0.8912 | 0.93¢0 1 0.3954 |
i | 1365.1 {  0.9255 & 0.876%1 | ©6.9878 | ©0.9926 | 0.9850 | ' ' | 349.1 1 0.9420 | 0.9757 4 0.9685 | 0.9932 | 0.9955 | 0.9987 |
|mmmmmrm e I i ! i el 1 -l i 1 | 423.6 | 0.9917 | 0.9889 i 0.9953 | Q2.9973 | 0.9983 | 0.9988 1
| Ba-131m I 791 0 1.0000 t 1.0000 4 1.0000 | 1.0000 t 1.0000 | | 1 | 443.6 1 0.9180 | 0.9736 1 0.9868 (. 0.9920 | 0.9965 [ 0.9958 |
1 t 108.5 | 1.0000 1 1.0008 1 1.0008 | 1.0000 { 1.5000 | | ' | 540.5 | 0.9740 | 0.9843 | 0.9927 i 0.8958 1 ©.9973 1 0.9881 |
l ' 1 : \ | : o I ' | 556.4 L 1.0060 . L 1.0000 | 1.0000 { 1.0000 1 1.0000 i 1.0000 |
| Ba-131 | 123.8 4 6.8676 & 0.9704 1 0.8851 | 0.§908 { 0.9938 |  0.385% | ) I B54.8 L 1.0492 t 1.0149 | 1.0870 1 1.0040 | 1.0026 | 1.0018 1
[} I 333.6 | 0.8551 b 0.9546 1 0.8772 | 0.8880 i 0.9805 | ©£.8928 | 1 i 1 i t 1 I 1 i
I | 216.1 1 0.8937 | 0.9378 1 0.9888 | 0.9983 | 0.9335 | 0.8995 | 1 Pm-143 | 285.9 t 1.0000. 1 1.0000 ¢ 1.0000 ( .0008 | 1.0000 | 1.0000 |
' | 239.6 1 0.9503 1 0.9741 i 0.9876. | 0.8927 | 0.9352 | 0.9965 | 1 1 1 1 1 ' ' 1 I
' ! 249.4 10,9569 . |° ©0.9778 1 0.989S | 0.9938 { 0.9950 | 0.8872 | | Ng-151 L 255.6 11,0326 1 1.0088 1 1.0038 1 1.0020 1 1.0002 § 1.0008 |
I t313.2 1 10214 1 1.0086 f 1.0029 | 1.00%6 f 1.0010 1  1.0007 | 1 ! 1180.6 | 0.9403 { 0.9678 1 ©0.9850 | 0.9813 | 0.9946 | 0.9961
1 | 406.0 10,8878 1 0.9677 ! 0.9840 1 0.9802 | 0.9933 i  0.9943 |
| cont’d | 486.5 1| 0,8567 1 0.9758 | ©0.9885 1 .0.9832 | 0.9956 | 0.9968 |

-9¢ L=



TABLE IV.2-5 : continued

+  Radio- t Coincidence correction factor (COI) 1 I Radio- 1 1 Coincidence correction factor (C0I) '
| I BpkeV - - - o m s s s e e s e c o co e oo m s m e m oo s s - 1 ) I EpkeV [n = - == - B I I A A T B S R R B S A B RN ] i
[} auclide ] 1 Position 0 | Position t | Position 2 1 Position 3 | Position & ) Position § | 1 nuclide | | Pasition 0 | Position ) | Position 2 ) Pasition 3 | Position & | Position S
1 i 1 1 1 1 —e-1 | | ' | | 1 foe
1. Pm-151 I 104.8 ¢ 0.9214 t 0.8724 1 0.8842 | 0.9888 |  0.8811 ¢  0.9924 | | Gd-161 | 102.3 | 0.8977 | ©0.9680 | ©.9838 }  0.99%1 | 1 I
| 1 163.3 | 0.9504 1 0.984§ | 0.9923 | 0.9953 t 0.3368 I 0.9976 f 1 165.2 1 0.83t2 I 0.964¢ | 0.9821 | 0.9881 | i
1 t 168.00 | 0.9638 ( D0.988T | 0.884& | 0.9986 { 0.8977 ¢ 0.9982 ) } 283.5 1 0.9980 | 0.9968 |  0.98985 1  0.8992 | ' '
t ! 177.00 | 0.9138 4 0.9700 i 0.9853 | 0.8992 3 0.9%¢0 { 0.9954 ¢ ) | 314.9 | 0.9506 | 0.9764 ) ©0.9830 1 0.8836 1 1 '
1 | 209.0. | '0.9659 | ©0.8882 | 0.8946 | 0.99§7 ¢ 0.9877 | 0.8983 | ) L 338.1 1| 0.9856. | 0.9882 | ©0.9943 { 0.8965 1 | '
' 1 240.1 1 8.9778 + . 0.9877 t - 0.934% |  0.89§8 ¢ D0.9879. | 0.8986 1 | 360.8 | 0.9998 | ©0.9895 | ©0.9988 i 0.9999 | 1
i t 25,2 1 £.9972 1 0.9376 ! 0.9990. | 0.8%94¢ 1 0.9896 | 0.8998 ) | &88.1 1 1.0772 1 1.6218 1 1.0103 { 1.0083. | 1
i 1 3%0.1 1 1.0067 1 1.00200 1 1.9009 ) 1.0005 I 1.0003 | 1.0002 | ) | 529.5 | 1.0389 | 1.6115 1 1.0085 1  1.9032 1 1 '
' | 3%k.9 & 1,1913 | 1.0573 ¢ 1.0265 | 1.0951 | 1.0096 |  1,0087 | | \ | \ 1 : i 1 i !
1 | 440.8 1 1.0085 - 1.0020 ¢ 4.0009 ¢ 1.0005 ( 1.0003 ) 1.0002 | 1 Th-160 1 86.8 | 0.8855 | 0.9625 } 0.8810 | 0.98683 i 0.8921 | 0.9942 |
! I 445.7 1 1.0033 1 . 1.0010 | 1.0005 f 1.9003 | 1.0002 I 1.0001 f | 187.0 | ©.8725 1 0.9555 1 0.877T | 0.9863 { 0.8908 |  0.993% |
| I 717.8 1 0.97?5 1 0.8876 | . 0.8943 I 0.9967  0.9979 { 0.9986 | 1 | 215.6 1 0.8811 ) ©G.3620 1 0.98t1 | 0.988% 1 0.8823 |  0.984% 1
| ! 4 1= ! ! ' - ' 1 | 298.6 1 0.9109 | G.8686 . 0.9848 4 0.9908 1 0.9938 |  £.9955 |
| Sm-153 1 §8.7 { 0.9760. ! 0.9868 - ) 0.9939 | 9.9965 4 0.9878 ¢ 0.9985 | N ) 392.5 | ©£.9126 1 ©.9702 | 0.8850  ©£.9508 | 0.993%8 |  0.9955 |
! t 183.2 | 0.9980 t 0.9987 4 0.9994 |  0.8997 { 0.9898 | ©.898% | ' | 765.3 1 0.8514 1 0.9506 t 0.9756 { 0.9852 1 0.9898 | 0.8823 ¢
1 1 ¢ 1 1 [} 1 I=mmmwamomn e [ H 1 BT9.4 | £.9375 1 0.9718 i 0.3892 i 6.9835 ] 0.8956 ] 0.9887 1
t Sm-155 {10.3 11,0000 | 1.0000 ¢ 1.0000. 1 1.0000 i 1.0000 | 1.0008 | 1 4 962.3 | ©0.8658 § 0.9896 t 0.8847 | 0.9967 |  0.9977 |  0.8882 |
' I 141.2 | - 0.9452 ] ©0.9702 ¢ 0.9853 ¢ 0.9821 |  .8850. | 0.9865 .| f { 985.1 + 0.9588 ¢ 0.8873 { 0.9835 | .0.9859 |  0.9972 | 0.8878 {
t | 246.0 4 1.0398 ) 1.0174 11,0051 ¢ 1.0028 | 1.0018 1 1.0012 | I t 966.2 ¢+ 0.8588 ¢ ©0.8873 1 0.9835 | 0.9959 1 0,9872 1 0.3878 |
(Rl 1 =] ) I 1 i =t i I £ Mt5.t 1 0.6888 ¢ 0.9662 | .0.9834 1 0.8900 1 0.8832 1 0.9949 4
| [ T 0.9140 't 0.8720 1 0.9853 | 8.9912 :  0.8941 |  £.9957 | U 1178.0 1 1.85% 11,8145 1 1.0072 1 1.00s3 1 1.0028 1 1.0020 |
] l | 9.8708 | 0.9305 ¢ 0.9852 | 0.,8970 i 0.9380 | 0.8986 | | 1 1199.8 { 1.0153 1 1.0822 1 1.0083 1 1.0008 1 1.0005 |  1.0004 |
' i 1 8.9%18 1 0.9740 1 0.9874¢ 1 0.9925 ¢ 0.985% |  0.9965 | 1 | 1271.8 1 6.9995 ) 0.%97¢ | 0.8990 f ©.999%4 i 0.8997 1 0.9%8%8 |
! ! i 0.8202 & 9.8741 1 0.9868 | 0.8919 | 0.8946  0.8561 ¢ [ Po1312.0 11,0186 4 1.0036 11,0019 ¢ 1.0011 3 1.0008 ¢ 1.0006 1
[ 1 ! 1.0453 ) 1.0137 ¢ 1.0063 1 1.0036 1| 1.0023 | 1.0816 [ ! ) 1 [ 1 -1 1
' 1 t1.0272 1 1.0085 | +.0061 1 3.082% 1 1.0016 1  1.0011 i t Dy-165m y 108.2 11,0000 } 1,0000 & 1.0000 i 1.0000 1 t
1 1 t 0.9671 1 0.982¢ | 0.9817 | 8.9952 i 0.8968 | ©£.8978. & 1 | 515.5 1t 1,0080 | 1.0080 { 1.0000 1  1.0800 | 1
1 1 [ [ ey | 1-=a- 1 | -1 i } i 1 t 1 1
1 1 | 0.8126 1 D.9713 | 0.9855 | 0.9818 { 0.9940 | 0.8856 | | Dy-165 I 94.7 1 1.0800 &  3.0000 i 4.0008 1  1.0000 | 1
) 1 [} 0.8941 1 0.9582 1 £.9784 ] 0.9875 ! 0.9917 [} 0.9841 1 i 1 278.8 | £.9099 H 0.8704 t 0.9851 1 0.,9908 ] 1
t 1 [} ©.9356 1 £.9731 i £.988¢% 1 0.9834 [} 0.9956 i 0.8968 I 3 1 361.7 | £.9203 1 0.9740 1 0.9869 1 9.9918 ] 1
1 ] G.8484 ] 9.9508 1 0.9751 1 0.9847 ] 8.9896 1 0.9922 ] 1 1 §33.4 | 0.9321 1 0.9787 1 0.9682 ] 0.9933 ] 1
e LTI TIo T ! ¢ 7153 4 0.8138 1 0.8733 | 0.9866 |  0.9917 | 1
1 1 Coincidence correction factor (COI) [} N
1 R T R i i T I IR I S I AT A i
¢ | Position O I Position 1 | Position 2 1 Position 3 | Position & 1 Position 5 | : :
i - [ bt Sttt it RS bbb Imommmmmmman fmmmmmomocena] | onuclide ] L Position D | Position 1 | Position 2 | Position 3 | Position 4 | Position § |
| Eu-152 | &44.0 ©  0.8961 | 0.9616 | ©0.3808 1 D0.9883 | 0.9823 { 0.89%4 | Yommemmm e mmmem Vomommmenn fommom e fommcmmnmemem [P, TR, Vemmmmmmmmm e Vommmmmomaeam '
| tcont'd) t 482.7 | 0.8723 | 0.8528 ( 0.9765 f 0.9857 1 0.9904 1 0£.8930 | \ \ t 1 ' '
| ) 564.0. t 0.8981 ¢ 0.962T | 0.98%4 { 0.9887 | 0.9825 i 0.9946 I H ) 1 1 ' t
| }T18.8 1 9.9030. | 0.3696 | 0.3847 { 0.9906 i 0.9836 |  0.9951 1 ' ' ' ' 1 "
i t 887.4 1 0.8676 1 0.8511 1 0D.8758 1  0.985¢ | 0.8802 | 0.8827 | \ } N \ ' {
i 1 864.0 1+ ©0.8666 f 0.9479 4 0.8742 | 0.8643 ! 0.9896 |  0.3826 1 \ \ ' i ' 1
i | 1085.8 1 1.0534. i 1.0168 1  1.8088 | 1.0046 I 1.0030 |  t.0021 | t \ ' \ ¥ 1
1 © 1089.7 ) 0.3125 | D0.9728 4 0.8663 1 0.9915 | 0.9942 | 0.9956 | ' ' 1 ' 1 i
1 1 19112.0 1 0.98D4 | 0.9866 § 0.9838 | 0.998% i 0.9976 | 0.9963 | N ' \ \ | i
i | 1212.9 © 0.8701 | 0.9518 1 B.9763 | 0.3857 t ©0.9904 1 0.9928 | N 1 ' 1 | h
1 |o1298.1 0.90%3 ¢ 0.9890 I 0.984% { 0.9804 | 0.9935 |  0.9951 | ' | h } \ 1
' ! 1408.% 1 0.9712 | 0.3837 | 0.9924 1 6.9956 1 0,887t 1  0.9980 | B \ N | | |
frommmm e Ir=mmomamen frmmmm o ———— ] 1 t t 1=~ 1 ] 1 i t 1 1
I Eu-154 1 123.1 ( @.e197 1. 0.9708 | 0.9853 |  0.9908 | 0.8839 |  0.9956 i 1 ' | f
1 | 248.0 | D0.8706 | 0.9506 ! 0.3753 1 0.9850 1 .0,9800 | 0.8928 | ' ' ' \ ' ' |
1 | 581.8 | 0.8688 ! 0.949% I 0.975Y [ 0.9848 1 0.8839 |  0.9927 | | | 1 I ) | |
| Vo 692.4 1 0.9090 § 0.9835 1 £.9820 | 0.9880 1 §.8927 | 0.9947 | : f ' ' { | 1 |
| I 723.3 1 0.8988 | 0.9833 1 0.9817 t 0.9888 | 0.3925 | 0.9946 | ' \ | 1 f } | 1
\ ! 756.9 1 0.8537 } 0.8463 | 0.,973%4 | 0.9639 f 0.3891 | ©.8918 | | ¢ I ' | | | |
1 t 873.3 1 0.8960 ¢ 0.9592 | 0.8798 ( ©.9878 | 0.8819 |  0.8942 | | | 1 1 | i | |
1 I 996.4 | 0.958% + 0.9867 1 0,999 | 0,8953 1 0.9968 | 0.9876 1 N | \ I \ ' \ f
| | 1004.8 | 0.961%4 i 0.3806 | 0.9807 | 0.3945 ¢ 0.9964 |  0.9874 | ' 1 ' \ | ' \ I
1 | 1274.4 1 0.9683 | 0.9628 I 0.9828 | 0.8853 { 0.9970 | -0.9978 | | ' | | ' 1 ! )
1 | 1596.5 1 1.1615 1 1.045¢ ¢ 1.0228 1 1.0135 } 1.0080 |  1.008% | | I I \ | t h \
Jonr ===t f==- ! i fommmmmmmmoan {mommmmomoone fommemmon e ! 1 1 8 1 L0, 1 to0, [ 1
t 6d-153 I 97.4 + 1.0008 ! 1.0000 1 1.0000 ! 1.0008 | 1.6800 | 1.0000 | ' \ g | I 1 o L 0. |
1 1 103.2 1 0.9387 4 0.9982 1 0.9986 | 0.3896 | 0.998¢ | 0.,9999 | ' ' 8 i 1o, i L. i o. |
1 =t t== ' -1 1 - ! i ! 1 1 5 1 10. I . oo '
1 Go-159 1 348.2 t  1.0802 ¢ 1.0081 I 1.0800 § 1.0000 | 1,0000 { 1.0000 | | i 396.3 1t 1.0158 1 1.0047 {1 9.0022 1 1.0092 | $.0008 | 1.0006 |
1 | 363.6 ( 1,0000 { 4.0000. | 1.0000 i 1.0000 | 1.0000 | 1.0000 | [P frmmmmm e I- I e fmmer | | '
i | Yb-177 | 121.6 1 0.9876 | 0.9957 1 0.9978 | 0.9987 |  0.9881 |  0.898% |
I 1 138.6 1 0.3517 1 D.9745 | ©0.9876 © 0.3826 |  0.9951 ¢ 0.5963 |
1 | 150.% | 0.9789 1 0.9928 | ©0.996¢ + 0.9978 { 0.9885 1 0.5988 |
(. cont’d I 889.2 1 0.9550 1 0.975T | 0.8882 i 0.9929 i 0.3953 1} 0.8955
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TABLE IV.2-5 : continued

] Radio- t t Coincidence correction factor {COI) I 1 Radio- ] i Coincidence correction factor (COI} ]
1 1 Ep.keV |- ~'v = - s e e mw e e m o e - e BRI AR I S I I V 1 Ep.keV dm = = = == oe oo R I T B I A R N T N IR 1
I nuclide i { Position 0 { Position 1 [ Position 2 | Position 3 1 Position & | fosition § 1 nuclide 1 4 1 Position 0 1 Position 1 | Position 2 | Position 3 | Position % I Position § |
I ' 1 1 ol | ' 1 -t === 1 ] ] ] [ e e EEE LI EEL LS PR Jommmrama - 1
I Yb-177 ¢ RWI1.T ) 1.0018 i 0.9388 ] 0.9894 I 0.9%56 ! 0.9987 1 0.9998 1 | Re-188 1 155.0 ¢ 0.9958 i 0.9983 ] 0.9388 1 0.89%1 1 @.9992 ] 0.9992 !
! {cont'd) t 1028.0 1 9.9757 P 0.887¢ 1 0.8938% 1 0.8964 8 8.3877 i 8.9384 i 1 1 478.0 0.9382 1 e.9717 t 0.9069 t 0.9915 3 7.8843 t 0.3358 ¢
1 v o1080.1 0.9554 ] 0.9158 1 0.8882 1 0.8930 H 0.9853 I 0.9985 ] 1 t 633.3 0.8938 ] 0.952¢8 1 0.9809 1 0.9883 t 0.9921 1 6.9941 1
1 1 o118.8 % 0.9757 1 0.3870 1 0.893% ] 0,995% 1 0.9877 I D.9984 1 ] t 829.5 0.8938 3 0.9620 ' 9.9809 t 0.9883 1 9.9821 ] 0.9841 ]
! 11149.7 1.0265 ] 1.0080 ] 3.0037 ] 3.0021 H 1.0034 i 1.088% H t i 931.3 1 @.8855 H @.9807 1 0.8305 t 0.9844 t 0.8962 H 0.9972 ]
t 1 24t.% 1.0043 1 1.9013 I 1.0006 t 1.90003 [} 1.0002 t 1.0002 1 ] 3 ' i d 1 1 & 1 §
! t ' ' 1 1 ¢ 1 1 | 05188 ] 592.t ¢ .9752 t 0.9868 ] ©.9936 1 0.9952 1 ©.9975 I 0.9%82 1
1 Lu-1T6m ] as.¢s 1 1.6000 t 1.0000 1 1.8000 1 1.0080 3 1.0000 )] 1.0008 1 ! 1 646.% 1 8.9854 EH B.53s7 ¥ 0.9957 1 0.9876 1 D.9584 § 0.9889 L
! 1 1 1 1 ! ! ' ! | tT17.4 41,0005 | 0.9991 1 0.9985 1 0.9997  0.9996 | ©.88998 |
I Lu-177 1 112.8 0.3083 ) 6.9718 ] 0.9860 ] 0,9915 1 0.9942 t 0.9955 i H [} 874.71 1 1.0800 ' 1.0000 1 1.0000 1 1.0000 1 1.00800 1 1.0000 1
¢ ¥ 208.4 ©.9681 1 0.9820 ] 0.8916 ] 0.9852 1 0.9968 ' 0.9978 1 1 1 860.5 1 1.0118 ! 1.003% ] 1.0016 t 1.0009 I 1.0008 ] 1.8004 3
1 1 ' ' 1 i 1 1 1 I ] ' ' 1 1 t [ '
1 Hf-175 t 8%.4 1 0.908T § 0.9707 H 0.9852 1 0.3908 t 0.9938 1 8.8853 I I Ds-130m 1 186.7 ¢ 0.7451 3 0.913% 1 0.95657 1 0.9725 1 0.9813 1 0.9881 i
) 1 343.6 1 0.9802 1 0.3926 1 0.9969 1 0.5983 § 0.9%89 ] 0.8992 3 1 1 L1 2% B | 2.7581 ) 0.917¢9 t 0.8581 [} 8.9743 1 0.9825 t 0.9869 [}
I 1 432.8 4§ 1.0963 1 1.0282 2 1.0134 ¥ 1.0076 1 1.0048 1 1.0033 I 1 I s02.6 & 0.7527 ) 0.9153 \ 0.9575 t 0.97138 ' 0.9822 i 0.3866 ]
t t 1 ! t ' 1 3 ¢ I ] 616.1 & B.T485 t 0.9148 1 ©.9559 1 0.8734 1 0.9819 1 ©.9863 1
t Hf-179m? ] 2t4.1 1 0.8815 1 0.983¢ ' 0.9974 ' 0.998§ 1 ©.8990 t 0.9983 ¢ ] 1 1 [} t 1 ] ' 1
¢ ! 3 ' 1 1 1 1 1 1. 0s-181 3 129.4 & 1.0006 1 1.0000 1 1.49000 ] 1.0000 I 1.0000 § 1.000¢ t
{ HF-180m ' 93.3 | 0.71339 t 0.9080 1 0.9534% 1 0.8713 ' 0.9805 1 a.9852 1 I H 1 t 1 t ' i !
1 t 2152 ¢ 9.7%62 ¢ 0.9267 1 0.9635 | 0.877T ¢ 0.9849 | 0.3888 | i 0s-193 i $39.0 1 0.882 | 0.9856 | ©0.9978 | 0.3986 4 0.998%1 | 0.9383
i H 322.3 ¢ 0.802¢ H 8.8298 ' 8.3648 I 02.8786 t 0.9855 ] 8.3832 1 1 I 180.9 1 0.3933 i @.8361 i 0.8381 I 0.8988 ¢ 0.8993 t a.8885 t
i 1 43,2 ¢ 0.7977 1 0.9273 3 0.9641 3 0.9782 1 0.8852 1 0.5888 1 I ' 218.1 ¢ 0.8102 1 0.9641 ] 0.9823 ] 0.9893 t 0.9928 1 0.9947 i
1 1 500.7 ¢ 0.8518 1 0.9524 ' 0.9757 3 0.9848 I 6.9895 t 0.9918 t ' i 251.6 1} .9069 ¢ 0.3689 1 0.9844% 1 0.9905 1 ©.9936 t 0.9952 1
t ) } b H tH ) i ¥ 1 H 280.4 1 0.9778 1 0.9594 ! 8.9951 1 0.9878 ) 0.5991 ! 0.9907 I
{ Hf-181 3 133.0. 0.9021 ] 0.3675 1 0.9837 1 0.9%00 4 0.9932 1 0,9850 1 1 ! 298.8 I 0.8894 1 0.9595 ¥ 0.9804 ] 8.9881 ] 0.8319 1 ©.9939 ]
) H 133.4 ¢ 0.83850 ] 0.9649 i 0.9824 1 0.8892 H 0.9827 1 0.9846 1 [} t 321.6 ¢ 0.8757 ¥ 0.9875 1 0.9940 1 0.9964 i 6.9976 1 0.9983 1
1 1 136.3 ¢ 0.8534 H 0.8469 1 0.8738 ] 0.9838 1 0.983% ] a.8919 1 i ] 381.8 4 1.0047 ¥ 1.0012 1 1.0005 1 1.0003 1 1.0002 ! 1.0001 1
! 1 345.9 3 0.949% H 0.98725 1 0.9858 I 0.9922 i 0.8849 ] 0.8963 ! 1 1 387.5 1 1.0056 1 1.0000 t 1.0001 I 1.0000 t 1.0000 H 1.0000 1
[l ! 482.2 0.8757 1 0.9847 [} 0.9928 t 0.9558 1 0.3972 t 0.5980 t 1 1 460.5 | 0.9748 1 ©.9885 ) 0.8942 ' D.93864 t 0.3978 1 0.9882 1
t t ] ! t 3 1 | ' 1 | 557.9 1 1.0052 | 1.00%& 1 -t.0007 1 1.0004 & 1.0002 1  3.0002 |
i Ta-t82m2 | 146.8 | 0.9048 | D0.9580 | 6.8845 ¢ 0.9307 | 0.8937 ¢ 0.9952 s 1 m=] | frommnmmae— Jmmmmeam oo ]
1 t 171.6 1 0.9387 1 0.9718 1 0.9866 1 0.8920 ! 0.9947 1 0.9361 i 1 Ir-192 H 296.0 1§ 0.8093 t 6.9381 [} 0.9686 1 0.8807 i 0.9858 1 ©.9300 1
) 1 185.% 0.9017 t 0.9589 ! 0.9604 1 ©.9883 1 0.9922 1 0.3941 [} 1 i 308.5 1 8.8231 s 0.88217 ' 0.8710 I @.882t 1 .9878 I 8.9308 1
1 1 316.5 | 0.8726 1 ©.93%1 t 0.8793 ! 0.9872 1 0.9913 1 0.993§ 1
- - - R [ | 46B.1 ¢ D0.896T 1 0.9676 1 0.9837, ¢ 0.99300 | 0.,8932 t 0.9848 |
I Radio- ] 1 Coincidence correction factor {01} ] - Oy TToIEmTTTn A o=
t [T e g LRI I I B R N R R R I
t  nuclide ! I Position © | Position 1 | Position 2 | Position 3 1 Position & | Position 5 | i Radio- ] 1 Coincidence correction factor (COI} t
1 ! ! 1 ! t 1 t | 1 I EpK@Y = =~ » = = = = = = m = @ ® 2 = © = = 4 @ e m.ememe ... 1
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3. PRACTICAL ASPECTS

3.1. Full-energy peak detection efficiency (egefl

The value of ep should be introduced in the relevant equations for the

calculation of vy=y coincidence summing and (as mentioned below) of coinci-

dence loss. Evidently, Ep refers to Sgeo valid for the actual counting con=-
dition. €5%° can be obtained according to the procedure outlined in III.2.

3.2. Total detection efficiency (Egeo); peak~to~total ratio (P/T)

From the equations for the calculation of Y=y and Y-KX coincidence losses
geo
t

it follows that €5 OF actually €
The total detection efficiency can be obtained from the peak efficiency

» should be known.
as :

>
= P ~
€, = BT (IV.3-1)

with P/T = peak-to-total ratio. P/T is an experimentally measurable quantity,
which is, for a given detector, depending on several parameters such as (in
order of decreasing importance) the photon energy, the source~detector sepa-
ration, the source geometry and composition, and the presence of absorbing
and scattering materials (e.g. the lead shielding). Based on the results of
Michaelis [MICHAELIS68, MICHAELIS69], it has been accepted and convincingly
shown [SIMONITS80, MOENS81] that the P/T-ratio yields a straight line in a
log P/T vs log E_ plot, at least down to v 170 keV (in fact, down to the
139Ce 165.9 keV—goint). Furthermore, it was proved that the position and the

- slope of the thus obtained straight line are primarily depending on the source-
detector separation, and to a smaller extent on the source geometry and com—
position [MOENS81]. Thus, in case of not too voluminous and dense samples, it
is sufficient for the experimental P/T-determination in the energy region

above 170 keV to measure at the detector distances under consideration 2 or 3

* "coincidence-~free" point sources, with an appropriate spread in gamma-energy.
203 lor (320.1 keV)], 1374 (661.6 keV)

Use can be made of Hg (279.2 keV) [or
d 65Zn (1115.5 keV). In order to determine the curve at lower energies

an
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(< 170 keV), it is proposed in the present work to measure for instance 241Am

(59.5 kev), '%%cd (88.1 keV) and >’

should be made to all spectra :

Co (122.1 keV). The following corrections

1. background subtraction ;
2. extrapolation to zero energy (the lower energies being filtered by the
discriminator). This can be based on a response function of the Compton-
continuum (e.g. JIN86), but a linear (even horizontal) extrapolation of
the recorded part of the Compton~spectrum [ANISIMOV77] turns out to be
sufficiently accurate [MOENS81]. Fig. IV.3-1 shows 241Am, 10964 and °7co
spectra (background subtracted), recorded by counting point sources at
241Am and 109Cd

the horizontal extrapolation is necessarily based on the low=-energy tail

1.29 cm distance to Ge-detector MK7 (see I1I1.2.1). For

L
of the full-energy peaks [containing pulses of various origin (HELMER75)] .
For 57Co, the Compton—edge (just visible at the extreme left) can be ex-

trapolated horizontally to zero-energy ;

57¢ce
1221 keV

1 |||Illl
1 IIIIIII
H |llll|l

109c4
881keV |

2Ulpm

; 595 kev 1365 keV

1 IIIlIII
1 IIIIII[
1 llIllll

T
1
T

J IIIIIII
| IIIIIII
i |||||I|

H[

1 Illll“
T lll|||l

i L b 1 1 1 ] 1 i L

0 50 100 0 50 100 - 150 0 S0 100 150 200 250
CHANNEL NUMBER

Fig, IV.3-1 : Extrapolation to zero-energy of ?41Am, 109Cd and 57Co gspectra

(background subtracted), recorded by counting point sources

at 1.29 cm distance to detector MK7
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PIT |
(o)l 1og P/T = -5.0508 + 461275 (log Ey) |
l
|

0.

.

subtraction-of "“contaminating' counts (N ), originating from emission

t,con
of other photon~energies than those mentioned above, particularly the 652n
511 keV B' annihilation radiation, the 203Hg Tl X-rays and the 7o 136.5

keV gamma-ray (Y136.5 being v 127 only of Y122.1)' To a first approxima-
tion, Np’con~va1ues should be subtracted, since at this stage of the ope—
ration the relevant (P/T)con—ratios are not known. Then, a preliminary

log P/T vs log EY plot can be made, allowing to calculate Nt,con = Np,con/
(P/T)cOn and so on. Thus, this leads to an iteration procedure with final
results after a few steps (Fig. IV.3-2). In each step, the log P/T vs

log EY plot can be drawn manually, but it is advised to apply a least-
squares fitting procedure. As illustrated in Fig. IV.3-2, a linear fit =~

based on the 203Hg, 137Cs and 652n points = can be made down to 170 keV,

and the 241Am, 109Cd and 57Co points can be fitted by a polynomial of de—
gree 2; so as to ensure a smooth curve over the whole energy region, this
polynomial fit is also based on a log P/T-value at 170 keV obtained from

the linear fit at higher energy.

- 10914 ( log Ey)?

r2=0.978 N

_log P/T= 15302 - 0.7730 (log Ey)
r2:0.992

241403 4 5%, 2034 13%s 657,
1 1 | I A | 1 | I lll 1 1 ]

10 v 100 1000 Ey (log)

Fig. IV.3-2 : P/T-ratio curve for point~sources measured at 1.29 cm distance

to Ge-detector MK7; -x--x : preliminary curve without correc=-
tion for "contaminating" counts j; —o—o— : final curve after

iteration (see text)
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The spectra shown in Fig. IV.3-1 might invite thoughts concerning the
attainable accuracy on peak area integration, and hence on P/T, in case of
such low-energy gémma's. It should be stressed, however, that possible sys-
tematic errors of this kind cancel when calculating g, = ;%—, on condition
that the same procedure (or computer code) for peak area integration is used

when performing efficiency calibration and P/T~determination.

3.3. Uncertainty and error propagation

In the equations for calculating the probabilities for coincidence sum—
ming [S(A)] and coincidence loss [L(A)] the relevant parameters (pj) are the

experimental quantities egeo = E;ef.ﬁgeo/ﬁref [to be introduced as such for

S(4) calculation] or s%eo = egeo/%-, and a number of decay scheme data (a, c,

Y, etc.). Since N_ , = N' ,/COI with COI = [1 = L(A)][1 + S(A)] the uncer-
P’A P’A :

tainty on all these parameters will be reduced towards the analytical results.

For instance, it follows from error propagation calculation (I.3.4.4) that :

- for simple y-Y coincidence loss A - B [L(A) = agcpe Eeg] :
L(&)
sz’A(pj) = | SEAIY) [ - (Iv.3-2)
with pj = ag, ¢y or ei B The worst case to be considered is ag = cp = 1

geo ~ &~
‘ 0.2 for EY,B 100
keV and 1.29 cm distance from point-source to detector MK7); then, Zp(pj) =

and counting on top of a large Ge-detector (e.g. €

ZN (pj) ~ 0,3, i.e. an error reduction factor of = 3.
p,A
gBe0 _geo
. . . o Yp €p,B &p.C
- for simple Y-Y coincidence summing A = B + C [S(A) = — a ¢ —2——Po> ],
- —~ VA cC c8e0
©p,A

S(A)

ZNp A(Pj) = l "ﬁ_"g:(:g ] : (Iv.3-3)

. - geo geo geo . _
with pj YA’ YB’ ass CC"ep,A’ € B’ EP,C (the latter three being correla

ted). Again, for ag = c. = 1 and counting on top of a large Ge-~detector

8g geo/egeo

taking as an average
( & 8 ,B 7, “p,A

0.1), and even when assuming the ana-
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lytical gamma-peakto be a small one (e.g. YB/YA = 5), one obtains Zp(pj) =

ZN (pj) = 0.3, i.e. an error reduction factor of = 3,
P,A _ ,

It has been argued that for more complex cases the error reductions will be

even higher [MDENSS]].

The total uncertainty on Np,A’ induced by coincidence correction can be ob-

tained from Eq. (I.3-29). When estimating uncertainties on nuclear data and

on P/T of the order of 5%, and since the uncertainties on S;ef and ﬁgeo/ﬁref

amount to "~ 1.57 (III.1.2) and 2% (III.2.4) resp., one finds :

- for the above given example A-B : SN = 37 3
P,A

- for the above given example A = B+C : s = 37.

It should be stressed again that these figures refer to the very unfavourable
condition of counting on top of a large Ge-detector. The other extreme is,

of course, to count at large distance to the detector, where true—coincidence
and hence the uncertainty from true-coincidence correction is negligible.
Thus, in practice the average uncertainty can be estimated at = 1.5%.

In addition to the above considerations, reference can be made to the
experimental tests of the accuracy of true-coincidence correction, as report-~
ed in the present work (IV.2.3 ; IV.2.4) and elsewhere [DEBERTIN79, MOENSS81,
MOENS82, LIN81 ; see IV.1.1]. For the cases reported in the present work
(including y-KX and delayed Y-y coincidence), the accuracy obtained is on

the average = 2%, for close~in counting geometries.

3.4. Computer programs

Needless to say, the here presented (and in fact any) methodology for
true~coincidence correction -~ including the complex calculations and the
voluminous nuclear data library - has to be handled in a computer program.
As mentioned in II.3.2, this is done in program COIN, which is actually one

.of the subroutines of SINGCOMP. Recently, an unsupervised program is being
developed [MOENS87], which is based on the (coded) full decay schemes of

the radionuclides.
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CHAPTER V

THE CONTRIBUTION OF EPITHERMAL ACTIVATION !

THE PARAMETERS (¥, ER, F AND O

1. THE 1/E1+a EPITHERMAL NEUTRON FLUX DISTRIBUTION AND THE CONCEPT OF Er

1.1. The need of correction for a non-—1/E distribution

In the course of the present work it was recognized soon that, in order
to preserve the accuracy of the ko-method, practical and sufficiently accu~
rate procedures had to be developed ~ applicable in common NAA laboratories -
to take into account the non-1/E epithermal neutron flux distribution
[DECORTE79A/79B/81B/82, MOENS79]. Thereby it was realized that a non-1/E epi-
thermal spectrum shape is rather a general rule than an exception. This can be

illustrated by means of two striking examples;

a. The first example is related to experimental f-determination using two dif-
ferent methods, namely :
- Cd-ratio measurement.
When neglecting a deviation from the 1/E distribution, Eq. (I.1-15) can

be rewritten as :

£f=(

FCd,r RCd,r - 1)'Ge,r QO,r/Gth,r .1-1)

i

with r = flux ratio monitor with well-known Qo—value.

~ The "bare bi-isotopic f~monitor" method (see V.2.2).
From Eq. (I.3~18) written down for 2 isotopes (l=s, 2=c), and when ne-
glecting a deviation from the 1/E distribution, one can find f as [ remem-

bering that k0,2(1) = kO’C(I)/kO,c(Z)]:

k 1 € A
G O,C( ) p, 1 Q - ¢ sp, ! Q
e,l kO (2) =€ 0,1 e,2 A 0,2
f = > C psz SP:Z (V 1-2
(D € -1-2)
sp, ! 0,c p,1
Cen2E o " G, EB () £
£h, sp,2 ? 0,c €p,2
where 1 and 2 have well~known Qo—values and kO—factors.
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Table V.1~1 shows - for 4 channels of reactor Thetis - a comparison of some
typical results for f determination according to the above techniques, with

r = 198Au, 1l = 9SZr and 2 = 97Zr/97mNb (see V.2.1 and V.2.2).

TABLE V.1-1 : f-Ratios obtained from Cd-ratio measurements of Au [Eq. (V.1-1)]
and from the bare Zr monitor-method [Eq. (V.1-2)], assuming a

¢é(E) " 1/E dependence

THETIS ‘ f
channel from RCd,Au from bare Zr
3 25.4 27.9
13 43,1 47.5
15 82,0 114
8 185 275

Obviously, the results are diverging dramatically in case of high therma-
lization, i.e. for irradiation sites which are positioned at a large dis-

tance to the core of the reactor (cf. Fig. I1I.1-1).

b. The second example is related to experimental Qo—determination from Cd-
ratio measurements. When neglecting again a deviation from the 1/E distri-

bution, Eq. (V.1-1) leads to :

Foar Red,r =1 Cen Cer
W ="F_ ®_ -1 e & Q,r (V.1-3)
Cd "cd th,r e ’
' . _ 198 . 112
Table V.l-2 shows the results, with r = Au, for the reactions Sn
113 94 96

Sn (effective production), Zr(n,Y)97Zr in chan-

(n,Y) Zr(n,Y)gszr and
nel “MILA" of the WWR-M reactor, chanmels 14, 7 and 16 of the Thetis reac-
tor and channel R4V4 of the DR-3 reactor. Note that here also the sequence
of the channels corresponds to an increasing neutron thermalization (see

V.1.6). As seen, the Qo—discrepancies are enormous.

; . + . . . .
1.2, Introduction of the l/E1 o distribution and the effective resonance

energy Er

Without making any assumption with respect to the epithermal neutron flux
"distribution, the reaction rate per nucleus can be expressed as (cf. I.1.3;

omitting Gth and Ge) :



TABLE V.1-2 :

Qo—values from Cd-ratio measurements (with Au as f-monitor),

assuming a ¢é(E) n 1/E dependence

QO from cadmium-ratio method
Reactor } Channel
11ZSn(n,y) 94Zr(n,y)gSZr 96Zr(n,y)97Zr
WWR-M "MILAY 46.6 5.53 251
THETIS 14 - 4,32 224
7 39.1 3.23 182
16 - 3.16 185
DR-3 R4V4 29.6 1.88 127
o©0
- 1 -
R = ¢S Og * /; ¢e(E)G(E)dE (V.1-4)
cd

The problem of how to treat Eq. (V.1-4) in case of a non—-1/E epithermal

shape can be solved by one of the following approaches :

co

a. rigorous evaluation of the [/. ¢é(E)O(E)dE]—term, by introduction of
E

cd

the o(E) and ¢é(E) functions. The latter can be obtained from computer
codes for reactor spectrum unfolding, based on a multi-foil activation
technique; for a survey of the present state-of-the-art, see Refs ZIJP83/
ZSOLNAY83. It is immediately clear that this methodology, involving irra-
diation and counting of some 10 activation detectors (including Cd-covered
irradiations) is far from being suited for the daily practice of neutron
activation analysis ; o
replacement of the integral ./ q)é(E)U(E)dE by a simple expression of

Eca
the form»[¢e.Io(non-1/E)], where [Io(non—l/E)]Iis the resonance integral
valid in a non-1/E epithermal neutron flux distribution. To achieve this
goal, profit can be taken of the repeatedly reported findings that an ac-—

tual epithermal neutron flux distribution can be approximated as :

! ®) v 1/E™Y, i, p!(B) = 0.1 ev/E" (V. 1-5)
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with o independent of neutron energy, and where 1 eV - omitted in the follow-
ing equations — represents a reference energy, the role of which will be dis-
cussed in detail in V.1.4.

The validity of Eq. (V.1=5) is not only evident from experimental results
(as shown later), but has - since the early sixties — been dealt with several
times on a theoretical basis, and o (which is only to a first approximation
independent of neutron energy) has been related to the physical properties of
the reactor system. Reference can be made for instance to BIGHAM61, WILLIAMS66,
RYVES68, RYVES69, AHMAD82 and also OPDEBEECKS85A.

As shown in I.1,3.3, approximation (V.1-5) enables the definition and in~-

troduction of :

I,@ = /' o(B)dE/E 1T (V. 1-6)
Eea
and
Qo(a) = Io(a)/oO (V.1-7)

so that R can be written as :
R = ¢s00 + ¢eIO(a) (v.1-8)

Thus, the Q)-values in Eqs (V.1-1) - (V.1-3) should be replaced by Qo(a),

leading to :

£= (FCd,r RCd,r - l)'Ge,r QO,r(a)/Gth,r (v.1-9)
ky (D o, 1 Asp 1
3 L] - wbs
Ce,1 ° @ 5o 0,1 TG T Q@
= 0,c pP,2 sp,2
£ = (V.1-10)
A k [¢)) €
G sp,1 _ G ] 0,c . p,l
th,2 ASp,Z th,1 ko’ (2) ep,z
F R -1 G G
cd cd th ,
Qpo) = —Ftia— L e L 22 Ly () (V.1-11)
Cd "Cd th,r e ’

Obviously, the problem has now been shifted to the experimental deter-
mination of o (see V.1.5) and the calculation of Qo(a), as defined by Eqs
(V.1-6) and (V.1-7). This calculation can in principle be done by actually
performing the integration of Eq. (V.1-6), but occasionally a poor or in-
complete knowledge of the O(E) function (in fact:of the resonance parameter

data) might lead to an unacceptable uncertainty on Qo(a). Therefore, it looks
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more promising to calculate Qo(a) in a relative way, i.e. by conversion of
the evaluated and compiled Qo—values with the introduction of o and the re-
levant resonance parameter data, for which it can now be foreseen that the
accuracy requirements will not be so stringent, since they serve only as a
correction. To achieve this goal, profit was taken of the useful idea of
Ryves et al, [RYVES68/69], later developed by Moens et al. [MDENS79],
Jovanovic et al. [ JOVANOVIC84/84B/86] and De Corte et al, [ DECORTE86 ], to
introduce the concept of the effective resonance energy Er' This would be
the energy of a hypothetic single resonance which gives the same resonance
activation rate as the actual resonances for the isotope. From this descrip-
tion it can be felt immediately that Er must depend on the epithermal neutron
flux distribution, i.e. = in the above formalism - on the parameter o, and

should thus be denoted as Er(a). This follows indeed from its definition :
= =0 _ oy ' : -
[E_()] I8 (@)/1) (V.1-12)
and, in terms of the Breit-Wigner expression [BREIT36]:

= - 1 -0
[E @] = Ty - Sw, E (V. 1-13)
i

. 1 Tr,1
l ’

with 16 and Ié(a) = reduced resonance integrals (1/v-part subtracted) ;

w, = (g PY Fn/r)i/Ei,i 3

g = statistical weight factor ;

PY = radiative width of resonance ;
Tn = neutron width of resomance ;

I' = total width of resonance.

It has been shown [ MOENS79, JOVANOVIC84 ] that Er(a) can be reasonably ap-

proximated by an G-independent Er—value, calculated from :

- 1
InE. = E_TIF__ . ;Wl in Er i (V-I"']l})

r P T | ’

i
. and although Er and ﬁr(u) values occasionally differ as much as "~ 20% (for
o = 0.1), the residual error on Qoﬁx)and - a fortiori - on p is small (see
V.1.3).

Based on these considerations, the QO > Qo(a) conversion can be written

as :

Qp(®) = (Qy~0.429) . E_™* + 0.429/[(20+1) (0.55)%] (V.1-15)

o

q.()
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and the Qo(a) > QO conversion is :
‘Qo = (Qy(e) - 0.429/[(20+1)(0.55)%]) . EX + 0.429 (V.1-16)

1.3. Calculation and compilation of Er—values ; uncertainties and error

propagation

In 1979 a "first generation'' of Er—values for 96 analytically interest-
ing isotopes was published [MOENS79]. Calculation was based on Eq. (V.I-14)
and on ¥esonance parameter data, which were originating mainly from the
1973-edition of BNL-325 [BNL73]. Recently, as an extension and updating, a
"second generation' of Er~va1ues for 126 isotopes was computed [JOVANOVIC86],
with introduction of resonance parameter data from the newest compilations
[ MUGHABGHAB81/84], and including an uncertainty calculation. The results are
summarized in Table V.1-3. Note that Er for 96Ru is an experimental value;
procedures for experimental Er—determination have been developed for such
cases where calculation is questionable or impossible due to the fact that
resonance parameter data are incomplete, not accurate or even not known at
all (as for 96Ru) [ SIMONITS84, JOVANOVICSS].

Before discussing uncertainties and errors on the calculated Er—values,
one should consider the propagation of the error on Er (SE s %) towards the

T

various quantities which are dependent on Er (see I.3.4.4).

Defining
q, = Qy - 0.429 (V.1-17)
qy(@) = qpf " = Qy(0) - C, (V.1-18)
c, = 0.429/[(20+1)(0.55)%] | (V.1-19)

one obtains :

- for QO -> Qo(a) conversion [Eq. (V.l-lS)], and thus also for the determina-
tion of £ from R, [Eq. (V.1-9)], of Qy(a) from Rog [Eq. (V.1-11)] and of
P in ENAA [Eq. (I.3-21)] : '

’ o — pnd - — _ qo(u')
ZQO(OL)(Er) - Zf(Er) h Zp(Er) = I a . W l (V.1-20)
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TABLE V.1-3 : Calculated Er-values for 126 analytically interesting (n,Y)
reactions. Resonance parameter data were taken from Refs
MUGHABGHABS81/84
(*-— no resonance data available ; %% - no error assignment

H
possible ; + experimental value [SIMONITSS4])

I“arget Er ,ev '%‘arget Er ,ev Target Er ,ev 'f‘arget Er ,ev
isotope isotope 1sotope isotope o
18 1140000 + 80000 | %%se 2060 + 410 | lsv 131 +0.5 | ®m 4.80 * 0.10
9 44700 + 2200 | 8%se 8540 & #x g, 282417 | "By 0.61 # 0.01
2ya 3380 + 370 Py e9.3+6.2 | '0re # ey 602 + 48
2byg 257000 + 33000 | ®'mr 152 + 14 227, 923437 | ow 412 + 21
Ty 11800 + 700 8p 839 + 50 12400 1210+ 100 | "Pru 16.1 + 0.8
30g; 2280 + 10 87kp 364 + 11 126, 285 * 20 17hys 29.6 + 2.1
31p 38500 + 6900 | By 469 + 33 1287 738 + 52 177y¢ 2.08 + **
365 * 86y 795 + 16 1307e 2050 + 210 | '78ur 8.01 + 0.16
M 13700 + 1900 | %y 4300 + 30 | %1 57.6 + 2.3 | ot 16.2 + 1.9
40y, 31000 + 5600 | %zr 6260 + 250 | 'Pcs  9.27 + 1.02 | 80 115 + 7
g 2960 + 210 %zr 338 + 7 1305, 9.9 +3.5 | ¥, 10.4 + 0.6
46cq % 9y 574 + 46 1325, 143 + *% 182, 9.20 + 0.55
“ca 1330000 + ** Byo 241 « 48 1345, 115 + 6 186, 20.5 + 0.2
#sc 5130 + 870 0 672 + 94 1365, 545 + 38 185pe 3.40 + 0.14
30g; 63200 + 2500 | gy 776 + 1247 | 382 15700 + 500 | '87Re 41.1 + 1.6
Sy 7230 * 290 02 18147 . 760+ 3.0 | s 12.3 + 0.4
50c, 7530 + 830 10%a 495 + 50 138, * 4 190, 114 + 2
i 468 + 51 e 1.5 + 0,01 | e 7200 + 1300 | "%%0s 89.7 + 3.6
Bpe 637 + 153 10655 282 4 6 2o 1560 + 1850 | P 2.21 + 0.20
o 136 + 7 1850 397+ 2.0 | e 296 + 12 190, 27.6 + 0.6
Ghys 14200 + 1700 | "%ra 950 + 86 4bya g7 4 52 1965, 201 + 44
3cu 1040 + 50 107 385 +1.9 | Y8 236 + 14 1985, 106 +3
8¢y 766 + 130 199 6.08 +0.06 | "Ona 173 + 21 9750 5.65 + 0.40
bhzq 2560 + 260 108cq 243+ 24 B2 8.53+0.00 | '"Oug 93.5 + 0.1
685, 590 + 60 M0ea 125 + 16 13hgn 142 + 10 198yq 39.3 + 2.8
6%a 201 * 16 MWaea 207 + 39 185, 5.80 + 0.23 | 2%, 1960 + 160 | '
Mga 154 + 18 Mea 726 + 87 13864 482+ 3.9 | V% *
T4ge 3540 + 280 " 641 +0.96 | %% 480 + 34 203y 276 + 28
76ge 583 + 23 "W 1s6+003 ) P 1814009 | n 2960 + 360
s 106 + 36 M2 107 +3 1645y 224 + 11 206, 10500 + 1200
Thge 20.4 + 1.2 6sn 128 + 4 %% 123 +0.4 | 2% 145000 + 4000
7650 577 + 46 2250 424 + 59 65 9.3 %42 | 2% 1210 + 60 '
8¢ 501 + 35 ey a2 +5.2 | V0% 129 + 3 32 se6x 0.5 ||
238y 16.9 + 0.2 I
|
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- for Qo(a) > Q conversion [Eq. (V.1-16)] :

By o . 2 (V. 1-21)
Z (E)=J]0.=— 1=
QO T QO -
- for ko—determination [Eq. (1.3-18)] and p-calculation in NAA [Eq. (I.3-20)] :
_ _ qq (o)
ZkO(Er) = Zp(Er) = iOL . -fT-Q-()—(a—)— | (V. 1-22)
- for f-determination from the bare bi-isotopic monitor method [Eq. (V.1-10)] :
- a5 (@) Qp 5 (@) |
Z(E_ ) =|o. - (1 +—-—’—-——){ (V. 1-23)
£, 1 Qo,x(“) Qo’z(oc) £
) | qo,z(o‘) Qg (@ | , o
Z(E_.) = |o - (1 + ——’-.____> V.1-2
£ r,2 QO’I(OL) QO,Z(OL) f

Table V.1-4 gives an idea of the error propagation factors Z(ﬁr) to be ex-
pected in practice. In all cases Z(Er) << 1.

In Ref. JOVANOVIC8B4B the practical implications of Eqs (V.1-20)
[Zp(Er) in ENAA] and (V.1-22) [Zp(ﬁr) in NAA] are dealt with in great detail.
Numerical data are systematically listed for 126 analytically interesting
isotopes in 6 irradiation channels of reactor Thetis (with o ranging from
-0.028 to 0.11, and f from 15 to 158). One of the outputs is especially ap-
pealing to the imagination : the tolerable Er—interval leading to an error
of less than 17 on the analytical result. Table V.1-5 shows the data for
45Sc(n,Y)46Sc and 112Sn(n,y)“BSn (F2m+g ;3 see Table VIII.3~1). It can be
concluded immediately that, in the context of NAA or ENAA, any discussion
[OPDEBEECKBSB] on the accuracy requirements with respect to E p> for such low
—Q0 isotopes as 45 Sc (Wlth reported E 's indeed shifting from 2120 ev [MOENS79]
over 4110 eV [MOENS84] to 5130 eV [JOVANOVIC86])is unimportant. In general,
considerations about ENAA of '"nuclides with a very low Qo—value in a channel
with very high f-value" [OPDEBEECKBSB] are, as a matter of course, unrealistic.
For lIZSn it can be seen (Table V.1-~5) that, whereas in NAA a 50% error on Er
is, allowed, this is not the case in ENAA where, for o = 0.1, Er,should be
known to within 10%Z. Nevertheless, even this conclusion is quite promising,

since the s, < 1% requirement is rather stringent and because it is not so

realistic to perform ENAA in conditions of high o, i.e. high f, where the re-



TABLE V.1-4 :

r

Er error propagation factors, to be multiplied by sz ,%. *f from bare bi-isotopic monitor

method (with “~~Zr-""Zr) ; + p from NAA
THETIS WWR-M THETIS THETLS DR-3
Z(E r) Channel 17 Channel "MILA" Channel 14 Channel 16 Channel R4V4
0=-0,027 ; £=12.5 | 0=0.011; £=36 | «=0.030 ; £=38. | 0=0.079 ; £=104 | a=0,158 ; £=337
1“)7Au(n,y)w'3Au H Qo = 15.71 ; Er = 5,65 + 0.40 eV (+ 7.17)
E . .077 .
2o () & 0.026 0.011 0.029 0.07 0.15
z, (E) 0.026 0.011 0.029 0.077 0.15
Q T .
z, (B 0.015 0.0032 0.0082 0.0089. 0.9053
+ T f
0,0
28y(a,)? % ) = 1034 5 B, = 16.9 £ 0.2 &V (2 1.20)
2 (o & 0.027 0.011 0.030 0.079 0.16
z, (E) 0.027 0.011 0.030 0.079 0.16
QT
z (E) 0.024 0.0081 0.021 0.035 0.026
k, + T
0,p
B2 0,0 P Qq = 11.53 5 E_ = 54.4 + 0.5 eV (+ 0.927)
E . .075 0.15
z%(u) (€Y 0.026 0.011 0.029 0
2 (E) 0.026 0.011 0.029 0.076 0.15
QE
2 (E.) 0.013 0.0025 0.0061 0.0057 0.0027
ky 4T
0,p
%o(n,1%%0 5 qy = 1.990 ; B, = 136 2 7 ev (£ 5.1
E .0084 .02 0.059 0.11
zqo(u)(Er) 0.022 0.008 0.023
z (E) 0.021 0.0086 0.024 0.062 0.12
Q¥
z (E) 0.0033 0.00042 0.0010 0.00079 0.00034
13 + T
0,0
Brto(n, ™Mo 3 Qp = 53.1 5 F, = 241 ¥ 48 &V (£ 20.1)
E . . . .1
ZQo( yED . 0.027 0.011 0.030 0.078 0.15
z. (E) 0.027 0.0 0.030 0.078 0.16
Q T
z (E) 0.022 0.0063 0.016 0.020 0.0097
ko °+ T i
,

THETLS WWR-M THET1S THETIS DR~3
Z(E;) Channel 17 Channel "MILA" Channel 14 Channel 16 Channel R4V4
a=-0.027 ; £212,5 | a=0.011; £=36 | 0=0,030 ; £=38 [ a=0.079 ; £=104 | a=0.158 ; £=337
arta,¥ar 5 g - 208 1 E =338 27 v (2 2.10)
ZQO(G)(Er) 0.027 0.011 0.030 0.079 0.16
2, (E) 0.027 0.011 0,030 0.079 0.16
o r
z, (€D 0.026 0.0095 0.025 0.047 0.036
0,0%
- K
2. (E) 0.04¢ 0.014 0.033 0.082 0.16
S, 5 gy = 1053 5 F_ = 468 5 51 v (x 11.3)
on(u)(Er> 0.017 0.0064 0.017 0.039 0.063
z, € 0.016 0.0065 0.018 0.047 0.094
0
7, (E) 0.0015 0.00017 0.00040 0.00029 0.00011
0,0
190, n,v) "o 3 Qq = 18.84 5 B, = 672 + 94 eV (2 14.2)
z%(a)(sr) 0.026 0.011 0.029 0.076 0.15
Z4 (Er) 0.026 0.011 0.029 0.077 0.15
o
7, L E) 0.017 0.0035 0.0085 0.0075 0.0030
Op+ r
,
64ZrA(n,y)6SZn 3 Qg = 1.908 3 Er = 2560 + 260 eV (+ 10.%)
on(u)(ar) 0.022 0.0084 0.022 0.053 0.086
z (E ) 0.021 0.0085 0.023 0.061 0.12
QG T
z,  LED 0.0033 0.00040 0.00089 0.00060 0.00020
0,0" T
e, 2r 5 gy = 5.05 5 B, = 6260 + 250 ev (x 4.00)
ZQo(u)(Er) 0.025 0.010 0.027 0.068 0.12
zq ) 0.025 0.010 0.028 0.073 0.15
0
7, B 0.0084 0.0011 0.0025 0.0017 0.00054
0,04" r N
-k
2 (E) 0.013 0.0015 0.0034 0.0030 0.0024

-¢GL-
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TABLE V.1-5 : Er-tolerance interval to ensure an error of less than 1% on

the analytical results. Input data : 45Sc(n,Y)46Sc [Qo = (.43,

Er = 4110 eV]; “23n(n,y)”35n [Q0 = 49.1, Er = 107 eV]
Er-tolerance interval (normalized
THETIS c Irradiation | to -input Er) to ensure 5, < 17
a
channel type
4SSC 112Sn
17 ~-0.028 15 NAA 0.63 -~ 1,58
ENAA 0.70 = 1.44
3 0.015 25 NAA 0.35 - 2.82
ENAA 0.51t - 1.95
5 0.052 42 NAA from 0.67 - 1.50
ENAA < 0.01 0.82 - 1.21
6 0.084 | 73 NAA to 0.68 - 1.47
ENAA > 100 0.89 - 1.13
7 0.096 130 NAA 0.59 - 1.73
ENAA 0.90 - 1.11
8 0.11 158 NAA 0.56 - 1.82
ENAA 0.91 - 1.10

latively low epithermal flux would result in rather poor semsitivity. The
examples of Table V.1-5 cannot be generalized to all cases encountered in
practice, but they are nevertheless indicative for what is to be expected.
As mentioned, full details for 126 isotopes in 6 irradiation positions are
published in Ref. JOVANOVIC84B.
In earlier papers [ MOENS79, JOVANOVIC84 | attention has been paid to

the implication of using approximative Er-values [from Eq. (V.1-14)] instead
of ﬁr(a) [from Eq. (V.l—13)]. It was concluded that the Er—ﬁr(a) discrepancy
is only significant for isotopes where the energies of some individual reso-

nances - with comparable weighing factor w, - are widely spread around Er'
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The use of Er can thus lead, in extreme irradiation conditions, to errors
of some percents on the analytical results. If this is judged not to be ac-
ceptable, the transformation of Er to Er(u) can be performed in the follow~
ing simple way. According to the reasoning in [JOVANOVIC84], one can write
[ JovanovIC8ss ] :

Er(a’) -7 o PO (V.1-25)
with p given by

Er,i >2
— - ...} (V.1-26)

1 1
b = 5t sy fbr (1n
w. . 112! Er(a)

ii
Truncation of the higher order terms and replacing Er(a) by Er yields as an

o~independent approximation :

1 Er i 2

p = -—Z—Z—v—]—- Z}Wl (1171 — ) (V. 1"'27)
. 1 E
1 r

For the isotopes showing an unfavorable spread in resonance energies,
p-values have been calculated according to Eq. (V.1-27) and are listed in

Table V.1-6. Using tabulated ﬁr and p-values and with the knowledgé of the

TABLE V.1-6 : Correction factors p for the transformation of Er to Er(a)

[Eq. (V.1-25)] ; as an example, Er(oc)/ﬁr = e P% {5 shown
for o = 0.1
Target D e PO Target p e PO
isotope . for o=0.1 isotope for a=0.1
Bge | 1.06 0.899 "3 | o0.94 | o0.910
Scu |1.13 0.893 12260 1 0.95 | 0.909
647n | 1.17 0.890 190, | 0.96 | 0.908
Byo | 1.82 0.834 187g¢ | 0.95 0.909
102p0 | 1.78 0.837 20501 | 1.09 | 0.897
Mbeq | 1.52 0.859
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experimentally determined d factor, it is thus easy to generate Er(a) val-
ues according to Eq. (V.1-25). It is clear at first sight that the transfor-
mation will only be relevant for high o-values. One example might be suffi-
cient to prove the reasonableness of the approximation for the parameter p
[Eq. (v.1-27)]. For 98Mb, with Er = 241 eV, one obtains for a = 0.1 : true
Er(a) = 197 eV [Eq. (V.1—13)], approximative Er(a) = 201 eV [Eqs (V.1-25) -
(V.1-27)]. The Qo(a)—values are : 30.8 (for Er = 241 eV), 31.42 [ for ﬁr(a) =
197 eV] and 31.36 [for Er(a) = 201 eV]; these minor discrepancies are further
reduced in concentration calculation.

Turning back to the recently calculated second-generation Er's (Table
V.1-3), it is instructive to compare them with those from the first genera-
tion [MOENS79]. Only occasionally really large. discrepancies are observed,
as shown in Table V.1-7 (no 1ow—QO isotopes included). As discussed in Ref.
JOVANOVIC84B, these can be attributed to a better and more complete knowledge
of the resonance parameter data in the 1980's as compared to the 1970's. For

most of the isotopes, however, shifts are not exceeding some tens of percents,

having a minor effect on pP.

TABLE V,1-7 : Discrepancies between former and recent Er~va1ues H

* - no uncertainty assignment

E ,eVv
r
Target
isotope 15t generation (MOENS79) an generation (JOVANONICS86)
&
64 7n 428 2560 + 260
By 184 574 + 46
1924 717 181 + 7
74 8.47 16.1 + 1.9
187 e 12.0 41,1 + 1.6
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1.4. Role of the reference energy in Er—calculation

In Eq. (V.1=5), 1 eV appears as a reference energy. More generally, the

1/E1+a approximation can be described as :

1+u/E1+a

1 - f -
9.(B) = 9l(E_ ) E_; (V.1-28)

0, 1+0
¢e Eref/E

defining ¢ as :

e
= '
¢e we(Eref) Eref

Accordingly, the epicadmium reaction rate per nucleus is given by :
0
= 1
R, /; ¢e(E)U(E)dE
cd
o

_ ” dE_ _
= ¢e E_o¢ /. o(E) g = ¢e Io(u)
Eoy E

0

. _ L0 dE _
with Io(a) = Eref /F g (E) Tio (v.1-29)
. ECd E

The Er(a)—definition [Eq. (V.1—12)] should be written as :

0

— —a _ ' ' —
[E @] ™ =[ry(y /1 l.E_ .

which gives, in terms of the Breit-Wigner expression :

[E (u)]‘o‘= - Ty E?--l- N g (V.1-30)
T Zwi ; i'(Eref ref *
i

Obviously, E;zf cancels in this formula yielding Eq. (V.1-13) which can be

rewritten as :

1 Er . =0
L (—-—1—) -1 ; (V.1-31)
WwW. . 1 }—‘: (a)
it? T

In the above equations Eref can be given any value; however, selecting
a value for Eref means fixing energy units and the value of Io(a) [Eq. (v.1-29)]

and also of ¢e’ since in the non-ideal spectrum ¢e'E3ef is constant with energy.
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The obvious advantages of choosing 1 eV as reference energy are that it can
be disregarded when evaluating equations such as Eqs (V.1-6), (V.1-12) and
(V.1-15), and that the energy unit eV can be used. Dropping the 1 eV-term
leads to formal dimensioning problems, but if all energies are expressed in
eV the above formulae unambigously yield correct values. This procedure is
quite common in neutron physics and is a.o. applied in the description of the
fission neutron spectrum according to [WATTSZ], [ CRANBERG56] and [ LEACHMANS6 |
using formulae which are applicable if neutron energies are expressed in MeV,
Recently it was stated [OPDEBEECKS85B] that the accuracy of ﬁr—calcula—
tion according to Eq. (V.1-14) is influenced by the choice of the reference
energy Eref in Eq. (V.1-5). This is contradicted by the fact that - as shown
above - Eref cancels from Eq. (V.1-30) prior to the unambiguous expansion of
the resulting Eq. (V.1-31), leading to the definition of Er [Eq. (V.1-14) ] as
an o~independent approximation of Er(a). Since far-reaching conclusipns con~
cerning the pretended importance of the reference energy were drawn [OPDEBEECK
85B], it is interesting to elucidate here the underlying erroneous reasoning.
First”Eref is kept explicitly in Eq. (V.1-30) which is rewritten as :
<§r(oc)> o Z.;Wi (Er,i/Eref) >
E

= X e (V.1-32)
.

ref

. - -0 -0 .
Expansion of [Er(a)/Eref] and (Er,i/Eref) according to

a —
E (o) Er(Ot)
5 =1 ~-0d ln + A (higher order terms) (V.1-33)

ref Eref 1

and

E . \-0 E .
EELE =1 ~qa 1ln Er’l + Gi (higher order terms) (V.1-34)
ref ref

leads to the expression

B vyl B /)
o 1ln \ = O S - (A2 - Al) (V.1-35)
ref . 1
i
Zw. .
. it 1
with Az = T—

. 1
1
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Thus far, this approach is valid and it allows to define an a-independent

approximation Er of Er(a) as :

Tr gwi in (Er,i/Eref)
1in B = S (V. 1-36)
ref i i

The elementary consequence of the possibility to cancel Er in Eq.

(V.1-36), as in Eq. (V.1-32), is that the accuracy of the approzfmation of
Er(a) [Eq. (Vv.1-32)] by Er’ as defined in Eq. (V.1-36), cannot be dependent

on the choice of Eref' This was clearly overlooked in Ref. OPDEBEECKS85B,

where it is stated that the validity conditions of the truncation of Eq.
(V.1-33) on one hand and of Eq. (V.1-34) on the other hand determine the
validity of the approximation in Eq. (V.1-36), leading to the erroneous con-
£i® E of? i=1, 2,...)
(whereas in fact they should only show a limited energy spread [JOVANOVIC84]).

clusion that all resonances should be close to Eref (E

The obvious shortcoming in this reasoning is the failure to recognize that
the validity conditions of the truncation of Egs (V.1-35) and (V.1-36) are
irrelevant; the accuracy of the approximation by Eq. (V.1-36) does not depend
on the individual Al and Az (or Gi, i =1, 2,...) but only on the value of

(A2 - A]). Mathematical evidence for the irrelevance of Ere can easily be

f
obtained by derivation of the explicit expression for A2 - Al with respect

to Eref' After rearrangement one obtains :

_ Tw, (E_ ./E__ )% = -
G(AZ Al) _ ; b, Tref __(Er(a)> ]
6 Eref Eref ?Wi ref

The expression in brackets is identically zero for all values of the involved
parameters because of the definition in Eq. (V.1-32). This demonstrates that

the validity of approximating Er(a) by Er is not dependent upon the actual
choice of E__ _.
ref

Irrelevant arguments for the believed role of Eref were also found in
the evaluation of the errors on the calculated "specific activity" caused
by deviations of o (and fr), as shown in Ref. [ OPDEBEECK85B, Figs 2 and 3].
There, it was assumed that ¢e is independent of a, whereas there is no way
to obtain a value for ¢e except by determining it experimentally, which neces-

sitates the introduction of I0 m(oc) for a flux monitor (index m). Hence, to
+ ]
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be relevant to practice, the term ln(Eref/ﬁr) in Ref. [ OPDEBEECK85B, Eqs (17)
and (19) ] should be replaced by 1n(ﬁr m/Er). This shows that the error in-

. . L= ’ g -
duced by & is not minimized 1if Er = Eref [OPDEBEECKBSB], but if Er = Er,m’

thus refuting the role of Eref'

Another opportunity to ascertain the irrelevance of E can be found

v ref
when the formula for concentration calculation in NAA is derived, thereby in-
troducing the monitor activity. Instead of considering the flux ratio f as

a~independent [ OPDEBEECK85B], f is obviously an experimental parameter allow—

ing to cancel Er from the formula for calculation of the concentration of

ef
the analyte (index a). The general validity of this statement can be easily
proved as follows. Eq. (I.3-20) should be written as (neglecting Gth and Ge)
£(@) + Q (@)
P,ppm = K . 2 (V.1-37)

f(o) + Qo,a(“)

with K grouping all o~independent parameters. Explicit introduction of f,
either obtained from a Cd~ratio measurement of a flux ratio monitor (index r;

neglecting G Ge and F

th? cd *
f=Reg =1 Qo’r(a)

or from the bare bi-isotopic monitor method (indices 1 and 2; neglecting Gt

and Ge) :

h

f = aQO’](u) - bQ, 2(OL) [2 and b a-independent ]

and substitution, for all isotopes involved, of

%+ 0.429/[(2041) (0.55) %]} BT __

Q@ = {(Q,-0.429)E ~
makes the Eref—term dropping from Eq. (V.1f37).

It can be concluded that the applicability of the E_-concept in describ-
ing the epicadmium reaction rate in non-ideal spectra is by no means dependent
on the choice of the reference energy Eref' If Eref = 1 eV is chosen and
energies are thus expressed in eV, there is no need whatsoever to keep this

reference energy explicitly in the relevant formulae.

1;5. Principles and uncertainties of experimental o~-determination

In Ref. [ DECORTE81] the experimental methods for o~determination were

dealt with in great detail. They can be classified into three groups, based
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on Cd-ratio measurements, Cd-covered irradiation and bare irradiation, respec~—
tively, involving a set of activation monitors with suited characteristics
(Er’ Qq» etc.).

1.5.1. "Cd~covered multi-monitor"-method

This method is essential for in-situ o~determination in ENAA. A set of
N monitors is irradiated simultaneously under Cd-~cover and subsequently count-=
ed on a Ge—-detector with known detectilon efficiency curve. If all the monitors
have a o(v) v 1/v dependence up to v 1.5 eV, o can be obtained as the slope

(-0) of the straight line when plotting

) (Asp,i)Cd
0,00t €5 1°Fca,iv Q0,1 MG, 1

- -0,
(Er,i

log T versus log Er i (v.1-38)

s
where i denotes isotope 1, 2,...N.

The left hand term of Eq. (V.1-38) is itself a function of o, and thus an
iterative procedure should be applied, e.g. by plotting Eq. (V.1-38) for

o = 0, which gives as a first approximation of o = 0y» and so on. Mathemati-
cally, the final o-result of this iteration procedure is identical with solv—

ing o from the equation :

N _ N

N _ § log Er,i ? log T,

o3 e %)

o+ T 3 - =0 (v.1-39)
N } i log Er,i
.E log Er,i - N
e - @, 07 (B Do
i

ko, au™ 85 1°Feq,1°,1 (-G 5

Note that the minimum number of monitors is two (N

2), leading to the
"Ccd-covered dual-monitor'-method.

A detailed and critical error analysis has been performed in Ref.
[DECORTES] ] and will not be repeated here. As to the choice of the monitors,
it was found that the total number of monitors (N) should be large and that

the Er i values should be largely different from the average resonance energy

’ .
of all monitors. It was proved in practice, however, that it is better to
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select a limited number of physically suited monitors (e.g. metallic or al-
loyed foils and wires) with very accurately known nuclear data and with uni-~
formly distributed Er-values, ranging from low to high. This offers the pos-—
sibility of checking the linearity of the curve [Eq. (V.1-38)], thus proving
that o is constant over the whole epithermal neutron energy region in the.
reactor spectrum under consideration. Finally, it should be remarked that,
especially when 1ow—Q0 monitors are involved, the effective Cd cut~off energy
ECd should be very close to 0.55 eV. Thus, one has to stick as close as pos-
sible to the prescription that the monitors should be quasi-point sources
centered in the middle of a large cylindrical Cd-box with 1 mm wall-thickness
and with height/diameter = 2. It is also important to note that the monitors
should be counted in conditions of accurate Ep’ preferably in reference posi-
tion (see III.l), where correction for true-coincidence effects is not needed.
Table V.1~8 lists the relevant error propagation factors for O-determination

197Au_238U_98M0_100M0_64Z

The corresponding data for the 'Cd-covered triple monitor'"-method, with
96, 94
Zr-

in 5 reactor channels, with n as Cd—~covered monitors.

197Au_
Zr, are shown in Table V.1-9, where numerical examples of the resulting
uncertainty on O are given as well. It can be seen that, by taking proper ex-
perimental care, the uncertainty on & is quite acceptable, especially in view
of the large error reduction factors towards the quantities depending on o

(ko, p, ete.; see V.1.8).

1.5.2. "Cd-ratio for multi-monitor"-method

This method can be used for a priori d-monitoring when the reactor neu-
tron flux characteristics are known to be stable as a function of time.

A set of N monitors is irradiated with and without Cd-cover, and the in-
duced activities are measured on a Ge-detector. If all the monitors have a
a(v) ~v 1/v depéndence up to v 1.5 eV, o can be obtained as the slope (-0
of the straight line when plotting :

Er,i—a
cd,i Rea,i ~ 1 Q,i@ G /6

log 7 versus log ErAi (V.1-40)
. . Ed

th,i

with i = 1, 2,...N.
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TABLE V.1-8 : Error propagation factors, for the "Cd-covered multi-monitor'-

method, with 197Au~238U—98M0—IOOMb—64Zn, to be multiplied by

the relevant uncertainties; +Zu(Asp)Cd = Zu(ko,An) = Zu (Ep) =

Z F = 7 (G cf. Eq. (V.1-38 : n a -
- ( Cd) 0L( e) [ qg. ( )] ; nuclear data and un
certainties : see Table VIII, 3-1
197, 238, 98, 100, 64,
ERROR PROPAGATION FACTOR
THETIS Channel 17 ; £ = 12.5 ; a = ~ 0.027
+
Za(Asp)Cd , 5.3 3.4 1.0 2.7 5.0
z,Qy) 5.3 3.4 1.0 2.7 5.1
za<§r) 0.14 0.092 0.027 0.072 0.11
2, (Boy) 0.42
WWR-M Channel "MILA" ; £ = 36 ; o« = 0.011
. ;
Za(Asp)Cd+ 13.5 8.8 2.6 - 7.0 12.7 :
i
z Q) 13.5 8.8 2.6 | 7.0 12.5
za(Er) 0.14 0.096 0.028 0.075 0.11
Zu(ECd) 1.4
THETIS Chamnel 14 ; £ = 38 ; o = 0.030
Za(Asp)Cd+ 5.1 3.3 0.97 2.6 4.8
z,(Qq) 5.1 3.3 0.97 2.6 4.6
za(Er> 0.15 0.099 0.028 0.077 0.11
Za(ECd) 0.62
THETIS Channel 16 3 £ = 104 ; o = 0.079
T |
za(ASp)Cd+ 2.1 1.4 0.40 1.1 2.0 ;
Za(QO) 2.1 1.4 0.40 1.1 1.7 i
2, (E) 0.16 0.11 0.031 0.082 0.10
Zu(ECd) 0.36 %
i
DR-3 Channel R4V4 ; £ = 337 3 a = 0.158 ;
2, (b, Jeq 1.2 0.80 0.24 0.64 1.2
z Q) 1.2 0.80 " 0.23 0.62 0.81
o 0
za(Er) 0.19 0.13 0.037 0.096 0.10
z, (Egy) 0.34
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96

[

94

Parameter Au 7t ir
UNCERTAINTY
a_y @ 0.3% 0.3% 0.32
sp’.Cd ‘
(b) . (c)
() e 0.5% ; 1% 0.5% 0.5%
0,Au = 0.9% (763.3keV) | 0.6% (724.2+756.7 keV)
ep(d) 0.5% (411.8keV) 0.5% 0.5%
(e) - -
Foy 0.2%
c, - 0.47 {9 0.3z O
% 0.3z @ 1.5% 2.0%
Er 7.1% 2.1% 4.0%
Ecd 10%
ERROR PROPAGATION FACTOR
THETIS Channel 17 ; £ = 12.5 ; o= -0.027
2,8 ) gt 5.9 0.63 5.3
z,(Qy) 5.9 0.63 5.4
z (E ) 0.16 0.017 0.13
a T
2 (E.y) . 0.10 ,
\4
s = 147
a
WWR-M Channel "MILA® ; £ = 36 ; a = 0.011
2,8 degt 14.9 1.6 13.3
z,(Q,) 14.9 1.6 13.2
z (E) 0.16 0.017 0.13
o T
2 (E.) . 0.41 ,
N
s = 36%
[+4
THETES Channel 14 ; £ = 38 ;-a = 0,030
2,8 et 5.5 0.58 4.9
z,(@y) 5.5 0.58 4.8
z,(E) 0.16 0.018 0.13
Za(ECd) N 0.19 /
A4
s = 132
a
THETIS Channel 16 ; £ = 104 5 o = 0,079
2,8 ) cq* 2.2 0.23 2.0
z,(Qp) 2.2 0.23 1.8
z (E) 0.17 0.018 0.13
o r
2, (Egy) . 0.13 ,
NV
s = 5.4%
o
DR-3 Channel R&VA4 3 £ = 337 ; o = 0,158
2, (A ) ea* 1.2 0.13 1.1
2,(Q) 1.2 0.13 0.93
z (E) 0.19 0.021 0.13
a r
Z (E.) 0.15
o Cd \ ]
V

s = 3.4%
o

i

TABLE V.1-9 :

Error propaga-

tion factors and uncertain-
ties on O resulting from the
"Cd-covered triple-monitor"-

method with ]97Au~962r—942r

+.Zq(Asp)Cd - zu(kO,Au) =
zu(ep) = Za(FCd) = zu(Ge) ;
(a) =

statistics

random, from counting
(b) =

from peak area evaluation ;

systematic,

(¢) = from composition of 0.1%
(d) =

that only relative efficien-

Au-Al wire ; considering

cies are required ; (e) from
[ELNIMR8I | ; (£f) = for 125 um
Zr-foil ; (g) =

that Qo's of Zr are relative

considering

to Au, but taking into account
that g(T_) [1%7au] is siightly
deviating from unity. Nuclear

data and uncertainties :

Table VIII.3-1

See



As in the "Cd-covered multi-monitor"-method (see V.1.5.1), a can be

solved from the equation :

- : N g .
ZlogE = -0 Z log r.i
N N r,i : 1 =i
z (log E, ;- : (108 TR -2 Pea,s Foa,i™0%,:1 @ %%, 1 5,1
o b ’ od,i Fea,imD%,i 6%, i Cen, s N o (V.1-41)
N 2 )

g _ ‘f log Er,i
L log Er,i -

i
Note that the minimum number of monitors is two (N=2), leading“té the "Cd-
ratio for dual monitor"-method.

With respect to the error analysis [ DECORTE81], the same conclusions
can be drawn as mentioned for the 'Cd-covered mul ti-monitor'-method. It was
shown, however, that in the "cd-ratio for multi-monitor'-method the use of
monitors with very high Qo—value should be avoided, since - as to be expect-
ed in Cd-ratio measurements considering the (RCd—l)—term -~ this would lead
to large error propagation factors, especially in low flux-ratio irradiation
sites. Also, it should be emphasized that it is absolutely essential to avoid
different neutron thermalization by polythene spacers etc. in the containers
for bare and Cd-covered irradiation. On the other hand, since only cadmium
QAtios are involved, any suitable counting geometry can be used.

Table V.1-10 lists the relevant error propagation factors for da-deter-
mination in 5 reactor chamnels according to the '"Cd-ratio for mul ti-monitor"-
method, with 197Au—-238U—98M0—100M10—64Zn as the monitor set. As expected, the
use of high-QO isotopes (238U, 98Mo, 10OM.o) leads to rather high error propa-
gation factors in the low—f channels.TIt would, however, not help much to re-
place them by very low—-Q0 isotopes, e.g. by considering the set ]97Au—232Th~
59Co—55Mn—64Zn, gsince then the Za(ECd)~factors are v 2.5 times higher (giving
for instance a contribution of 35% to the uncertainty on o in channel "MILA").
The corresponding data for the '"Cd-covered triple monitor'-method, with 197 e
96Zr--94Zr, are shown in Table V.1-11, including numerical examples for the

uncertainties on G. In principle, the use of 197Au—94

Zr (omitting 96Zr with
a very high Qo-value) would yield somewhat lower uncertainties, but in this
" case any control of the linearity of log: ¢é(E)E vs log E would be lost. Table
V.1-11 reveals that the final uncertainties on & are quite comparable with
those obtained in the "Cd-covered triple-monitor'-method (cf. Table V.1-9).
Finally, it is important to remark that the "Cd-ratio" o-monitoring me-

thod is the only one which is not leading to a vicious circle in the experi-



TABLE V.1-10

.
.

-166~-

Error propagation factors, for the "Cd-ratio for multi-monitor'-

method with 197A.u--238U—98Mo—100Mo—64

. . . .+ = = .++
relevant uncertainties; Za(Asp) Zu(ASp)Cd Za(FCd)’ Za(Ge)

= Za(Gth) [see Eq. (V.l—40)] ; nuclear data and uncertainties

see Table VIII,3~1

Zn, to be multiplied by the

197, I 238, I 98, ] 100, 64,
ERROR PROPAGATION FACTOR
THETIS Channel 17 ; £ = 12.5 3 o = -0.027
+
z,(a ) 12.2 34.1 6.0 7.6 5.9
z ) 5.3 3.4 1.0 2.7 5.0
o e
Za(Qo) 5.3 3.4 1.0 2.7 5.1
ZQ@Q 0.14 0.092 0.027 0.072 0.11
z,(Egy) 0.42
WWR-M Channel "MILA" ; £ = 36 ; o = 0.011
z (a ) 19.3 33.3 6.2 10.4 13.3
o sp
z )™ 13.5 8.8 2.6 7.0 12.7
o e
Zu(QO) 13.5 8.8 2.6 7.0 12.5
Zu(Er) 0.14 0.096 0.028 0.075 0.11
Za(ECd) 1.4
- THETIS Channel 14 ; £ = 38 ; o = 0.030
z (a )t 7.1 11.6 2.1 3.7 5.0
o sp
z ) 5.1 3.3 0.97 2.6 4.8
o e
Za(QO) 5.1 3.3 0.97 2.6 4.6
z (E) 0.15 0.099 0.028 0.077 0.11
2 (Eoy) 0.62
THETIS Channel 16 ; £ = 104 ; o« = 0.079
z () 2.4 2.4 0.53 1.2 2.0
o sp
z (c)™ 2.1 1.4 0,40 1.1 2.0
o e
2,y 2.1 1.4 0.40 1.1 1.7
za(Er) 0.16 0.11 0.031 0.082 0.10
z (Egy) 0.36
DR~3 Channel R4V4 ; £ = 337 ; a = 0.158
2 a )" 1.3 0.96 0.25 0.65 1.2
o sp
z ) 1.2 0.80 0.24 0.64 1.2
o e
z Q) 1.2 0.80 0.23 0.62 0.81
z, (E) 0.19 0.13 0.037 0.096 0.10
2 (Bgy) 0.34
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Parameter '97Au 9621 9[‘Zr
UNCERTAINTY
o @ 0.32 0.3% 0.3%
gp“’) 0.37 ; 0.5z @ 0.32 0.3%
(a)
) ca 0.32 0.37 0.3%
(ASP)Cd(h) 0.37 ; 0.57 0.32 0.3%
Fey 0.2z @ - -
Sen - - -
<, - 0.47 @ 0.37 (@
% 0.3z 8 1.52 2.0
Er 7.1% 2.1% 4.0%
By 102
ERROR .PROPAGATION FACTOR
THETIS Channel 17 ; £ = 12.5 ; a = -0.027
z a_)" 13.7 15.1 8.0
o« sp
z (6 )" 5.9 0.63 5.3
o e
z,(Qy) 5.9 0.63 5.4
z (E) 0.16 0.017 0.13
a r
zu(acd) N 0.10 ;
V
s = 20%
[+
WWR-M Channel "MILA" ; £ = 36 ; o« = 0.011
z )" 21.2 1.7 15.0
@ sp
4+
z,(,) 14.9 1.6 13.3
z, (@) 14.9 1.6 13.2
2 (E)) 0.16 0.017 0.13
Qa T
2, (Ecy) N 0.41 r
s = 367
o
THETIS Channel 14 ; £= 38 ; ¢ = 0,030
z ()" 7.7 3.8 5.5
o sp
z ()" 5.5 0.58 4.9
o e
z () 5.5 0.58 4.8
z (E) 0.16 0.018 0.13
o r
z, (k) N 0.19 ,
Vv
s = 13%
[+3
THETIS Channel 16 ; £ = 104 ; a = 0.079
z (A )" 2.5 0.58 2.0
‘@’ sp
z @)™ 2.2 0.23 2.0
a e
ZQ(QO) 2.2 0.23 1.8
z (E) 0.17 0.018 0.13
o T
2, \ 0.13 /
\Y
s = 5.0%
o
DR~3 Channel R4V4 5 £ = 337 ; o = 0.158
+
z, (8, 1.3 0.17 1.1
++
2,(6,) 1.2 0.13 1.1
z,(Qy) 1.2 0.13 0.93
z (E) 0.19 0.021 0.13
a r
z, (k) \ 0.15 s
vV

s = 3.2Z
o

' TABLE V.1-11 :

Error propagation fac=-
tors and uncertainties on o resulting
from the "Cd-ratio for triple-moni-

tor'"-method, with 197Au—96Zr—94Z

* Za(Asp) N Za(Asp)Cd - Za(F
++2,(6) = 2,(6,) 5 (a)

from counting statistics ;

cd)
random,

(b) =

systematic, from peak area evalua=

tion (and taking into account partial
(c) =
inhomogeneity of 0.1% Au-Al wire ;
(d) = from [ ELNIMR81 ] ; (e) = for
125 ym Zr-foil ; (f) =

that QO'S of Zr are relative to Au,

cancelling of errors) ; from

considering

but taking into account that g(Tn)
197 . . .
[ 9 Au] is slightly deviating from

unity. Nuclear data and uncertain-

ties : see Table VIII.3-1
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mental O and k0~determination (except when the latter is performed by the Cd-
subtraction method), since the knowledge of ko is not required for calcula~-

ting o.

1.5.3. "Bare multi-monitor'-method

This method is essential for in-situ O-determination in NAA.

A set of N-monitors, together with a ''reference" monitor isotope, is ir-—
radiated without Cd-cover, whereafter the induced activities are measured on
a Ge~detector with known detection efficiency curve., If all the monitors have
a o(v) v 1/v dependence up to v 1.5 eV, o can be obtained as the slope (-0)

of the straight line when plotting :

- —a -
log {(Er,i) Ai} versus log Er,i
. (V.1-42)
with .
A = Asp,i/kO,Au(l)Ep,i A5p,ref/kO,A.u(ref)€p,ref
t QO,i(a)Ge,i/Gth,i - QO,ref(a)Ge,ref/Gth,ref

and where the index "ref" denotes the reference monitor isotope.
Analogously to the above methods (see V.1.5.1 and V.1.5.2), & can be

solved from the equation :

N "N
- -0
N _ ? log Er,i _ - § log {(Er,i) Ai}
It By 5 - [ |loe { G, 7 A} - N
o = =0
N _ 2
N _ i log Er,i
Z {log Er,i - N (V.1-43a)

i
("ref" not included in the i-series).
Note that the minimum number of monitors is three (N=2, plus one reference

monitor), thus leading to the "bare triple-monitor"-method. Then, 0 can be found

from the equation :

(a-b) Qp (@G, /Gy | =@ Qy () G 5/Gy 5 + b Qg 5(0) G, 3/Cy 53 =0

(V.1-43Db)
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with ‘
L. {1 CAsp2 KomlP S

Asp,l kO,Au(z) €p,2
(V. 1-43c)

b = ll _ Asp,3 kO,Au(l) 6p,l
ASp,l kO,Au(3) 8p,3

As in the '"Cd-covered multi-monitor'-method, the monitors should be count-
ed in conditions of accurate EP, where true-coincidence effects are negligible
(see V.2.2).

As to the number of monitors and the spread of their effective resonance
energies, the same conclusions hold as mentioned for the ''Cd-covered" and
"Cd-ratio" methods (see V.1.5.1 and V.1.5.2). From the error propagation func-
tions [DECORTE81]}, it is difficult to draw general and practical conclusions
concerning the optimum combination of monitors (with respect to their Q and
Er values) to be used. Nevertheless, in the "bare triple-monitor'-method it
was found that the best results, in case of high-f irradiation positions, are
obtained from one 1ow-—Q0 and two high—QO isotopes, whereby it is preferable
I I B
In general, the error propagation factors and the resulting uncertainties on

that the QO and Er sequences are QO,I < Q0,2 < Q0,3 and Er

0, are significantly larger for the Ybare multi-monitor'"-method than for the
"Cd-covered" and "Cd-ratio"-methods. Table V.1-12 lists the relevant error

' propagation factors and the resulting uncertainties of O-determination in 5

reactor channels according to the "bare triple-monitor"-method, with 197Au—
96Zr-942r. Analogous data are shown in Table V.1-13 for the triplet 238U—-
- 96, 94

Zr-""Zr which fulfils better the above requirement with respect to Qq and
Er—values, thus leading to significantly lower error propagation factors and
uncertainties. However, even the uncertainties on o quoted in Table V.1-12
are quite acceptable, in view of the large error reduction factors towards
the analysis result (see V.1.8). Note that the practical aspects of Au-Zr

I

counting are outlined in V.2.2.

- 1.6, Validity of the 1/El+a and Er concepts : experimental check

Of special interest is the experimental investigation of the validity of
1+ = . . .
the adopted 1/E % and Er approximations. If these assumptlons are reasonable, .

a log~log plot of ¢é(E)E versus E should yield a straight line. When using
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Parameter ‘97Au %Zr 9I'Zr
UNCERTAINTY
Asp(a) 0.3% 0.3% 0.3%
Asp(b) 0.5 3 12 @ 0.5% 0.52
Ko, Au - 0.97 (743.3keV) | 0.67 (726.2 +756.7 keV)
,
ep<d> 0.5% (411.8 keV) 0.5% 0.5%
Cen - - -
c, - 0.4z & 0.3z ©
q 0.3z ) 1.57 2.0%
Er 7.1% 2.1% 4.0%
ERROR ‘PROPAGATION FACTOR
THETIS Channel 17 ; £ = 12.5 ; a = -0.027
z (Asp)+ 13.1 4.9 8.2
z 6 )" 7.4 4.7 2.8
z_(qq) 7.4 4.7 2.8
z () 0.19 0.13 0.069
o T N /
\V
s .= 227
[+
WWR-M Channel "MILA™ ; £ = 36 ; « = 0.011
Zu(ASp)+ 64.0 15.8 48.2
z 6 )" 19.2 13.7 5.4
z,(Qy) 19.2 13.7 5.4
z (E) 0.21 0.15 0.055
41 r AN /
V
s = 987
a
THETIS Channel 14 ; £ = 38 ; a = 0.030
Za(Asp)+ 25.5 6.4 19.1
zm(ce)++ 7.2 5.4 1.8
2,(0) 7.2 5.4 1.8
z (E) 0.21 0.16 0.049
o r \ /
V
s = 397
o
THETIS Chamnnel 16 ; f = 104 ; a = 0.079
z (Asp)" 24.9 3.9 20.6
z (6" 2.9 2.3 0.49
z_(qy) 2.9 2.3 0.49
Z (E) 0.22 0.18 0.035
o F [ /
Vv
s = 37%
o
DR-3 Channel R4V4 ; £ = 337 ; « = 0.158
Zu(Asp)+ 43,6 5.8 37.8
z 6 )" 1.5 1.3 0.14
2,4y 1.5 1.3 0.14
z (E) 0.23 0.21 0.021
r . /

Vv
s = 677
o

TABLE V.1-12 : Error propaga-—

tion factors and uncertain-
ties on-0 resulting from the
"bare triple-monitor'-method
with ]97Au~96Zr—94Zr.

* ZOL(ASp) = ZO!.(kO,Au) - Za(sp);
++ za(Gth) = Zu(Ge) ; (a) =
random, from counting statis~
tics ; (b) = systematic, from
peak area evaluation ; (c) =
from composition of 0.17 Au-Al
wire ; (d) = considering that
only relative efficiencies are
required ; (e) = for 125 uUm
Zr-foil ; (f) = considering
that Qo's of Zr are relative
to Au, but taking into account
that g(T ) [197Au] is slightly
deviating from unity. Nuclear
data and uncertainties : see
Table VIII.3-1
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TABLE V.1~13 : Error propaga-

Parameter 238[] 961,_- 9l‘zr
UNCERTAINTY tion . factors and uncertain-
Sp(a) 0.3z 0.37 0.32 ties on o resulting from the
) . (c) . .
Ay 0.5% 5 12 0.5% 0.52 "bare triple-monitor'-method
k 0.8% (277.6 keV) | 0.9% (743.3 keV) | 0.6% (724.2+756.7 keV) . 238.. 96 94
0,4u with U-""Zx~" "Zr.
.;p(d) 0.5% 0.5% 0.5%
- - - + Z (A =7 (k = Z (g )
o ) ) 2y = Zlkg ) = 2,2 )
¢ - 0.47 '® 0.3z ¢ ++ Z (G = 7Z (G y (a) =
: 2 (G) = 2,(6) 5 ()
Q 1.3% 1.52 2.0% . )
° random, from counting statig-
E, 1.2% 2.1% 4.0%
tics ; (b)= systematic, from
ERROR ‘PROPAGATION FACTOR
THETIS Channel 17 ; £ = 12.5 ; a = -0,027 peak area evaluation ; (c) =
Za(ASp)+ 13.4 12.4 1.3 from composition of 0.4%7 U-Al
. . . .
2, (6) 12.0 1.6 0.43 wire ; (d) = considering that
2 (Qy) 12.0 1.6 0.43 X .. .
h : only relative efficiencies
2 &) \ 932 0.31 0.011 ,
Vm are required ; (e) = for
s =
o
125 ym Zr-foil.
WHWR-M Channel “MILA" ; £ = 36 ; o = 0.011 U r-foil. Nuclear data
Zu(Asp)+ 40.4 13.4 7.0 and uncertainties : see
z ()" 29.7 28.9 0.79 Table VIII.3-1
2 (qy 29.7 28.9 0.79
2, () \ 033 0.32 0.0080 ,
A\
s = 847
a
THETIS Channel 14 ; £ = 38 ; o = 0,030 .
Zm(ASP)+ 15.3 12.6 2.7
z (6" 10.9 10.7 0.25
z_(qp) 10.9 10.7 0.25
2,(E,) 033 0.32 0.0068 ,
V
s = 357
o
THETIS Channel 16 ; £ = 104 ; a =.0,079
Zu(Asp)+ 9.5 6.9 2.6
z (6 )" 4.2 I 0.062
2 (qy) 4.2 4t 0.062
z () \ 0-33 0.32 0.0045
s =197
o
DR-3 Channel R4V4 ; £ = 337 ; o = 0.158
Za(Asp)+ , 12.8 9.2 3.6
zm(ce)++ 2.1 2.1 0.014
z (qp) 2.1 2.1 0.014
z (E) 0.33 0.33 0.0020
o T \ /
A4
s =237
o
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for instance the "Cd-ratio for multi-monitor'"-method, this comes to examining
Ehe linearity Of‘log{ﬁr,i-u/[(FCd,iRCd,i - I)QO,i(a) Ge,i/Gth,i]} versus log
Er," Therefore, a set of experiments was performed in 5 irradiation positions
of three different reactors with largely diverging neutron thermalization :
channel "MILA" in the WWR-M reactor (Budapest, Hungary ; 1ight—water moderated),
channels 14, 7 and 16 in the THETIS reactor (Gent, Belgium ; light-water and
graphite moderated) and channel R4V4 in the DR-3 reactor (Risg, Denmark; heavy-
water moderated). Eight appropriate monitors were used, for which the adopted

nuclear data (Er, Qs T) - to be considered as "standard" data for this appli-

cation -~ can be assumed to have an acceptable accuracy (see Table V.I1-14).

TABLE V.1-14 : "Standard" monitors and nuclear data for use in the "Cd-ratio
for multi-monitor" method for o~determination. Er and Q, values
are based on Mughabghab et al. [ MUGHABGHAB81/84]. Except for Au,

all FC factors are unity

d
Monitor ,Er, eV Q0 T
97 putn,y) 184w | 5.65 + 0.40 | 15.71 + 0.28 2.695 d
(ch=o.991)
2385 (n,v) 2% 16.9 + 0.2 103.4 + 1.3 23.50 min
/%3%%p 2,355 d
23200 (n,v)%3h | 54.4 + 0.5 11.53 + 0.42 22.3 min
/%33p, 27.0 d
9o (a,v) ®%o 136 + 7 1.990 + 0.054 | 5.271y
9SMo(n,y)ggMo 241 + 48 53.1 + 3.4 66.02 h
/2% e , 6.02 h
S\ (nyy) > OMn 468 + 51 1.053 + 0.028 | 2.5785 h
1005 n,v) 1Mo 672 + 94 18.84 + 0.81 14.6 min
/1O1Tc 14.2 min
| %%zn(n,v)%2n 2560 + 260 1.908 + 0.094 244.0 d
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The following materials were irradiated and counted : Al1-0.1005Z Au wire
(1 mm diam.; ATEC/Belgium); A1-0.443% U wire (99.962% 238U; 1 mm diam. ;
CBNM/Belgium) ; A1~0.819% Th wire (! mm diam.; CBNM/Belgium) ; Al-1.00% Co
wire (1 mm diam.; ATEC/Belgium) ; 5 um Mo-foil (99.9%; GOODFELLOW) ;
Al-1.00%Z Mn wire (1 mm diam.; ATEC/Belgium) ; 25 um Zn-foil (99.95+% 5
GOODFELLOW) .

Fig. V.1-1 shows for each channel one example of the a-results obtained

with 197 238 98 100 —642n. The adequacy of the linear fits is expressed

Y-Y.,2
as X, = §7 Z( 5 1) ; averaging over the 5 channels one obtains xﬁ = 0.904.
i i

Taking into account the error bars, there is no reason -~considering the "rec-
tification power" of a log-log representation - to suspect that the experi-
mental points fit better to a curved line than to a perfectly straight one,

as stated in Ref. [OPDEBEECKBSB]. Although the 1§nearity seems to hold for

5 different channels, this. does not absolutely guarantee the accuracy of the

5 o-results, which might be subject to a systematic error caused by the choice
of the monitors. Therefore Fig. V.1-2 shows, as an example for one of the con-
sidered channels, a comparison of O-results obtained on the one side with the

above mentioned monitors, on the other hand with the set 197Au—238U—232Th

5900—55Mn. For the monitors of the latter set, there is even better reason to
believe in the accuracy of the relevant nuclear data. The negligible a-differ-
ence revealed in Fig. V.1-2 is con31dered as a strong proof for the accuracy
of the a-values, i.e. of the I/E and Er approximations.
It is interesting to comsider the uncertainties on the o-values in Fig.

V.1-1. They amount to = 90% (& = 0.01, £ = 36 ; Ch. "MILA"), = 30% (o = 0.03,

* 383 Ch. 14), = 12% (@ = 0.07, £ = 110 ; Ch. 7), = 11% (a = 0.08, £ = 104;
Ch. 16) and = 77 (o = 0.16, £ =~ 340 ; Ch. R4V4), showing that Sy roughly var~
ies as ll/ul, according to the error propagation functions [DECORTE81]. These
figures reveal also that a higher thermalization (higher f) is associated with
a larger positive a~value, i.e. with a softening of the epithermal spectrum as
compared to the ideal 1/E~distribution. This is a rather general rule, corres-—
ponding with the qualitative picture given by [RYVES69] for small graphite~
moderated reactors and by [ OPDEBEECK85A] for the Thetis reactor itself. In case
of poor thermalization, like in channels 17 of the Thetis reactor (f = 15)
or "CSOPI" of the WWR-M reactor (f = 18), the a-value becomes even negative
= =0.03 (Ch. 17) and =~ -0.007 (Ch. "CSOPI') [see II.1], thus corresponding to
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. S
4 log L
{FcgReg-! ) Qo(“) Ge/Gth
L WWR -M / CH. MILA
& « = 0.011 £0.010
APR.S 5 i ‘;._* 'E* x2:0188
11-APR-85 f = 36.01 £ 0.82 + )
o= 0,029 THETIS / CH.14
08-JAN-86 - 82 0.0089
=3835:0,79 '-fl
,"._: 5 xg =0.470
b~ ]
> | 04-suL-8s
s
§ » THETIS / CH.7
| 02-JUL-85 x? = 1580
THETIS / CH.16
| 04-DEC-84
xg = 1636
N DR-3 / CH.R4V4
x§ = 0644
197, , 238, 98y, 100, 64y,
1 1 B | 1 1 1 | »
10 20 30 log E;

Fig. V.1-1 : Experimental o-determination in various channels of the
WWR-M reactor (Budapest), the THETIS reactor (Gent) and
the DR-3 reactor (Risgd). Use is made of the "Cd-ratio
for multi-monitor" method (V.1.5.2) with some "“standard"

monitors and nuclear data of Table V.1-14
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B, %

10g
9 [FoqRog-1 Gl 416,75y,

l Cd - RATIO #OR MULTI - MONITOR METHOD1

04-JUL-1985

_THETIS CH.7_

arbitrary units

2,
XD = 1580

1875y 238, 232y, 5900 98po SSynt00uy, 64z

1 1 I i ) l 1 — o
10 20 30 tog E,

Fig. V.1-2 : Check of the accuracy of O~determination in channel 7 of the
THETIS reactor (Gent) by using two different "standard" moni-

tor sets.

a hardening of the epithermal spectrum as compared to the ideal 1/E-distri-

bution.

1.7. a~Mapping of reactor Thetis

Based on the techniques for o-monitoring described in V.1.5.1 - V.1.5.3,
a complete O-mapping of the 17 irradiation channels of reactor Thetis has
been made [DECORTE81B/84]. The results are shown in Fig. II.I-1. As mentioned,
’they refer to the reactor configuration as it was before March 1981. No errors
on 0. are given, but the overall uncertainties are of the order of 5-10% for
high a's (¢ = 0.1) to 507 or more for a's approaching zero (a = 0.01). For
channel 9, a zero G-value is quoted, which means in fact that values ranging

from -0.005 to +0.005 were found. Thus, in practice, channel 9 can be consi-
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dered as an almost ideal irradiation position with respect to the epithermal
neutron flux distribution.

From Fig. II.1-1 it appears that reactor Thetis shows a definite symme-
try with respect to the o-values, exceptAfor channel 2 versus 11, and 3 ver-
sus 12, Obviously, this is due to the presence of control plate P4, which is
shifting the "fission center" of the core towards channels 11/12. A similar

effect has been described in Ref. [ SCHUMANNGS ].

1.8. Propagation of the error on O towards other quantities

Based on the principles explained in I.3.4.4, the following error propa-

gation functions can be obtained :

- for QO - Qo(a) conversion [Eq. (V.I-IS)] and for the determination of f

from R Eq. (V.l—9)] :

ca |

y (@) = Z.(a) = l65%57 {QO(a)ln Er + 0.60 C (=773 1.67 _ 1)}‘ (V. 1-44)

ZQO(OL a+1/2

with qo(a) and Ca defined in Eqs (V.1-18) and (V.1-19)

- for Qo(u) *’QO conversion [Eq. (V.1-16)] :

40
ZQo(oc) BETCN ZQO(a)(“) (V. 1-45)

- for k,-determination [Eq. (I.3-18)] with f determined from the R q~method

(flux ratio monitor t) :

- 1.67 - 1.67
o [0 1 E 060 ¢ Gz~ D %@ WmE 4060 ¢ Gl - 1)
g v g @ SR CY
| s ’ (V. 1-46)
, £[g, 5@ - O @] G0,y @ 1a B +0.60 C, Grz - D

[f *Q,c (@W]{f + %, s (W] [ Q,r L@ ]

rhiH

-~ for f-determination from the bare bi~isotopic monitor method [Eq. (V.l—lO)] :

[£+Qp 1 (]ag o InE_, = [£+Q ,(@] g (@ 1nk
0,1 oqz o Q(,) NGy 0,2 0,1 1, 6,60 c, Le67_ )} (V.1-47)

Z (a) 0¥/
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- for p-calculation in ENAA [Eq. (I.3-21)]:

. lqo'm(a) In Er’m ) qo’a(a) in Er,a

. 1 1 | 1.67
Qo,mﬂa) Qo’a(a)

2,(0) = T @ T @ 0% % i ’>]l (V. 1-48)

~ for p-calculation in NAA [Eq. (I.3-20)] with f determined from the bare
bi-isotopic monitor method [Eq. (V.1-10)] :

{qo,m(“) In Er,m qO,a(a) In Er,a QO,m(a) B QO,a(a)
Zp(oc) = {0 -

£+ Q) @ F+Q, @ Q@ - Q@ *

£+ Q. (@] gy (@) InE_ ., - [£+Q, (@] g, (@) 1nE
[ 0,191 9 5 e,2 " | 0,2(M 19 4 r,l} . 1-49)

[T+ Qp, ,@][E * ¢ ]

Table V.1-15 gives an idea of the error propagation factors and uncertain-

ties (induced by &) to be expected in NAA.

2. EXPERIMENTAL f-DETERMINATION

2.1. Cd-ratio method

As mentioned earlier, f can be determined from Cd-ratio measurements as :

£= (FCd,r RCd,r - 1)'Ge,r QO,r(u)/Gth,r (v.2-1)

where r is a flux ratio monitor with well-known Q0 and‘Er values, which is
irradiated subsequently with and without Cd-cover. Care should be taken to
ensure that ECd = 0.55 eV (see I.1.3.2), especially for low—QO monitors; in-
deed, the percentile error on QO,r and hence on f (neglecting a), induced
by a value of "ECd" # 0.55 eV, is given by (cf. ELNIMRS8IB)

£, = 0.318
QO T

b

{ee, m™Y2 = (0.5571/2 ), 100 (V.2-2)

cd
Also, ome should avoid different neutron thermalization in the containers for

bare and Cd-covered irradiation (see V.1.5.2).

It is interesting to consider the error propagation factor (meglecting

Ge and Gt

Feas B



TABLE V.1-15 :

on NAA-results for 5 irradiation sites ;
197 96 94
Au-" "Zr-

Zr (see Table V.1-12)

; £ is determined

Error propagation factors [Eq. (V.1-49)] and uncertainties induced by a [sp(a),% =
Zp(a).sa,Z]

triple-monitor"-method with

o 1s determined from the “bare

. . . . . 6 4
from the bare bi-isotopic monitor method with 9 Zr-—9 Zr (see V.2.2)
238U(n,y)239U 232Th(n,y)233Th 59Co(n,Y)6OCo ?SMp(n,Y)ggMo 55Mn(n,y)56Mn 100Mo(n,y)101Mo 64Zn(n,Y)6SZn
__QO =.103.4 _QO = 11,53 .90 = 1,993 _QO = 53.1 _QO = 1.053 80 = 18.84 _QO = 1.908
E_= 16.9 eV E_ = 54.4 eV E_ = 136 eV E_ = 241 eV E_ = 468 eV E_ = 672 eV E_ = 2560 eV
r r r r r r T
THETIS Channel 17 ; £ = 12.5 ; a = -0.027 (+ 22%)
Zp(a) 0.0017 0.035 0.042 0.064 0.043 0.076 0.052
sp(a),Z 0.037 0.77 0.92 1.4 0.95 1.7 1.1
WWR-M Channel "MILA" ; f = 36 ; a = 0.011 (+ 987)
Zp(ct) 0.0091 '0.0083 0.012 0.012 0.012 0.016 0.013
sp(a),% 0.89 0.81 1.2 1.2 1.2 1.6 1.3
THETIS Channel 14 ; £ =.38 ; a = 0.030 (+ 392)
Zp(ct) 0.026 0.022 0.030 0.031 0.031 0.040 0.033
sp(a),z t.0 0.86 1.2 1.2 1.2 1.6 1.3
THETIS Channel 16 ; £ = 104 ; o = 0.079 (+ 37%)
Zp(a) 0.065 0.026 0.035 0.031 0.036 0.042 0.037
sp(oc),% 2.4 0.96 1.3 1.1 1.3 1.6 1.4
DR-3 Channel R4V4 5 £ = 337 5 o = 0.158 (+ 67%)
Zp(u) 0.055 0.016 0.021 0.018 0.021 0.024 0.022
3.7 1.1 1.4 1.2 1.4 1.6 1.5

sp(u),z

-8LL~-
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Z_(R ) = 1 4+ —2——r (v.2-3)

which shows that in case of low f one should avoid the use of high—Q0 monitors.
The best f-monitors are 197Au(n,Y)lgsAu and 59Co(n,Y)6OCo, and the former
was most frequently used in the present work. Nevertheless, all monitors list-
ed in Table V.1-14 were occasionally used, for instance for the determination
of the flux ratios (obtained as a weighted average) quoted in Figs V.I-1 and

V.1-2.

2.2. "Bare bi-isotopic monitor'-method using Zr

The relevant expression for f-determination according to the bare bi-

isotopic method is (cf. V.1.2)

ko oD &5 Asp, 1
) 3 - 3
Ce, 1 K, D &, Q, (@ =6, o 5 Qo
f = 2 S P> Sp,2 (V.2-4)
o e FoetD S
th,2 Asp’2 th, 1 kp’C(Z) ep,z

It has been shown that Zr [with 94Zr(n,Y)QSZr and 96Zr(n,Y)97Zr ] is espe-
cially suited for this purpose [ SIMONITS76]. This is obvious when considering

the error propagation factor (neglecting Gt

A
()
£ Asp,Z

h and Ge)

[£ + Qp, 1 @IIE * Qy (@]

(V.2-5)

Eq. (V.2-5) reveals that the difference in Qo—values should be as large as
possible, and this requirement is best fulfilled by the Zr-isotopes :

QO(QQZr) =5,05, Q0(96Zr) = 248, Note that the Q0~va1ues, and also the k.-

0
factors of 942r(n,Y)952r and 96Zr(n,Y)97Zr/97mNb, have been determined very
accurately in the present work (see V.3.2.4 and VI.2.2). The Er—values of
94Zr(n,Y) and 96Zr(n,Y) are 6260 eV and 338 eV, respectively (see Table V.1-3).

Considering that Zf(ko’l/ko,z) = Zf(ASp’I/Asp’z) [Eq. (v.2-5)], Zf<€p,1/

ep 2) = 0 (see below), and taking into account the relevant expressions for
3
Zf(Er’l, Er’z) [Eqs (V.1-23) and (V.1-24)] , Ze(0) [ Eq. (V.1-47)] and Zf(Qo’l,
Q ) [Eq. (V.3-11)], the partial uncertainties on f amount to (for f = 50

’
and o = 0.05) :
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s.(kn /k, ) = 1.5% [for s : = 1,27 ; see Table VIII.3-1 ];
£0,1770,2 kO,l/kO,Z
Sf(Asp,I/ASP,Z) = 1.9% [ for s a = 147 assumed ] ;
- 97 sp,1" "sp,2
se(E. ) = 0.1% [1 = 7'zr, with sg = 2.1% ; see Table V.1-3] ;
7 r,l
sf( . 2) = 0,027 [2 = 95Zr, with s5 = 4% ; see Table V.1-3] ;
? r,2
sg(o) = 2.8% [with s, = 10% assumed] 3
5. ) = 0.1z [1 = *'zr, with s, = 1.57 5 see Table VIIL.3-1 J;
, 0,1
sf(Q0 2) =~ 2,27 [2 = 95Zr, with SQ = 2.0% ; see Table VIII.3-1].
’ 0,2

Quadratic summation leads to a total uncertainty S¢ of the order of 4.57%.

Also in practice Zr possesses outstanding characteristics :

a, the neutron absorption cross—sections are low (see Table VIIIL.3-1), so
that neutron self-ghielding is negligible‘(thermal) or small (epithermal);
Ge—factors were accurately determined as a function of Zr-foil thickness
(see V.3.2.4) ;

b. all the useful gamma-lines are non-coincident (952r : 724.2 & 756.7 keV;
95Nb : 765.8 keV ; 97mNb : 743.3 keV ; 97Nb : 657.9 keV'; see Table 1V,
2-4) and fall in a convenient energy range, thus minimizing gamma-attenua-—
tion 3 A

c. when introducing in Eq. (V.2-4) A ( Zr) = A (724.2 + 756.7 keV),

K ( S7r) = k, (724.2 keV) + Kk, (756.7 keV), and when the %7zr-data refer
to the 743.3 keV line, the ep—terms can be dropped since, to a very good
approximation, Ep (743.3 keV) = Ep (E of 724.2 and 756.7 keV)

[sIMONTITS76 ] 3

eff

d. pure Zr—foils are available with a broad range of thicknesses, thus pro-
viding flexibility with respect to neutron fluxes and irradiation times ;

e. when combined with a third isotope, thev942r~9§Zr—197Au triplet provides
a unique possibility to measure f and & values simultaneously without the

use of a Cd~cover (cf. V.1-5).

Some attention should be paid to the simultaneous measurement of 952r

(T = 64,03 d) and 97Zr/97mNb (T = 16,74 h). Immediately after irradiation

of short to moderate duration (e.g. up to 30 hours), it is often impossible
to measure the Zr-foil at close~in detector geometry (too high count rate of
97Zr/97mNb), whereas at large detector distance an excessively long counting

time for 95Zr is required. Indeed, the count rate of the 743.3 keV gamma's
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of 97Zr/97mNb is then about 20-50 times higher than the count rate of the
724.2 and 756.7 keV gamma's of 952r. Evidently, when only f-determination is
performed, it suffices to let decay the 97Zr/97mNb for 3-4 days and to meas-
ure the Zr-foil at that moment at any suited close-in detector geometry; as
mentioned above, one should not take into account true~coincidence or detec—
tion efficiency when considering the 743.3 keV and 724.2 + 756.7 keV lines
of 97Zr/97mNb and 95Zr,'respective1y. If both f and o are to be determined
(including a Au-monitor), the following simple.counting procedure can be ap-

plied [denoting > 'zr/°"™b (743.3 keV) = 1, 2°Zr (724.2 + 756.7 keV) = 2

and '%8Au (411.8 keV) = 3] :

- measure 1 (shortly after irradiation) and 3 at "reference" distance to the
detector, for which € ,1 and eP,3 are accurately known. From this, factor
b of Eq. (V.1-43c) can be calculated ;

~ measure 1 and 2, after 3-4 days decay, at any suited close-in detector
geometry. Then, factor a of Eq. (V.1-43c) can be calculated [ thus allowing
to obtain o from Eq. (V.1-43b)], and f can be derived according to Eq.

(V.2-4); note that one may put €_ ,/e = 1 in Egqs (V.1-43¢) and (V.2-4).

P>l p,2
In this way all measuring times can be kept short. Evidently, a decay
time of 3-4 days, i.e. 4~6 times T (97Zr), requires an accurate knowledge of

the 97Zr half~life (see VII.1.2).

. o g + =
2.3, Consistency check ; validity of the I/E1 o and Er concepts

Evidently, the results of f-determination according to the Cd-ratio
method and the bare bi-isotopic monitor method must be consistent. This is
proved in Table V.2-1 which is in fact an extension of Table V.l-1, but now
with introduction of a correction- for o. The consistency of the two methods

. .. + ot
can be considered as a proof for the validity of the I/E1 o and Er concepts.

2.4, f-Mapping of reactor Thetis

Based on Cd-ratio measurements of Au (V.2.1), a complete f-mapping of
the 17 irradiation channels of reactor Thetis has been made. The results are
shown in Fig. IT.1-1. As mentioned, they refer to the reactor configuration
existing before March 1981, The overall uncertainties on the listed f-values

are estimated at Vv 3%.
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TABLE V.2-1 : f-Ratios obtained from Cd-ratio measurements of Au and from
the bare Zr-method, showing the consistency when introducing a

correction for o

f (no correction for o) f (with correction for o)
THETIS (rel.err.,%)
Channel
from RCd,Au from bare Zr o from RCd,Au from bare Zr
3 25.4 27.9 0.016 24,8 (1.8) 25.6 (1.6)
13 43.1 47.5 0.041 39.8 (2.4) 40.0 (4.3)
15 82.0 114 0.086° | 72.0 (1.0) | 69.8 (1.8)
8 185 275 0.105 158 (1.6) 151 (1.3)

2.5, Propagation of the error on f towards other quantities

Based on the principles explained in I.3.4.4, the propagation of the

error on f towards kg [Eq. (1.3-18)] or p [Eq. (I.3-20)] can be calculated

as :

Zk (£).= | £

0

Zp(f) = | £.

Qo,c(oc) - Qo,s(“)

Q,n® ~ Qg @

"TEFQ (@[ * Q (@]

[f+ Q m(oc)][f + Qg a(a)]

(V.2-6)

(v.2-7)

It should be kept in mind, however, that uncertainties like sp(f)

[= Zp(f).sf] on one hand and sp(a) [= Zp(u).sa] on the other hand are
strongly correlated.

3. EVALUATION OF Q,~VALUES

3.1.

Critical selection of literature data

k0~Factors determined according to Eq. (I.3-18) in two irradiation

sites with largely different f-values can be consistent only if accurate

Qo—values are introduced. This enables a critical selection of literature
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Qo—data. It is even possible to calculate the uncertainty, at the 677 confi~-
dence level, on a thus selected Qj-value as [ sIMONITS84B] :

‘ 2 241/2
tl (s, @7+ (s ) } /
s 7 = 0,1 - 0,II (V.3-1)
Q' s
i = (=0 = O
with Q,E)7% Q. E ) %I
S = 0r _ 0r (V.3-2)
FrQplop  £114Qp00p)
where i ,% = percentile uncertainty on kO 3
0
t = t-value for a two-tailed test corresponding to a 677 con-
fidence level (e.g. if kO,I and kO,II = averages from 3

determinations in channels I and II, respectively ; N=6 ;

4 degrees of freedom, v=4).

It has been shown [MOENS79B] that the method is increasingly sensitive (S high)
when the difference between the f«values of the selected channels increases ;
on the other hand, no sensitive evaluation can be performed when both fI and
ﬁrlare high even when they are largely different. Obviously, accurate evalua-
tion of too low Qo's (say QO < 4) is also not possible, even with an optimal
choice of f-values. ' _

Evidently, a unique possibility to perform this type of critical selection
is offered by the irradiation positionms of reactor Thetis, with f-values rang-
ing from Vv 15 to v 160 (see Fig. II.l-1). Therefore, irradiations for ko—deter—
mination were carried out either in chanmels 3 (f = 25) and 15 (f = 72) [for
long—~lived isotopes] or in channels 9 (f = 23) or 17 (f = 15) and 8 (f = 160) "
[for short-lived isotopes]. Results of Qo-evaluation, performed as described
above, are included in Table V.3-3. The experimental precautions taken to as-—
sure accurate ko—determination are described in VI.2.1,

3.2, Experimental determination

3.2.1, Cd-ratio method

Q0 can be determined from Cd-ratio measurements as :

Sth

f
Q,(a) = — . (V.3-3)
0 Fog Reg- ! * G,




or
F R ~1 G G
_ Cd,r "cd,r th e,r _
Qo(a) = —F 2 R i © G . . Qo’r(a) (V.3-4)

cd Rea” th,r Ce

thus involving QO 7 Q r(OL) and Qo(a)_+ Q, conversions [Eqs (V.1-15) and
3 3

(v.1-16), resp.]. The same comments hold as made in V.2.1. From the error

propagation factor (neglecting Gth’ Ge and ch) :
Qq (o)
ZQO(a)(RCd) =l = | (V.3-5)

it appears that high Qo's can preferably be determined in strongly therma-
lized irradiation positions (high f).

Results of Qo—determination performed at the INW and the KFKI (and oc-
casionally in Risg) are compiled in Table V.3-3. The experimental precautions
taken to assure adequate accuracy were essentially the same as mentioned in
VI.2.1, but - evidently - no attention had to be paid to such parameters as
detection efficiency and true-coincidence. Also, since RCd = Asp/(Asp)Cd’
considerations with respect to stoichiometry and purity of materials are not

relevant : homogeneity is the only criterion of interest. Based on this fea-

ture, a number of Qo—values was determined as :

AfG./G
th’ e
cd th,ic’ "e,ic
F.. . Q. . (@) *li-A
Cd,ic 0,ic
with , ’
: (Np/tm> (Np/tm>
A =\ SDC_/ic SDC_/cd
Np/tm I(Np/tm) }
SDC SDC /Cdlic
and ic = internal comparator ;
f = determined by means of a coirradiated flux ratio monitor.

In this way, it was possible to irradiate bare and Cd-covered pellets, made

of Whatman—-41 paper, on which small aliquants were pipetted (and dried) of

a solution cohtaining the investigated isotope and a comparator isotope with
well-known Qo—value. From Eq. (V.3-6) it follows that, with the use of these
pellets, no knowledge of weights or even of the weight ratio is required. The
only condition is that the weight ratio of investigated and comparator isotope

in the bare and Cd-covered pellets .is constant. Since all pellets are prepared
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from the same homogeneous solution, this condition is certainly met.
As to the flux ratio monitors used in the present work, the same com-

ments hold as made in V.2.1.

3.2.2. Cd-transmission factor for epithermal neutronms,

Fea

F.q» the Cd-transmission factor for epithermal neutrons, accounts for
the fact that the specific count rate (Asp?Cd of .a cadmium covered isotope is,
in some cases, significantly different from (Asp)e, the specific count rate
of the bare isotope that would be induced by the epithermal neutrons span-

ning the corresponding energy range. In the present work, F,.. is defined as :

Cd
(A_)
= 5p Ctd -
FCd D) (V.3-7)
sp’e

Usually ch—factors do not significantly differ from unity. However,
when the resonances of Cd and of the Cd-covered isotope partially overlap,

FCd can be markedly lower than unity. This is the case for 186W(n,Y)187W

[ 113C 186

d : 18.4 eV resonance; W : 18.83 eV resonance]. Moreover, for iso-
topes with a giant resonance in the 1-10 eV range, F.q can also be lower
than unity due to the high energy tailing of the dominant Cd resonance
(0.178 eV). Well-known examples are 1]E'In(n,'y)lmmln [resonance at 1.457 eV]
and ]97Au(n,Y)198Au [ resonance at 4.906 eV]. Finally, ch can also be higher
than unity if neutrons, which are resonance scattered in the cadmium, enter
the correct energy band to be resonantly captured in the Cd-covered isotope.
This has been reported [RYVES74] for 65Cu(n,Y)66Cu [lllCd : 233.4 eV reso~
nance ; 65Cu : 230 eV resonance |.

FCd—data from literature have been compiled and evaluated for 60 (n,Y)
reactions [ ELNIMR81]. The values adopted in the present work are given in
Tables V.3~3 and VIIL.3-1 (in the latter case only if different from unity).

FCd—factors can be calculated [PIERCE68, BELLER67 | or exper%mentally
determined. In the latter case, use can be made of the Cd—substitution method

. [BAUMAN63], the method of varying Cd-thickness [ MARTIN55] or the two-channel
irradiation method [ SIMONITS84].

The FC 187

W [ranging in literature from 0.855 to

d
1.0 ; see ELNIMR81 ] and for 114Cd(n,y)115Cd have been determined according to

~factors for ]86W(n,Y)

the two—channel irradiation method. From ko—determination, according to Eq.
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(I.3-18) in two reactor channels with largely spread f-values, a Qo—value can
be calculated which is not subject to effects of Cd epithermal transmission.

Then, from Cd-ratio measurements F_. is obtained as [ecf. Eq. (V.3-3)]:

Cd
£ G./6G
th' "e 1
F = + V.3-8)
Cd  Qy@) Rpy  Rpy
The results were : ch(IBGW) = 0.908 + 0.021 ; ch(IIACd) = 0.45 + 0.015.

3.2.3. Consistency check; validity of the I/EH06 and Er concepts

It goes without saying that the results of Qo-determinatipn in irradia-
tion channels with different f and o must be consistent. Table V.3-1, which
is in fact an extension of Table V.1-2, shows that this is indeed the case.
The results are especially convincing for 94Zr(n,Y)gSZr, since it had to be
assumed that the wvalidity of the 1/E1+a approximation, shown to hold up to
2560 eV [Er(64Zn) ; see Fig., V.1-1], can be extrapolated to " 2.5 times higher
neutron energy [Er(94Zr) = 6260 eV].

TABLE V.3-1 : Qo—ratios from the cadmium-ratio method (with Au as f-monitor),
showing that consistency is obtained when corrections for o

are introduced

Q from cadmivm-ratio method

94 96 97
Reactor | Channel £ o 1125:1(11,\')1135:1 Zr(n,y)QSZr Zr(n,y)” Zr
no corr.for o | corr.for o Jno corr.for o | corr.for ¢ }no corr.for o | corr.for a
WWR-M "MILA" | 36.01] 0.011 46.6 48.8 + 2.1 5.53 5.34 + 0.64 251 245 + 26
THETIS 14 38.351 0.0298 - - . 4.32 5.15 + 0.27 224 251 + 30
7 110.2 [ 0.0713 39.1 49.2 + 2,2 3.23 5.02 + 0.16 182 243 + 6
16 104.4 | 0.0792 - - 3.16 5.10 + 0.23 185 254 + 8
DR-3 R4V4 {337 0.158 ’ 29.6 46.8 + 3.6 1.88 4.97 + 0.22 127 251 + 7

3:2:4. G, and Q, values for 94zr(n’Y)952r and 96Zr(n,Y)97Z£

Since in the present work Zr is proposed as a f- and o-monitor (in the

latter case in combination with Au), large attention was paid to the accuracy

of its nuclear data. The careful determination of the 97Zr half-life and of

the 95Zr/97Zr ko—factors is described in VII.1.2 and VI.2.2 respectively.



-187-

As calculated from Eq. (I.2-15), thermal neutron self~-shielding is ne-
gligible at least up to | mm thick Zr-foil (Gth = 1). However, it can be ex~
pected that this is not so for epithermal neutron self-shielding. Assuming
that the 301.0 eV resonance of 96Zr(n,y) is dominant, Eq. (I.2-17) yields,
as an approximation, G, = 0.95 for a 12;4um thick Zr—ézil. Thus, experimen—
tal determination of the Ge—values for © Zr(n,y) and ~ Zr(n,Y) was felt nec-
‘essary. This was performed by irradiation of Cd-covered Zr-foils with 5, 25,
125, 250 and 500 um thickness. The induced 95Zr and 97Zr activities were count~-
ed on a Ge-detector in '"reference' geometry. Small ep—differences for the vari-
ous foil thicknesses were accounted for, using the program SOLANG for ep—con—
version (III.2.1). The results are shown in Fig. V.3-1, together with poly-
nomial fits enabling to calculate G, for any Zr-foil thickness up to 500 um.
For the frequently used 125 um Zr-foils, the G -factors are : 0.983 (+ 0.37)
for 2%2r(n,v) ; 0.973 (+ 0.40) for Pzr(n,y).

Ge Detailed results of QO—

100-k ; Ge ={100020.002) - (2327 £0.236)10°4.d » (1.487 £0.452).107.d 2 determination from Rcd-measure—
ments in 3 different reactors/
5 irradiation channels are shown
in Table V.3-2. Note that for-
merly reported literature data
are ranging from 227 to 879 for
96Zr(n,Y), and from 4.59 to
7.6 for 94Zr(n,y) [cf. Table

— V.3-3]. The reason for this

1 T 1 1 1
100 200 300 400 500 d,pm Zr
Ge = {1000 £ 0.002) - (1543 £0.209).10"4d + (1143 £0.400).1077. 42 ' large scatter is not difficult

to explain : the high Qo-value

for 96Zr(n,y), leading to large

955,

error propagation factors in
poorly thermalized neutron

fluxes [see Eq. (V.3-5)], and

| the high Er—value for 94Zr(n,y),

i T T 1 i v
100 200 300 400 500 d,pmZr mmmgtMa%rmmﬂtvuysur

Fig. V.31 : Gys epithermal neutron self- sitive to actual epithermal neu-

shielding as a function of Zr-foil tron flux distributions devia-

thickness determined by Cd covered ting from the ideal 1/E shape.

irradiations, using the SOLANG pro-

gram for counting geometry normalization
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TABLE V.3-2 : Experimental determination of QO values for the reactions

94Zr(n,y)95Zr and 96Zr(n,y)97Zr
REACTOR Measured Q, values with rel.err. (%)
Date
Channel 96Zr(n,y)97Zr 942r(n,y)952r
RIS@ 03-DEC-84 239 + 17 (1.7) 4.64 + 0.53 (11.4)
DR3 04-DEC-84 253 + 12 (4.9) 4.89 + 0.38 (7.7)
Ch.R4V4 05-DEC-84 255 + 13 (5.3) 5.02 + 0.42 (8.4)
06-DEC-84 251 * 14 (5.6) 5.29 + 0.48 (9.1)
Weighted 251 + 7 (2.8) 4.97 + 0.22 (4.4)
average : —_ —
INW 05~FEB-85 253 + 13 (5.1) 4.94 + 0.31 (6.2)
THETIS 12-FEB-85 229 + 13 (5.5) 5.16 + 0.32 (6.2)
Ch. 7 26-FEB~85 235 + 12 (5.2) 5.09 + 0.33 (6.5)
04-JUL~85 250 + 14 (5.5) 4.91 + 0.30 (6.1)
10~-DEC-85 251 + 13 (5.3) '
Weighted 263 + 6 (2.4) 5.02 + 0.16 (3.1)
average : — -
INW 29-MAY-85 253 + 13 (5.2) 5.01 + 0.32 (6.3)
THETIS 02-JUL-85 259 + 13 (5.2) 5.20 + 0.33 (6.4)
Ch. 16 12-DEC-85 250 + 13 (5.2)
Weighted 254 + 8 (3.0) 5.10 + 0.23 (4.5)
average 3 - _—
INW 19-NOV-85 226 + 26 (11.4) 4.86 + 0.43 (8.9)
THETIS 08-JAN-86 286 + 31 (10.8) 5.33 + 0.34 (6.4)
Ch. 14
Weighted 251 + 30 (12) 5.15 + 0.27 (5.2)
average _— —
KFKI 27-FEB-85 262 + 37 (14.3) -
WWR~-M 06-DEC-85 230 + 30 (15.7) 5.34 + 0.64 (11.9)
Ch.
IIMILAVL K .
Weighted 245 + 26  (10.6) 5.34 + 0.64 (11.9)
average ¢ — —
GRAND MEAN (weighted) 248 + 3.7 (1.5) 5.05 + 0.10 (2.0)




~189-

3.3. Compilation of Qo—values

The Qo—values of 107 (n,Y) reactions, resulting from critical selection
of literature data (V.3.1) or from experimental determination (V.3.2) are
compiled in Table V.3-3. Values quoted in three recent and frequently consult-
ed evaluation works are also listed systematically [NNDC COMPUT.CH.85,
MUG