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VADE MECUM FOR k0 – USERS 
 
 
 
Introduction 
 
 Since the launching of the NAA k0-standardization concept (Simonits et al., 
1975) followed by the first publication of experimentally measured k0-factors 
(Simonits et al., 1980), the method became a fully operational analytical tool. 
This is evident from the “Special Session k0” and its leading paper (De Corte et 
al., 1993) at the 8th Modern Trends in Activation Analysis/Vienna, 1991, from the 
(first) International k0 Users Workshop-Gent, 1992 (De Corte, 1992) – attended 
by 51 scientists from 30 institutes in 14 countries -, and from the recently issued 
KAYZERO / SOLCOI software package (Version 3.01) for IBM-PC (DSM 
Research, 1994). Also, at the time of writing (1994), it is estimated that the 
principles of the k0-method are applied in some 45 governmental, industral and 
university laboratories worldwide. 
 
 It is the aim of this vade mecum to provide the neutron activation analyst, 
especially the present and potentional k0-users, with a survey of the k0-metho-
dology, with respect to both its fundamentals and its application protocol. In view 
of their key role, the detector calibration and neutron spectrum calibration are 
dealt with in more detail in the Appendices. 
 
 It is believed that this booklet will contribute to a better understanding and 
an optimized application of the k0-standardization of NAA. 
 
 
The Kayzero software related issues in this vademecum have been updated by 
R. van Sluijs as to match the latest changes in the software Kayzero for Windows 
Version 3 (august 2014).   
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1.  Fundamental equation of the NAA k0-standardization 
 
 
 
According to the k0-standardization of NAA, the concentration of an element in a 
sample is obtained as: 
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Below, the symbols figuring in Eq. (1) are explained briefly. More details, includ-
ing modifications, extensions and special cases, are give in later sections. 
ρa   - concentrations of analyte a in (µg/g); 
m  - coirradiated neutron fluence rate monitor 
Np - measured net peak area, corrected for pulse losses [dead time, ran-   

dom coincidence (pulse pile-up), true coincidence (cascade  
summing)]; 

tc - counting time 
s - saturation factor;= 1-exp(-λtirr), where tirr – irradiation time and λ =  

(ln2)/T½ with  T½ - half-life; 
D - decay factor; = 1-exp(-λtd), with td – decay time (from end of irradia-

tion to start of counting); 
C - counting factor; = [1-exp(-λtc)]/λtc , correcting for decay during count-

ing; 
W - sample mass (in grams) 
Asp =  (Np/tc)/SDCw, the specific count rate, with w – mass of the monitor 

element (in grams); 
k0,m(a) - experimentally determined k0 factor of analyte a versus monitor m, 

defined as 
k0,m(a) = (Mm θa σ0,m ya) / (Ma θm σ0,m ym), with M – molar mass, θ – 
isotopic abundance, σ0 – (n,y) cross section at 2200 m.s-1 and y – 
absolute  gamma intensity; 

Gth  - correction factor for thermal neutron self-shielding; 
Ge  - correction factor for epithermal neutron self-shielding; 
F =  Φth/Φe, the thermal (subcadmium) to epithermal neutron fluence rate 

ratio; 
Q0(α) = {(Q0 – 0.429) a

rE
−  + 0.429/[(0.55)α(2α+1)]} (1eV)α, where  

Q0 = I0/σ0, with I0 – resonance integral, defined as: 
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rE   -  effective resonance energy in eV; 

α - measure for the deviation of the epithermal neutron fluence rate 
distribution from the 1/E shape, approximated by a 1/E1+α depen-
dence; 

Єp - full-energy peak detection efficiency 
 
 

2.  Extension to epicadmium neutron activation analysis (ENAA) 
 
 

For use in ENAA,Eq. (1) should be transformed into: 
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where the symbols have the same meaning as in Eq. (1), and: 
Cd(subscript) -  denotes that sample and monitor are irradiated under a Cd-

cover; 
FCd  -  cadmium transmission factor for epithermal neutrons. 
More details are given in later sections. 
 
 
 

3.  Monitor and gold comparator; comparator factor Fc,Au 

 
 
 In equations (1) and (2), the coirradiated monitor is not necessarily the 
ultimate gold comparator [197Au(n,γ)198Au; Eγ= 411.8 keV], versus which the k0- 
factors (k0,Au) are expressed in the tabulations published (de Corte and Simonits, 
1989; De Corte et al., 1993). However, by definition: 
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and k0,m(a) in Eqs. (1) and (2) can thus be replaced accordingly. 
One can define a so-called comparator factor as: 
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or, for use in ENAA (where, in fact, f=0): 
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Eqs (1) and (2) then become finally: 
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From its definition in Eqs (4) and (5), the comparator factor Fc,Au can also be 
expressed as 
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with NA – Avogadro’s number.  
From the above it is clear that Fc,Au, experimentally obtained according to Eqs (4) 
and (5), is not only a useful intermediate factor in the calculation of elemental 
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concentrations according to the k0-method, but is also a rough indicator of the 
accuracy of the neutron spectrum and the detector calibration. Evidently, this 
accuracy check is only possible on condition that comparison, via Eq. (8), of Fc,Au 
with the a priori estimated thermal neutron fluence rate Φth and the thermal to 
epithermal fluence rate ratio (f) is possible. 
 

4. Calculation of detection limits; panoramic or survey analysis 
 
 
 If, in the NAA procedure for a particular matrix, the gamma-ray spectra 
recorded show no significant photospeak of a radionuclide of interest, a con-
centration detection limit for the corresponding element can be calculated by 
replacing the term Np,a in the expression for concentration calculation with the 
detection limit in counts, according to Currie (1968): 
 

BcountsDL 653.4706.2)( +=        (9) 
 
In Eq. (9), the background B may be obtained (as done in the software package 
KAYZERO Version 3.01) by summation of the counts in n channels of the 
expected peak width based on n/2 channels at the left and n/2 channels at the 
right of the peak. For more details, reference is made to the Manual of 
KAYZERO. Useful information on which radionuclides and gamma-lines of an 
element, and on which decay times lead in practice to the lowest concentration 
detection limit can be found in De Corte et al. (1991). 
 From the above it is clear that k0-based NAA is exceptionally suitable for the 
performance of panoramic or survey analysis: indeed, from the coirradiation with 
the sample of only one monitor (on the condition that f and σ are determined 
beforehand) and from some three to five measurements of the samples with 
decay times ranging from the order of one hour to one month, it is possible to 
obtain concentrations for the elements observed in the gamma-ray spectra and 
detection limits for all the others, some sixty in total (De Corte et al., 1991). 
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5.  Peak area: correction for true-coincidence effects 
 
 
 
 
 
  (fig 1) 
 
 
 
 
 
 
 In Eqs (1) and (2), Np is the measured net full-energy peak area, corrected 
for pulse losses caused by dead time, as well as for random and true coinci-
dence effects. Whereas the use of a suitable computer code for peak area deter-
mination and the application of proper correction methods for dead time and 
random coincidence are general requirements in NAA, the correction for true-
coincidence effects is specifically bound to k0 – (or any absolute) standardization. 
True-coincidence effects originate from simultaneous detection of pulses 
generated in the detector by cascading photons. For instance, if the decay 
scheme of Fig. 1, A  is the measured gamma-ray under consideration, a countin 
its associated photopeak may be lost due to the simultaneous detection of an 
other gamma-ray (not necessarily fully deposited in the detector) which can be 
either the preceding gamma-ray B and/or the following gamma-ray E. Also, an 
extra count in its peak may be gained by the simultaneous detection of fully 
deposited cascading gamma-rays C and D. If the probabilities for loss 
(“summing-out”) and gain (“summing-in”) are denoted by L( A ) and S( A ), re-
spectively, the so-called true-coincidence correction factor is derived from: 
 

)](1)][(1[)( ASALACOI +−=       (10) 
so that: 
   )(/)()( ,, ACOImeasuredNcorrectedN ApAp =     (11) 
 
A full outline of the calculation of COI-factors, taking into account up to three 
cascades for summing-in and up to five cascades for summing-out, is given by 
De Corte (1987). It also considers summing-out with cascading KX-rays formed 
via internal conversion and/or electron capture (e.g. in Fig. 1: IC of transition E 
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following A ; EC preceding A ); since the discussion was restricted to Ge-
detectors with a detection efficiency significantly decreasing below ~ 100 keV 
photon energy, these γ-KX summing-out effects are only included for 
radionuclides from 175Hf onwards, i.e. for KX > 50-60 keV [a possibility to avoid 
coincidences with lower-energetic photons when measuring on a n-type Ge-
detector, is to cover the end cap with a thin metallic shield such as for instance 
0.5 mm Cu or Zn]. 
Next, in a calculational procedure (De Corte, 1987) the effect of delayed γ-γ 
emission was taken into account, as it would occur for instance if the lifetimes of 
the nuclear levels 3 and 4, shown in Fig. 1, are not negligible but of the same 
order of magnitude compared with the resolving time of the measuring system; 
then, both the probability for gain S( A=B+C) and for loss L( A -E) would be 
reduced. A solution for this problem was worked out for measurements using a 
unipolar near-Gaussian shaped amplifier output pulse and a Wilkinson-type 
analog-to digital converter; as expected, the delayed γ-γ effect depends on the 
value of the amplifier’s pulse shape time constant, which should thus be given as 
input in order to calculate the correction. 
 From the above discussion it follows that, whereas for the calculation of the 
probabilities for gain the full-energy peak detection efficiencies εp of the involved 
gamma-rays are the detector characteristics of relevance, this is not so in the 
case of the probabilities for loss where the total detection efficiencies εt should be 
known. In the methodology of the k0-standardization, εt is (by definition) obtained 
from εp as: 
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ε
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thus shifting the problem to the determination of the peak-to-total ratio P/T. This 
determination is discussed in Appendix I dealing with the calibration of the Ge-
detector. Finally, it should be mentioned that the presented methodology for true-
coincidence correction was processed in the computer program COIN written in 
Fortran IV + for VAX (De wispelaere, 1987) and is now available for PC as part of 
the software SOLCOI Version 3.01. 
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6.  Modifications in case of complex activation-decay 
 
 
 In case of branching activation and mother-daughter decay, modifications 
may have to be introduced in the definition of the k0-factor, and hence in the Q0-
value and in the term Np/SDC (or Asp) figuring in Eqs. (1) and (2). A classification 
of the activation-decay types, given together with the corresponding expressions 
for the relevant parameters involved in the k0-method, is given by De Corte et al. 
(1989). The activation-decay type assigned to the measured radionuclide is also 
given in a user-orientated tabulation (De Corte and Simonits, 1989). It is of the 
utmost importance that this should be kept in mind by the k0-user when it comes 
to the calculation of elemental concentrations from the gamma-ray spectra sub-
sequently measured after irradiation. For instance, if the measured radionuclide 
has been assigned to the activation-decay type IV/b, one should realize that this 
refers to the situation 
 
                                   2 
         1 =  target nuclide 
 1  n,γ      F2     2 =  m-state (half life T½[2]; F2-fractional 
       T½[2]        decay to 3) 
          3 = measured g-state (half life T½[3]) 
                                   3   
                                        T½[3] 
 
with T½[2] << T½[3] and where D2 =0. Whereas in practice this is unlikely to be a 
problem for radionunclides like 24Na [20.2 ms 24mNa] or 46Sc[18.7 s 46mSc], one 
should be careful with others such as 60Co [10.48 min 60mCo ] or 82Br [6.1 min 
82mBr], where a proper decay time to ensure decay of the m-state must be 
respected. In the software package KAYZERO Version 3.01 rejection of results 
based on such criteria is not yet built-in, thus imposing continuous vigilance from 
the side of the analyst. 
 
 
 
 

7. Correction for burn-up effects 
 
 
 For some (n,y) reactions there may be a significant disappearance of target 
and/or formed nuclei, which necessitates a modification of the term Np/SDC [or 
Asp; see Eqs. (1) and (2)]. This burn-up effect should be especially feared in  
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cases where large cross-sections, high neutron fluence rates and long irradiation 
times are involved. Formulas correcting for burn-up of the target and/or the 
directly formed nuclide and for burn-up of the measured daughter or grand-
daughter are given (Simonits et al. 1980; De Corte, 1987). A warning about 
possible burn-up is given in a user-oriented tabulation (De Corte and Simonits, 
1989), where – whenever relevant – σ0, I0 and Ēr values for burn-up of the 
formed radionuclide are listed. A very important case of burn-up concerns Au, the 
ultimate comparator in k0-standardization. In the reaction scheme 
 
 
     n,γ     n,γ 

197Au ---------------->  198Au -----------------------> 
 σ0=98.65 barn      |β  σ0=25800 barn 

 I0=1550 barn  T½=2.685 I0=31031 barn 
 Ēr=5.65 eV    |  Ēr=10 eV (assumed) 
              V 

 
both the target (197Au) and especially the measured nuclide (198Au) can undergo 
burn-up. The overall effect and thus the correction factor by which Np/SDC 
should be divided is for instance: 1) negligible (0.999) for 7 h irradiation at Φth= 
1.6.1012 cm-2s-1, Φe= 6.8.1010 cm-2s-1 and α=0.015 [channel 3 of the Thetis 
reactor, Gent]; 2) small but significant (0.983) for 10 h irradiation at Φth= 3.6.1013 
cm-2s-1, Φe= 1.8.1012 cm-2s-1 and α=0 [channel 17/2 of the former WWR-M 
reactor, Budapest], and 3) very large (0.509) for 14 d irradiation at Φth= 1014 cm-

2s-1, Φe= 1013 cm-2s-1 and α=0 [channel H323 of the BR-2 reactor, Mol]. In 
analysis conditions similar to the latter case, it is advised to use another monitor 
for coirradiation with the sample e.g. a dilute Co-Al alloy [59Co(n,γ)60Co]. This will 
also solve the problems associated with the weighing of minute amounts of Au-Al 
alloy and/or the large 198Au activities when performing long irradiations at high 
neutron fluence rates. 
 
Corrections for burn-up are included in the software package Kayzero for 
Windows. 
 
8. Variability of the neutron fluence rate during irradiation; intermittent      
irradiation 
 
 
 When variations occur in the neutron fluence rate during irradiation (and 
suppoding that f and α remain constant), the saturation factors for analyte and 
monitor in Eqs (1) and (2). Given by S=1-exp(-λtirr), should be replaced by 
 
 

             ∫ −=ʹ′
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where F(t) is the time-dependent neutron fluence rate function, which may be 
normalized to unity at any arbitrarily chosen time. The problem has been dealt 
with (De Corte et al.,1987; De Corte, 1987), and solutions were given either 
derived from the analytical description of F(t), e.g. a linear change of the fluence 
rate with time, or from a numerical integration procedure, e.g. based on the 
power change with time taken from the reactor’s logbook. As expected, it 
followed from the calculations that, in the case of non-correction, the error 
vanishes when the analyte and the comparator radionuclides have similar half 
lives, and the most serious error is made if one of the half lives (either of analyte 
or monitor radionuclide) is small compared to the irradiation time. As a practical 
example, the relative error (%E) induced on the analytical results for some 
elements by not taking into account a 5% linear flux change during a 10 min or 7 
h irradiation period [with Au (198Au; T½=2.695 d) as the monitor] is as follows: 
a. tirr = 10 min 
Determination of Al (28Al;  T½ = 2.240 min) → %E = 1.1 % 
    Mo (101Mo; T½ = 14.6 min)  → %E = 0.19 % 
    Cl (38Cl;  T½ = 37.21 min) → %E = 7.5·10-2 % 
    Mn (56Mn; T½ = 2.5785 h)  → %E = 1.8·10-2 % 
b. tirr = 7 h 
Determination of  Mn (56Mn; T½ = 2.5785 h)  → %E = 0.7 % 
    Sb (122Sb; T½ = 2.70 d)  → %E = 5·10-5 % 
    Sb (124Sb; T½ = 60.20 d)  → %E = 2.9·10-2 % 
    Co (60Co; T½ = 5.271 y)  → %E = 3.0·10-2 % 
A special case of variability occurs wh the sample is in the irradiation position 
during start-up and/or close-down of the reactor. The latter situation should by all 
means be avoided if the analyte or the monitor radionuclide is short-lived.  
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Eventually, it should be stressed that in case F(t) is not known, although a 
serious fluence rate change during irradiation is presumed, the variability 
problem is to be considered the very limiting factor for applicability of the k0-
standardization method. 
 
Intermittent irradiations also represent a special situation of fluence rate 
variability. Expressions for concentration calculation are given (De Corte et al., 
1987), even for cases where the parameters f and α (and the neutron fluence 
rate itself) are different from one irradiation position to another. It was shown that 
no significant loss of accuracy is induced on the condition that proper care is 
taken with respect to the experimental work, related to coirradiation and counting 
of monitors. 
 
Corrections for flux variability are built in Kayzero for Windows.  
 
 

9. k0-Factors 
 
 
 The most recently published compilation of k0,Au-factors and related nuclear 
data (De Corte and Simonits, 1989), is supplemented by De Corte et al. (1993). 
In total, data are available for the relevant gamma-lines of 122 analytically 
interesting radionuclides formed by (n,γ) reaction. As a rule, k0-factors were 
experimentally determined in two laboratories: this implies the use of different 
target materials, reactors (with usually 2 irradiation positions per reactor), Ge 
gamma-spectrometers, calculational procedures, etc. For reasons of traceability, 
the details of the k0-measurements are also given in literature, see (De Corte et 
al., 1989; De Corte et al., 1993). Initially, the experimental k0-determinations 
were performed at the INW, Gent (Thetis reactor) and the KFKI, Budapest 
(WWR-M reactor), and later with valuable contributions from other laboratories as 
well, at Ris¢ (DR-3 reactor), Sacavém (RPI reactor), Ljubljana/Titograd (TRIGA 
reactor), Jülich (FRJ-2 reactor) and Vienna (TRIGA reactor). In the compilations 
mentioned above, two categories of experimentally determined k0-factors should 
be distinguished: 

i) in the majority of the cases, the values are recommended when they 
originate from measurement in at least two reactors and bearing an 
uncertainty of less than 2%; 

ii) in some cases, the values are classified as “tentative”, when they are 
measured in only one laboratory; the accuracy can then be assumed to 
be better than 5%. 

In the library of the KAYZERO software package (version 3.01 and higher) the 
“recom- 
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mended” and “tentative” k0-factors are labelled with k0code 1 and 2, respectively. 
In addition, k0code 3 refers to theoretically calculated k0-factors, which are used 
for spectral interference correction, whereas k0codes 4 and 5 refer to single and 
double escape peaks, respectively. In the latter cases, the single and double 
escape energies are included in the library to help a complete spectrum peak 
identification; the related k0-values, however, have no function and are simply 
those of the full-energy gamma-lines. 
Finally, in the KAYZERO  library it is indicated (with an asterisk *) when 
radionuclides of elements have no recommended k0-factors, or when the 
Westcott g-factor is significantly deviating from unity, i.e. when the (n,γ) cross 
section is not following the 1/v-dependence (v-neutron velocity) in the thermal 
neutron energy region (as required in the H¢gdahl convention upon which 
version 3.01 of KAYZERO is based). Such “non-1/v” cases are 151Eu(n,γ)152Eu, 
151Eu(n,γ)152mEu, 168Yb(n,γ)169Yb and 176Lu(n,γ)177Lu; for a more detailed 
discussion, refer to a later section. 
 
 
 

10. Thermal (subcadmium) to epithermal neutron fluence rate (f) 
 
 
 The parameter f in Eqs (1) and (2) is defined as f=Φth/Φe, i.e. the ratio of the 
thermal (subcadmium) to epithermal neutron fluence rate. The designation 
“subcadmium” refers to the definition of Φth, the conventional thermal fluence 
rate, as Φth=nsv0 where v0 is the 2200 m.s-1 neutron velocity and ns is the 
“subcadmium” neutron density up to 0.55 eV neutron energy (corresponding to 
the effective Cd cut-off energy Ecd=0.55 eV). On the other hand, Φe is the 
conventional epithermal neutron fluence rate, defined as the true epithermal 
neutron fluence rate per unit InE interval. It should be stressed that the use of f is 
strictly associated with Q0 [the resonance integral to 2200 m.s-1 cross section 
ratio (see section 11)], both parameters being linked to the H¢gdahl convention 
upon which the application of the k0 method is based (see section 17). 
On the condition that f is proven to be constant from one irradiation period to 
another, it can be used experimentally determined apart from the sample 
analysis irradiation by using Cd-ratio measurements. If the condition of the 
constancy of f is neither valid nor proven, or if the irradiation of Cd is prohibited, f 
can be monitored simultaneously with the sample irradiation by means of the 
“bare bi-isotopic monitor”-method using coirradiated Zr [reactions 94Zr(n,γ)95Zr  
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and 96Zr(n,γ)97Zr]. For both the Cd-ratio method and the bare Zr-method, one of 
the input data is the value of the parameter α corresponding to the 1/E1+α 
epithermal neutron fluence rate distribution (see section 12). Full details on the 
experimental determination of f and α are given in Appendix II dealing with the 
reactor neutron spectrum characterization. 
 
 
 

11. Resonance integral to 2200 m.s-1 cross section ratio (Q0) 
 
 
 In Eqs (1) and (2), Q0(α) is defined as Q0(α)=I0(α)/σ0 where σ0 is the 2200 
m.s-1 cross section and I0(α) is the resonance integral for a 1/E1+α epithermal 
neutron fluence rate distribution, defined as: 
 

α
α

σ
α )1()()( 10 eV

E
dEEI

CdE
∫
∞

+
=         (14) 

 
with ECd the effective Cd cut-off energy (=0.55 eV). Based on the definition of the 
effective resonance energy Ēr (see section 13), the following relationship holds: 
 

ααα
σσα )1](55.0)12/(429.0)429.0[()( 0000 eVaEII r ++−=

−
    (15) 

 
where I0 is the resonance integral for an ideal 1/E epithermal neutron fluence rate 
distribution (i.e. α=), defined as 
 

∫
∞
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0
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As in section 10, the use of Q0(α) is associated with f through the H¢gdahl 
convention. 
Although compilations of I0 and σ0 can be found in literature (e.g. Mughabghab et 
al.,1981; Mughabghab, 1984; Walker et al.,1989; IAEA, 1987) in the develop-
ment of the k0-method large efforts have been spent to arrive at accurate Q0-
values, based on determination via Cd-ratio measurements in different reactors 
(at Gent, Budapest, etc.) and on critical evaluation. This has led to a set of 
reliable data for 114 (n,γ) reactions (De Corte et al., 1989b) [adopted in the k0-
compilation (De Corte and Simonits, 1989), supplemented by De Corte et al.  
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(1993)], where full details of the methodology and of the results obtained can be 
found and whereupon the library of the application software package KAYZERO 
Version 3.01 is based. It is important to realize that, since Q0 is one of the input 
data for k0-determination – except when k0 is obtained from the Cd-substraction 
method (De Corte et al., 1987) -, there is a significant correlation between k0 and 
Q0 in this library. Therefore, the introduction of more accurately re-determined 
Q0-values should not be made without a revision of the corresponding k0-factors. 
 
 
 
 

12. Parameter α of the 1/E1+α epithermal neutron fluence rate 
distribution 

 
 

The fact that Q0(α) instead of Q0 figures in Eqs (1) and (2) is caused by the 
non-ideality of the epithermal neutron fluence rate distribution. Whereas the 
distribution in idealized conditions can be described by φe΄(E) oc 1/E [with φe΄(E) 
the epithermal neutron fluence rate per unit of energy interval], in practical 
circumstances there are significant deviations to be expected. In the 
methodology of the k0-method, these deviations are accounted for by the 
approximation φe΄(E) oc 1/E1+α, where α, positive or negative, is considered to be 
independent of the neutron energy. Although in the past doubts were expressed 
as to the validity of this approximation (Op de Beeck, 1985), it was convincingly 
shown that i was quite acceptable in practice (De Corte et al., 1986). Thus, the 
introduction of the 1/E1+α approximation as a replacement for the ideal 1/E 
behaviour brings about a change in Q0 = I0/σ0 to Q0(α) = I0(α)/σ0΄ with I0 and I0(α) 
defined as mentioned in section 11. 
The experimental determination of the parameter α (De Corte et al., 1981) can be 
based on “Cd-ratio”, “Cd-covered” or “bare” monitor methods, and in the latter 
case the “bare triple”-method can be used where the value of α is obtained from 
simple coirradiation of Au and Zr monitors [197Au(n,γ) 198Au; 94Zr(n,γ) 95Zr and 
96Zr(n,γ) 97Zr] with the sample. A detailed outline of the determination of α (also of 
f) is given in Appendix II, where the reactor neutron spectrum characterization is 
dealt with. 
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13. Effective resonance energy (Ēr) 
 
 

The effective resonance energy Ēr was introduced in the k0-methodology to 
convert I0 to I0(α) or Q0 to Q0(α), as shown in section 11. Its introduction was 
based on the concept of Ryves (Ryves, 1969). Although its definition is strictly 
related to the 1/E1+α approximation (see section 12), which makes Ēr in principle 
a function of α, it was proved (De Corte et al., 1981) that it is a very useful 
parameter in k0-NAA when calculated as a nuclear constant: 
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where i -   ith resonance; 
  w -   (gΓγΓn/Γ) / Er

2; 
  g -   statistical resonance width; 
  Γγ -   radiative resonance width; 
  Γn -   neutron resonance width; 
  Γ -   total resonance width. 
Based on resonance parameter data (Mughabghab et al., 1981; Mughabghab, 
1984), Ēr-values and their corresponding uncertainties were calculated for 130 
analytically interesting (n,γ) reactions [126 cases (jovanović et al., 1987), supple-
mented by 4 cases (De Corte et al., 1993)]. 
Calculations of Ēr were also done in the case of burn-up (n,γ) reactions. All 
results obtained are included in user-oriented nuclear data libraries (De Corte 
and Simonits, 1989; De Corte, 1987) and in the software package KAYZERO 
Version 3.01. 
 
 
 
 

14. Thermal and epithermal neutron self-shielding correction factors 
(Gth and Ge) 

 
 

In Eqs (1) and (2), Gth and Ge are correction factors for thermal and epither-
mal neutron self-shielding, respectively. Because of the σ(v) oc 1/v dependence in 
the thermal neutron energy region, all nuclides of a homogenous mixture 
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Undergo the same thermal shielding effect, and the same Gth-value 
(calculated from all elements in the mixture which give rise to significant neutron 
absorption) should be applied to all (n,γ) reactions considered. Relevant expres-
sions are given (Erdtmann and Petri, 1986; De Corte, 1987) for the calculation of  
Gth in case of simply shaped samples (spheres, foils, wires, cylinders) irradiated 
in a homogenous and isotropic Maxwellian (thermal) neutron spectrum. The 
elemental absorption cross sections σabs, required in the calculations, were taken 
from Walker et al. (1988) and are given in the user-oriented k0-compilations (De 
Corte and Simonits, 1989). Calculation of the epithermal neutron self-shielding 
factor Ge is considerably more difficult. In the case of one dominant resonance, 
the approximations described by Chernick and Vernon (1958), and also given by 
De Corte (1987), can be used realizing that the resulting Ge is in most cases only 
an estimate because Doppler broadening and multiple scattering are not taken 
into account. Since the epithermal shielding is mainly caused by a high 
resonance cross-section (the underlying 1/v-tail being of minor importance), it 
remains specific for a particular nuclide, unless resonances of several nuclides 
overlap, which is then an awkward situation. In practice, the best way to solve the 
problem of self-shielding (especially in case of epithermal neutrons) is by 
avoiding it, e.g. by using thin wires or foils, by diluting fine powders with “inert” 
materials (i.e. having low absorption cross-sections), or by dissolving chemical 
substances in inert solvents followed by pipetting and epithermal effects are 
negligible, and therefore reference is again made to the expressions in Erdtmann 
and Petri (1986) and De Corte (1987). 
It is of interest to mention here the Gth and Ge values for the usual monitors 
applied in k0-NAA. As to Au-Al alloys with ~ 0.1% Au content, thermal and 
epithermal effects are negligible, i.e. Gth and Ge = 1, for both 1 mm diam. wire 
and 100 µm thick foil. For Au-Al wires with ~ 0.5 % Au content, Gth =1 but 
Ge=0.985 (Howe et al., 1962). Whereas Gth =1 up to 500 µm thick Zr-foils (for α 
and f determination), this is not the case for Ge, which was experimentally 
determinded as a function of foil thickness for the 94Zr(n,γ) and 96Zr(n,γ) reactions 
(Simonits et al., 1987). For the frequently used 125 µm Zr-foils, the Ge-factors 
are: 0.983 (±0.3%) for 94Zr(n,γ); 0.973 (±0.4%) for 96Zr(n,γ). 
 
In Kayzero for Windows Version 3, epi-thermal and thermal neutron self-shielding 
correction is incorporated. 
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15. Cadmium cover in ENAA 
 
 
 Epicadmium neutron activation analysis (ENAA; see section 2) is 
sometimes advantageous for obtaining lower detection limits, when it concerns 
the determination of an element via an (n,γ) reaction with high Q0-value in a 
matrix of elements undergoing (n,γ) reactions with low Q0. Then, sample and 
monitors are irradiated under a cadmium cover, which absorbs the thermal 
neutrons. Since in Eq (2) Q0(=I0/σ0) figures, with I0 defined as integrated from 
0.55 eV (see section 11), one should take care that the Cd-cover used indeed 
has an effective Cd cut-off energy ECd equal to 0.55 eV. Among other conditions 
(De Corte, 1987), this means, in practice, that a Cd-cylinder with 1 mm wall 
thickness should be used, preferably with a height/diameter ratio=2, in the center 
of which the material to be irradiated – if possible of small volume – should be 
positioned . For this positioning, one should avoid the use of a large mass of 
plastic supports, which would lead to a significant thermalization of the 
epithermal neutron spectrum inside the Cd-box. Eventually, in view of the large 
fluence rate depression around the Cd, bare and Cd-covered samples should not 
be coirradiated.  
 
 
 
 

16. Cadmium transmission factor for epithermal neutrons (FCd) 
 
 
 In Eq. (2), FCd – the Cd-transmission factor for epithermal neutrons – 
accounts for the fact that the specific count rate (Asp)Cd of a cadmium covered 
radionuclide is, in some cases, significantly different from (Asp)e, the specific 
count rate of the bare radionuclide that would be induced by the epithermal 
neutrons spanning the corresponding energy range. Here, FCd is defined as 
FCd=(Asp)Cd / (Asp)e . Usually FCd-factors do not significantly differ from unity. 
However, when the resonance of cd and of the Cd-covered nuclide partially 
overlap, FCd can be markedly lower than unity. This is the case for 
186W(n,γ)187W[Er(113Cd) = 18.4 eV; Er (186W) = 18.83 eV]. Moreover, for nuclides 
with a giant resonance in the 1-10 eV range, FCd can also be lower than unity due 
to the high-energy tailing of the dominant 113Cd resonance (Er = 0.178 eV). Well-
known examples are 115In(n,γ)116mIn [Er = 1.457 eV] and 197Au(n,γ)198Au [Er = 
4.906 eV]. Finally, FCd can also be higher than unity if neutrons, which are 
resonance scattered in the cadmium, enter the correct energy band to be reso- 
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nantly captured in the Cd-covered nuclide. This is the case for 65Cu(n,γ)66Cu [Er 
(111Cd) = 233.4 eV; Er (65Cu) = 230 eV]. 
FCd-data from literature have been compiled and evaluated for 60 (n,γ) reactions 
(El Nimr et al., 1981). For cases with FCd ≠ 1 the values adopted are given in a 
user-oriented compilation (De Corte and Simonits, 1989). 
 
For ENAA use f=0 in Kayzero for Windows. 
 
 
 

17. The H¢gdahl convention 
 
 
 The k0-method outlined here is based on the H¢gdahl convention (H¢gdahl, 
1965). In this convention the (n,γ) reaction rate per nucleus is described as: 
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i.e. the reaction rate is treated as a summation of a subcadmium part, through 
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Eq. (17) is only valid on condition that the cross section varies as the inverse of 
the neutron velocity, i.e. σ oc  1/v, up to ~ 1.5 eV. It is thus not sufficient that the 
1/v law is followed up to ECd= 0.55 eV, as to be expected from Eq.(17); this is 
because ECd is the “effective” Cd cut-off energy, whereas in reality the trans-
mission of neutrons through a Cd-cover only approaches unity at about 1.5 eV. 
The fact that the H¢gdahl convention was chosen for use in the k0-method was 
based on the following i) it is the most simple and the most user-friendly of the 
existing formalisms, ii) it is as accurate as the more sophisticated formalisms if 
the condition σ(v) oc 1/v up to ~ 1.5 eV is met, and iii) only a few (n,γ) reactions 
out of the, say, 150 analytically interesting ones show a significant deviation from  
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the 1/v behaviour and are thus excluded from being dealt with. 
Although such “forbidden” non-1/v rections as 151Eu(n,γ)152Eu, 151Eu(n,γ)152mEu, 
168Yb(n,γ)169Yb and 176Lu(n,γ)177Lu are analytically important, the elemtents 
involved, however, can in principle be determined via other isotopes formed by 
(n,γ) activation [154Eu, 175Yb,  177Yb, 176mLu]. It should be noted that there are still 
other (n,γ) reactions showing slight or very slight deviations from the 1/v 
behaviour. Thus, small errors of maximum 1-2 % in the concentrations obtained 
via k0-based NAA can be expected for (formed radionuclides mentioned): 
104(m)Rh, 116mIn, 154Eu, 165(m)Dy, 176mLu, 186Re, 188(m)Re, 192Ir. Very small errors of 
maximum 0.1-0.2% will be made for 110mAg, 134Cs, 139Ba, 182Ta, 187W, 186Re, 
233Th and 239U. The 198Au comparator should be added to this last series as well. 
 
 
 
 

18. Non-1/v cross-section dependence 
 
 
 In spite of the justification given in section 17 for using the H¢gdahl 
convention in the k0-method, it can also be argued that the exclusion of the “non-
1/v” radionuclides 152(m)Eu, 168Yb and 177Lu is a shortcoming – the more that 
measurement of the alternatives 154Eu, 175,177Yb and 176mLu leads to a poorer 
sensitivity. Also, it can be considered as a principal weakness that the ultimate 
comparator 198Au itself is not behaving perfectly, even though the resulting error 
is smaller than 0.2%. Therefore, efforts have been made to replace the H¢gdahl 
convention by a more sophisticated formalism which enables the non-1/v 
behaviour to be corrected for. This led to a changeover to the Westcott-formalism 
(Westcott, 1962) which was modified in order to include the 1/E1+α epithermal 
neutron spectrum shape. In this formalism the non-1/v cross-section dependence 
is accoutned for through the so-called Westcott g(Tn)-factor, where Tn is the Max-
wellian neutron temperature. This implies that Tn is an additional neutron 
spectrum parameter to be measured, and it was shown that this can be carried 
out by coirradiating a 0.1% Lu-Al alloyed wire as an extra monitor (De Corte et 
al., 1993; De Corte et al.,1992; De Corte et al.,1994). 
 
152(m)Eu, 169Yb and 177Lu are included in the library so as to obtain an estimate of 
the Eu, Yb and Lu concentrations based on measurements of these 
radionuclides. If the neutron temperature is known the ‘Extended’ H¢gdahl 
convention is used to use these radio nuclides. 
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19. Detection efficiency (εp) 
 
 
 The full-energy peak detection efficiency εp to be introduced in Eqs (1) and 
(2) should represent the geometrical source-detector configuration on hand and 
should include gamma-attenuation in the source itself and in all layers interposed 
between source and detector. Its determination according to the methodology 
worked out in the k0-method goes as follows. First a so-called “reference” peak 
detection efficiency curve (logεp,ref versus logEγ) is constructed, based on the 
counting of absolutely calibrated point sources at large distance from the detector 
(say, 20 cm), in order to make true-coincidence effects negligible (see section 5). 
Very useful commercially available point sources for this purpose are 57Co, 133Ba, 
152Eu, 226Ra and 241Am. Combined with some secundary (home-made) 
calibration sources such as 72Ga, 24Na and 182Ta and with a polynomial fitting 
procedure, a reference efficiency curve ranging from ~ 50 to ~ 3000 keV is 
obtained with an accuracy of 1-2 % (3-4 % below 100 keV and above 2500 keV). 
Full details are given in Appendix I dealing with the calibration of the Ge-detector. 
The measured εp,ref can then be converted to εp,geo, the peak detection efficiency 
for the actual counting geometry: 
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where Ω  is the so-called effective solid angle (Moens et al., 1981). Without going 
into detail, it can be mentioned that Ω  is calculated as: 
 
 ∫=Ω Fatt Feff  dΩ          (19) 
       source 
  detector 
 
where dΩ is an infinitesimal solid angle element, and Fatt Feff are accounting for 
gamma-attenuation and detector response, respectively. For the numerical 
multiple integration over the volumes of source and detector, use is made of the 
Gauss-Legendre Quadrature. The calculation was processed into the computer 
code SOLANG written in FORTRAN IV + for a VAX machine (Moens et al., 
1981), and is now available for PC as a part of the software package SOLCOI 
Version 3.01. 
 The applicability of the above described εp-conversion is bound to a number 
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of conditions (see Appendix I) which are related to the geometric source-detector 
configuration and to the composition of all layers interposed between the source 
and the active detector body. If these conditions are fulfilled, the accuracy of the 
efficiency conversion is estimated at a few percent. Although they are usually 
completely different in shape and size, it is strongly advised to count the monitor 
and the sample at the same distance from the detector. This will further reduce 
the error in calculated concentrations, since Eqs (1) and (2) contain in fact ratios 
of εp-values. Typically, the combination of εp determination and conversation 
leads to an error contribution of about 2%. 
 
 
 

20. Use of a low-energy photon detector (LEPD) 
 
 
 Recently the use of a low-energy photon detector (LEPD) has been intro-
duced in the methodology of k0-based NAA, notably with the aim to improve the 
accuracy and sensitivity for the determination of most of the lanthanides, 
tantalum and uranium (Hertogen and Gijbels, 1971). By now, user-friendly 
procedures were worked out for the calibration of the LEPD, with respect to both 
its peak detection efficiency (including the efficiency conversion) and its peak-to-
total ratio (for true-coincidence correction) (De Corte et al., 1990). Furthermore, 
in view of the correction for true-coincidence effects, algorithms were developed 
– including not only γ-γ but also γ-KX and γ-LX coincidences (with KX and LX 
originating from internal conversion or electron capture) (De Corte and Freitas, 
1992). As yet, the use of an LEPD is not foreseen in the software package 
KAYZERO Version 3.01. 
 
 
 
 

21. Radiochemical neutron activation analysis (RNAA) 
 
 
 Although by far the biggest part of the k0-method applications concerns 
instrumental NAA (INAA), radiochemical NAA (RNAA) is possible as well, as 
shown by Lin Xilei et al. (1988), providing that for the determination of trace 
elements in human blood serum k0-NAA is as accurate as the relative-NAA. A  
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special problem may occur with the chemically separated fractions, which must 
be brought in a well-defined and homogenous cylindrically shaped volume, for 
which the density and composition must be known in order to enable the 
calculation of the peak detection efficiency (see section 19). As outlined by De 
Corte et al. (in press) the knowledge of density and composition can be avoided 
by direct measurement of the linear attenuation coefficient with the aid of a multi-
gamma point source (e.g. 152Eu). An interesting experience reported by Lin Xilei 
et al. (1988) points to the advantage of k0-standardization over chemical 
methods: quantitative analysis for Sn – an unexpectedly detected element – 
could not be obtained via the relative method since no Sn-standard was 
coirradiated with the sample. 
 
 
 

22. Correction for spectral interferences 
 
 
 In order to obtain accurate analysis results, it is evident that spectral inter-
ferences should be corrected for. Initially, this correction was done as follows (Lin 
Xilei et al., 1984) [as for instance in the program SINGCOMP written in 
FORTRAN IV + for a VAX computer]. If the peak of interest is denoted by “x” and 
the interfering one by “y”, and if the radionuclide giving rise to peak “y” has 
another peak “z” in the spectrum which is free of interferences (or can be 
corrected for), one has: 
 
 int,,, RNNN zpyxpxp ⋅−= +          (20) 
with: 
 

 
)(
)(

,

,
int zCOI

yCOI
R

zpz

ypy

⋅⋅

⋅⋅
=

εγ

εγ
 

or, in terms of k0-factors: 
 

 
)()(
)()(

,,0

,,0
int zCOIzk

yCOIyk
R

zpAu

ypAu

⋅⋅

⋅⋅
=

ε

ε
        (21) 



 24 

Recently, an alternative approach was developed (Van Sluijs et al., 1991; De 
Corte et al., 1991), leading to the concentration correction: 
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where 

Xρ      - concentration of element X (based on gamma-line x) corrected for 
interference 

Xρʹ′    - concentration of element X (based on gamma-lines x+y) without 
correction for interference by gamma-line y of element Y; 

Yρ    - concentration of element Y calculated from an interference-free 
gamma-line 

yρʹ′     - concentration of element Y (based on gamma-lines x+y) without 
correction for interference by gamma-lines x of element X. 

In a more general form and for n interfering radionuclides: 
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This alternative approach is incorporated in the software package Kayzero for 
Windows. It is also very useful in manual spectral interference correction. 
 
 
 

23. Primary reaction interferences specific to k0-NAA [(n,n’);(n,2n)] 
 
 
 A problem inherent to comparator-type activation analysis (to which the k0-
method belongs) is the occurrence of primary interfering reactions of the type 
(n,n’) and (n,2n) causing a positive error if not corrected for. Cases of practical 
importance are (in increasing order of importance): 

- 76Se(n,γ)77mSe interfered by 77Se(n,n’)77mSe; 
- 86Sr(n,γ)87mSr interfered by 87Sr(n,n’)87mSr; 
- 110Cd(n,γ)111mCd interfered by 111Cd(n,n’)111mCd; 
- 116Sn(n,γ)117mSn interfered by 117Sn(n,n’)117mSn and to a lesser degree 

by 118Sn(n,2n)117mSn; 
- 134Ba(n,γ)135mBa interfered by 135Ba(n,n’)135mBa and to a much lesser 

degree by 136Ba(n,2n)135mBa; 



 25 

- 136Ba(n,γ)137mBa interfered by 137Ba(n,n’)137mBa and to a lesser degree 
by 138Ba(n,2n)137mBa. 

Quantitative information on the interferences is given by De Corte et al. (1987). 
Of the radionuclides included in the library of the software package KAYZERO 
Version 3.01 (77mSe, 87mSr, 117mSn), the interference is only serious for 177mSn, 
except in very poorly thermalized neutron spectra where also the (n,n’) interfer-
ence on 77mSe and 87mSr can amount to a few percent. This means that, although 
its k0-factor and Q0-value are accurate (De Corte et al., 1983), 117mSn will only 
lead to an approximate result in k0-based NAA, except when irradiations are 
performed in well-thermalized neutron spectra or when proper corrections for 
(n,2n) and especially (n,n’) interference can be made. It was suggested (De 
Corte et al., 1987) that these corrections can be based on a determination of the 
fast neutron fluence rate via measurement of the 89Zr 909.1 keV gamma-line 
originating from the 90Zr(n,2n)89Zr threshold reaction in the coirradiated Zr-
monitor. One should be aware of the fact, however, that interference corrections 
for reactions [such as 117Sn(n,n’)117mSn] with low threshold energy, based on a 
monitor [such as 90Zr(n,2n)89Zr ] with high threshold energy, may be rather 
inaccurate in the case of well-thermalized neutron spectra. On the other hand, 
the accuracy will thus be better for hard neutron spectra where the correction is 
the highest. It should be kept in mind that the observed 909.1 keV peak area 
must be corrected for a spectral interference by the 911.1 keV 228Ac background 
line (note that background correction is implemented in KAYZERO). If, because 
of these drawbacks, and also in view of its poor sensitivity ( =nn 2,σ 0.103 
mbarn), the 90Zr(n,2n)89Zr reaction is considered to be not convenient, use can 
be made of more classical fast neutron fluence rate monitors such as 
58Ni(n,p)58Co or 103Rh(n,n’)103mRh. 
 
 
 

24. Correction for reaction interferences (fission, threshold and 
second order) 

 
 
 Although not specific to the k0-method, the correction for reaction inter-
ferences has been the subject of detailed investigation (Lin Xilei et al., 1989). 
This was initiated by the determination of trace elements in human blood serum 
via k0-RNAA (Lin Xilei et al., 1988), where corrections had to be made for: 

- the threshold reaction 54Fe(n,α)51Cr, interfering in the determination of 
Cr via 50Cr(n,γ)51Cr; 
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-  the second-order reaction 44Ca(n,γ;β;n,γ)46Sc, interfering in the 
determination of Sc via 45Sc(n,γ)46Sc. 

To this should be added the correction to be made for: 
- the fission reaction 235U(n,f)FP [FP = fission products such as 95Zr, 

140La, etc.], interfering in the determination of - among others – Zr and 
La via 94Zr(n,γ)95Zr and 139La(n,γ)140La, respectively. This is a familiar 
problem in the analysis of geological materials. 

As concluded (Lin Xilei et al., 1989), all these interferences can readily be 
corrected for when applying the k0-method, since the Au and Zr monitors coir-
radiated with the samples allow the determination of all spectrum parameters to 
be introduced in the equations for correction calculation: the reactions 
197Au(n,γ)198Au, 94Zr(n,γ)95Zr and 96Zr(n,γ)97Zr yield α, Φth and Φe; the reaction 
90Zr(n,2n)89Zr yields Φf [the fast neutron fluence rate]. 
 
All corrections are incorporated in Kayzero for Windows V3 by means of a 
correction factor (to be determined by the user for the specific channels) or is 
performed automatically in the case of fission.  
 
 
 

25. Traceability 
 
 
 The traceability of the k0-standardization method was studied (De Corte, 
1987b), and was compared with other standardization techniques (relative, 
single-comparator, absolute). Attention was paid to the k0-factors, to the analysis 
conversion factors related with the contribution of epithermal activation, the cor-
rection for true-coincidence effects and the determination of the determination of 
the detection efficiency, and to the stability of the equipment (reactor; detector). It 
was concluded that adequate traceability is provided if the k0-protocol is followed 
correctly (a prerequisite for all standardizations). Recently, achieving traceability 
was considerably facilitated by the availability of a certified 0.1% Au-Al wire 
issued by the IRMM (former CBNM) (Geel, Belgium) of the EC (Ingelbrecht et al., 
1991). 
 
 
 

26. Accuracy 
 
 
 It is difficult to give in general a final account of the accuracy of k0-standar-
dization. The accuracy depends indeed on a number of parameters such as the 
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magnitude of Q0, f and α, the counting geometry and the seriousness of true-
coincidence effects. However, it might be instructive to estimate some grand 
mean of the accuracy, based on considerations with respect to uncertainties 
induced by the various steps and parameters. This was done (De Corte et al., 
1987; De Corte, 1987) for “average” conditions of irradiation and counting, and 
for (n,γ) reactions with medium Q0-values and with no special difficulties [(n,n’) 
interference, g(Tn) ≠ 1, etc.]. The result (for NAA) was as follows: 
    

Uncertainty on analysis result 
induced by contribution 

 
k0 
 

Q0 
 
α 
 
f 
 

εp-measurement 
and conversion 

 
true-coincidence 

correction 
 

 
~ 1  % 

 
~ 1  % 

 
~ 1.5  % 

 
~ 1  % 

 
~ 2  % 

 
 

~ 1.5  % 

overall 
(quadratic summa- 

tion) 

 
~ 3.5  % 
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APPENDIX I: CALIBRATION OF THE Ge DETECTOR 
 
 
 In this chapter only the calibration of a pseudo-coaxial Ge(Li) or a p-type 
HPGe detector is dealt with (well-type excluded). As shown in Fig. I-1, the peak 
detection efficiency drastically decreases below ~ 100 keV photon energy due to 
the presence of the front Ge dead n0layer and of the Al window (or Cu or Mg in 
some of the low-background versions). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Fig. I-1. Detection effeiciency curve of detector AMANDA (Gent) 
 
 
 

1. Full energy peak detection efficiency εp 
 
 
 In the methodology developed for the k0-method, the determination of the 
full-energy peak detection efficiency εp is performed in two steps: a) measure-
ment of “εp,ref” (or better, of εp,ref versus Eγ) i reference conditions, i.e. for point 
sources at a large distance from the detector where true-coincidence effects are 
negligible; b) conversion of εp,ref to “εp,geo” for the counting geometry on hand, 
based on the concept of the “effective solid angle” and performed with the aid of 
a computer program. In order to obtain reliable results, one should make use of a 
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source support with centering rings or other means enabling easy and reproduci-
ble positioning of the sources versus the detector and for which the distance from 
source to detector housing can be accurately measured. Preferably, this support 
– or at least parts of it interposed between the source and the detector – should 
be made of a material with small gamma-attenuation (e.g. plexiglass), and the 
interposed layers should be well-characterized with respect to composition, 
density and thickness in view of the detection efficiency conversion (see b.). 
 
 

a. Experimental determination of εp,ref 
 
 A first decision to be made concerns the “reference” position. Although in 
principle any source – detector distance can be chosen for which the true-coin-
cidence effects (for the gamma-lines of the εp-calibration sources) are negligible, 
the distance should not be too large in order to avoid excessively long counting 
times. Evidently, the minimum distance allowed to keep the errors sufficiently 
small (i.e. below a few tenths of a percent), is depending on the efficiency and 
thus on the volume of the detector. According to the experience of the authors, it 
is advised to fix the “ref”-distance at about 20 cm for detectors up to ~ 20 % 
relative efficiency or ~ 100 cm3 volume, and at about 30 cm in the case of higher 
efficiencies or larger volumes. 
 For the εp-measurement at the selected reference position, use can be 
made of absolutely calibrated point sources which are commercially available 
from organisations and firms such as PTB (Braunschweig, Germany), LMRI (gif-
sur-Yvette, France), Amersham (UK), OMH (Budapest, Hungary), NIST 
(Gaithersburg, MD, USA), IPL (Burnbank, CA, USA) and others. Then, the peak 
detection efficiency εp is obtained as : 
 

full-energy peak count rate (counts / s) 
    εp  =  gamma emission rate ( emissions / s)  (I-1) 
 
where the gamma emission rate is sometimes given as such in the certification 
sheet, or has to be calculated from multiplication of the certified source activity (in 
disintegrations/s) by the absolute gamma-intensity (gamma emission probability). 
If needed, a correction should be made for gamma-attenuation in the source, for 
which the certification sheet should be consulted. Evidently, one should not for-
get to make a correction for decay considering the time elapsed from the calibra-
tion of the source to the time of its use. For a detailed survey of commonly em-
ployed calibration sources, the reader is referred to Debertin and Helmer (1988). 
In the context of the k0-method, the multi-gamma 133Ba, 152Eu and 226Ra sources, 
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yielding altogether some 50 efficiency points in the energy region from ~ 50 keV 
to ~ 2500 keV, are of particular interest. Additional useful sources are for in-
stance 134Cs, 137Cs, 54Mn, 88Y, 60Co, 56Co in the medium and high-energy region. 
It is of budgetary importance that some of these calibration radionuclides are 
rather  short-lived, as for instance 56Co (T½ = 77.3 d) and 88Y (T½ = 106.6 d). 
When a reactor is at hand, very useful secondary calibration point-sources can 
be prepared to obtain extra efficiency points in some specific energy regions. 
This is for, for instance, the case for 24Na, 72Ga, 110mAg and 182Ta, which all emit 
so-called “reference” gammas between 650 keV and 1500 keV, where a linear fit 
(log εp versus logEγ) can be made based on the points obtained with absolutely 
calibrated sources. Then, with these secondary sources, εp-values for “calibra-
tion” gamma-lines emitted in other energy regions can be obtained as: 
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In this way, extra calibration points can be obtained: i) with 182Ta, in the low-
energy region (100.1 keV – 264.1 keV); ii) with 110mAg, in the medium-energy re-
gion (446.8 keV and 620.4 keV); iii) with 24Na, in the high-energy region (2754.9 
keV); and iv) with 72Ga, in the high-energy region (1596.7 keV – 2844.1 keV). 
Practically speaking, the sources can be prepared by irradiating suitable amounts 
of compounds such as for instance Na2CO3, Ga2O3, AgNO3 and Ta2O5, followed 
by dissolving and micropipetting on adhesive tape; after drying under an I.R. 
lamp, the spot is covered with a second tape and mounted for counting. Note that 
for accurate work small corrections have to be made for differences in gamma-
attenuation between the low- and high-energy gammas of the same radionuclide 
(see b.). Finally, after removing obvious outliers from the measured εp-points, 
one should make polynomial fits [log εp- = a0 + a1 logEγ + ... + ...an(logEγ)n] in 
distinct energy regions, whereby n should be a maximum of 3. So as to obtain a 
smooth joining between the regions, the fitting in each region should include the 
1 or 2 nearestby points of the neighbouring region(s). Although the choice of the 
regions is a matter of trial and error, the situation given in Fig.I-1 for detector 
“AMANDA” can be considered as illustrative. As a result of the above sketched 
experimental work and calibrations, a final εp-curve can be obtained with 1-2% 
accuracy (3-4 % below 100 keV and above 2500 keV). 
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 It is strongly recommended to check the “reference” detection efficiency 
regularly, for instance monthly. This can be easily be performed by remeasuring 
one of the calibrated multi-gamma point sources and inspecting the εp-values at 
a low, medium and high gamma energy (e.g. 152Eu at 121.8, 778.9 and 1408.0 
keV). 
 

b. Conversion of εp,ref to εp,geo 
  
 Once the reference detection efficiency curve is determined, εp,ref values 
should be converted to εp,geo for the geometrical configuration on hand, which 
corresponds in most practical cases to extended sources measured close to the 
detector (another correction to be performed for close-in counting geometries is 
related to true-coincidence effects, as described in section 5 of this Vade 
Mecum). In the context of the k0-methodology, the conversion formula is: 
 
 

 
ref

geo
refpgeop

Ω

Ω
⋅= ,, εε           (I-3) 

 
where Ω  is the so-called effective solid angle, calculated as: 
 
 ∫=Ω Fatt Feff dΩ          (I-4) 
       source 
  detector 
 
with dΩ - infinitesimal solid angle element; 
 Fatt  - weighing factor taking into account gamma-attenuation before 
   a gamma-ray hits the active zone of the detector; 
 Feff  - weighing factor taking into account detector response when a 
   gamma-ray hits the active zone of the detector. 
 
For full details concerning the fundamentals of this procedure, the reader is refer-
red to the publications by Moens et al. (1981), and by Moens and Hoste (1983). 
Let it be recalled here that the calculation of Ω  is based on numerical multiple in-
tegration over the volumes of source and detector according to the Gauss-
Legendre Quadrature. To this end, the computer program SOLANG was written 
in FORTRAN IV+ for a VAX machine, at present followed by a code for PC as 
part of the software package SOLCOI Version 3.01. 
The applicability of the above described εp-conversion is bound to the 
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Fig I-2. Geometric configuration of a cylindrical source measured with detector 

AMANDA (Gent). 
 
 
following conditions: 
a.  The detector body must be cylindrical and concentric with its housing and its 

geometric parameters must be known, as indicated in Fig. I-2 for detector 
AMANDA (Gent). According to the experience of the authors, when use is 
made of an older detector for which (some of) the parameters are not 
specified in the information sheet, the relevant figures can be readily 
obtained from the manufacturer. In case a new detector is going to be 
installed, the specification of the parameters can be made part of the 
purchase. In practice, so as to reach an accuracy of better than 2% on the 
conversion, the detector diameter should be known to within 1-2 %, the 
dead-layer thickness to within 5% (important at low gamma-energies), 
whereas for the other parameters (detector height, dimensions of the p-core 
or coaxial cavity) an  uncertainty of 10-20 % can be tolerated; the detector-
Al (or Be) window separation should be known to within 0.1 mm. When 
putting a Ge-detector in operation for use in the k0-method, the validity and 
the accuracy of the εp conversion [Eq. (I-3)] should be checked. Indeed, 
according to our experience two of the most critical parameters are often in-
accurately specified by the manufacturer: the thickness of the dead layer, 
and the distance from the Ge crystal to the end cap (i.e. the vacuum gap). 
Therefore, it is advised to “tune” these parameters so as to optimize the ac-
curacy of the conversion. This can be done by comparing, over a relevant 
energy range, experimental εp-ratios with calculated Ω -ratios, i.e. by 
rewriting Eq. (I-3) and investigating: 
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where “TOP” and “HIGH” refer to point sources (emitting coincidence-free 
gamma lines) measured respectively at small and large distance from the 
detector. The results of such a “tuning” for detector AMANDA are shown in 
Table I-1. It can be seen that it was necessary to adjust the dimensions of 
both the n-layer and the vacuum gap. More details concerning this specific 
example, and concerning the “tuning” in general, can be found in (De 
Wispelaere et al., 1992). 

 
 
Table I-1. Comparison of experimental εp-ratios with calculated Ω -ratios for 

detector AMANDA (Gent), showing the result of “tuning” the manu-
facturer’s data for the n-layer thickness and the vacuum gap [TOP and 
HIGH refer to point geometries at, respectively, 1.1 cm and 2.8 cm 
distance from the detector]. 
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Manufacturer’s data: 
n-layer = 0.03 cm 

vacuum gap = 0.5 cm 

After “tuning”: 
n-layer = 0.068 cm 

vacuum gap = 0.74 cm 
241Am 
203Hg 
137Cs 
65Zn 

 

59.5 
279.2 
661.6 

1115.5 

1.20 
1.15 
1.14 
1.09 

0.995 
1.03 
1.015 
0.97 

 
 
b. The method applies to cylindrically symmetrical sources (cylinders, disks, 

points) with a rotation axis coincident with the detector axis and a radius 
smaller than that of the detector. These source geometries, which are com-
monly used in NAA, are the ones implemented in the software package  
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  SOLCOI V3.01. Recently, algorithms and corresponding computer codes 
were developed for “large radius”-sources (Mihaljević et al., 1993) and even 
for Marinelli-geometries (Jovanović et al, 1992), but these are not yet imple-
mented in the software package SOLCOI Version 3.01]. The source-Al 
window distance should be measured to within 0.1 mm. The source 
composition (with respect to the major elements) and its density should be 
known; evidently, accurate knowledge of these parameters becomes more 
critical for low gamma-energies and/or for high-Z matrices. 

c. The thickness, major element composition and density of all gamma-
absorbing layers interposed between the source and the active detector 
body should be known. Among these, some frequently involved materials 
are [apart from the air layer (0.0012 g/cm3), the Al entrance window (2.702 
g/cm3) and the Ge dead n-layer (5.33 g/ cm3)]: delrin[CH2O] (1.4g/ cm3), 
mylaric[C2H6O2] (1.4g/ cm3), PVC adhesive tape[C2H3Cl] (0.8 g/cm3), and 
vials and holders in pyrexglass[75%SiO2,20%Na2CO3,5%CaO] (2.2-2.4 
g/cm3), poly-ethylene[C2H4] (0.9-1.0 g/cm3), plexiglass[C9H16O4] (1.2 g/cm3), 
poly-styrene[C8H8] (1.05 g/cm3) or teflonic[C2F4] (2.1-2.3 g/cm3). 

 
In order to reduce time and effort and to minimalize possible errors associ-

ated with the calculation of effective solid angles, an interesting procedure was 
developed by Van Sluijs et al. (1992) making use of standard counting vials and 
of interpolation of Ω ’s either based on densities (in case of identical sample 
matrix compositions) or on linear attenuation coefficients (so-called matrix inter-
polation, in case of varying sample matrices). The matrix interpolation method is 
incorporated as an option in the KAYZERO/SOLCOI software package Version 
3.01. 
 

2. Peak-to-total ratio P/T 
 
 
 As mentioned in section 5, the knowledge of the peak-to-total ratio P/T is 
needed for the conversion of the peak detection effeciency to the total detection 
efficiency according to: 
 

     
TP
p

t /
ε

ε =         (I-6) 

The total detection efficiency εt is required as input for the calculation of the 
correction factor for true-coincidence “summing out” effects. 
 The 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  
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decreasing importance) the photon energy, the source-detector separation, the 
source geometry and composition, and the presence of absorbing and scattering 
materials. Former results obtained by Michaelis (1968, 1969) and experiments 
performed at the INW, Gent (Moens, 1981; Simonits et al., 1980), have shown 
that P/T yields a straight line down to 170 keV when it is plotted versus the 
gamma-energy in a bilogarithmic scale. Furthermore it was proved that the 
position and the slope of this line are primarily depending on the source-detector 
separation and to a negligible extent on the source geometry and composition (at 
least in case of not too voluminous and dense samples). Thus, for the 
experimental P/T-determination in this energy region, it is sufficient to measure, 
for the detector distances under consideration, 2 or better 3 coincidence-free 
point sources with an appropriate spread in gamma-energy. Use can be made of 
203Hg (279.2 keV) [or 51Cr (320.1 keV)], 137Cs (661.6 keV) and 65Zn (1115.5 keV). 
In order to determine the curve at lower energies, 241Am (59.5 keV), 109Cd (88.1 
keV) and 57Co (122.1 keV) can be used. 
 For the determination of the total area T, several corrections have to be 
made to all spectra: 
1. background subtraction; 
2. extrapolation to zero energy (the lower energies being filtered by the     
discriminator). It turned out to be sufficiently accurate (Moens, 1981) to make a 
linear and even horizontal extrapolation of the recorded part of the Compton 
continuum. Fig. I-3 shows this extrapolation for a 57Co spectrum, measured at 
21.95 cm distance from detector AMANDA (Gent). Fig I-4 reveals that, for 241Am 
and 109Cd, the extrapolation is necessarily based on the low-energy tail of the 
full-energy peak [containing pulses of various origin (Helmer, 1975)]. 
 
 
 

(... hier hoort dus figuur I-3... ) 
 
 
 
Fig. I-3 Extrapolation to zero energy of a 57Co spectrum (background subtrac-

ted), recorded by counting a point source at 21.95 cm distance from 
detector AMANDA (Gent). 
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3. subtraction of “contaminating” counts, originating from emission of other 
photon-energies than those mentioned above. These are in particular the 511 
keV β+ annihilation radiation of 65Zn, the 203Hg TI X-rays and the 136.5 keV 
gamma-ray of 57Co (Fig. I-3) are originating from emission of the 122.1 keV 
line (with a small contribution from the 136.5 keV line) and should thus not be 
subtracted from the total]. For this correction it is necessary to take into 
account all pulses originating from these photons, requiring the knowledge of 
P/T. At this stage however P/T is not known, so an iteration procedure is 
required. 

 
 
 
     (Fig I-4....) 
 
 
 
 
 
 
 
 
 
 
Fig. I-4 Extrapolation to zero energy of a 241Am and 109Cd spectrum (back-

ground subtracted), recorded by counting a point source at 1.29 cm 
distance from detector MK7 (Gent). 

 
 A final P/T curve for point sources measured at 21.95 cm distance from 
detector AMANDA (Gent) is shown in Fig. I-5. A linear fit could be made down to 
275 keV, based on the 203Hg, 137Cs and 65Zn points. The points of 241Am, 109Cd 
and 57Co could be fitted by a polynomial of degree 2. So as to ensure a smooth 
curve over the whole energy region this last polynomial fit is also based on the 
value for the 203Hg point.  Fig I-6 gives an example of the dependency of P/T on 
the source-detector distance (for detector AMANDA, Gent). The slope of the 
straight line is approximately the same for all distances, but its position is 
somewhat different. At low energy there is a cross-over of the curves. 
 The accuracy of the P/T curve is estimated at 5-10%, And this is quite 
acceptable in view of the error reduction towards the analytical result. Neverthe- 
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less, it is recommended to check P/T by remeasuring for instance every year the 
curve at “reference” distance from the detector. If the difference with the originally 
recorded P/T curve exceeds 10%, its redetermination should be carried out at all 
distances considered; in addition, it is then also advised to recheck the full-
energy peak detection efficiency. 
 It is important to remark that, although a procedure for true-coincidence 
correction (including P/T determination) in case of low-energy photon Ge-
detectors was developed (De Corte et al., 1990; De Corte and Freitas, 1992), this 
is not yet implemented in the software package KAYZERO/SOLCOI version 3.01. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. I-5 Final P/T curve for point sources measured at 21.95 cm distance from 

detector AMANDA (Gent). 
 
 Finally, it is interesting to note that, as an alternative to the experimental 
determination, Gunnink et al. (in press) developed algorithms that calculate P/T 
ratios within 5 to 10% of the measured values, by correlating the latter with 
various parameters, such as gamma-ray energy, detector size, source-to-
detector distance, and shielding. 
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Fig. I-6 Final P/T curves for different point source-detector distances (detector 

AMANDA, Gent). 
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APPENDIX II: NEUTRON SPECTRUM CALIBRATION 
 
 
 
 As mentioned in Sections 10 and 12, experimental determination of the 
parameters f (thermal to epithermal neutron spectrum, approximated by a 1/E1+α 

shape) must be performed. 
 As outlined, (De Corte et al. 1981), the parameter α can be obtained as the 
slope (-α) of the straight line when plotting logTi versus log(Ēr,i/1eV), which 
comes to the same as solving the implicit equation (1eV omitted): 
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where N is the number of coirradiated α-monitors, and Ti is given by the 
expressions below (for explanation of symbols, see earlier). 
-In the “Cd-ratio for multi-monitor”-method: 
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where RCd is the cadmium ratio. The minimum number of monitors is N = 2. 
-In the “Cd-covered multi-monitor”-method: 
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with Asp = (Np/tm)/SDCw. The minimum number of monitors is N = 2. 
-In the “bare multi-monitor”-method: 
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where “N+1” is an additionally coirradiated monitor. The minimum number of  
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monitors is N+1 = 3 
 
 
Monitor 

 
Ēr,eV 

 
Q0 

 
T½ 

 

197Au (n,γ) 198Au 
 
238U (n,γ) 239U 
               /239Np 
 
232Th (n,γ) 233Th 
                /233Pa 
 
59Co (n, γ) 60Co 
 
98Mo (n, γ) 99Mo 
                /99mTc 
 
55Mn (n,γ) 56Mn 
 
100Mo (n,γ) 101Mo 
                 /101Tc 
 
64Zn (n,γ) 65Zn 
 

 
5.65 ±     0.40     
 
16.9 ±     0.2 
 
 
54.4 ±      0.5 
 
 
 136 ±       7 
 
241 ±       48 
 
 
468 ±       51 
 
672 ±       94 
 
 
 2560 ±    260 

 
15.71 

 

 
Table II-1.  Suitable monitors and nuclear data for use in the “Cd-ratio for 

multi-monitor”-method for α-determination. 
 
 If the neutron spectrum in the reactor site of interest is known to be stable, 
and if the irradiation of a cadmium cover is allowed, it is advised to make use of 
the “Cd-ratio for multi-monitor”-method, which gives the most reliable results if a 
proper choice of monitors is made. Table II-1 shows a list of candidates, together 
with the relevant nuclear data. In practice, one can select a number of physically 
suited monitors (e.g. metallic or alloyed foils and wires) with Ēr ranging from low 
to high. As shown in Fig. II-1, this offers the possibility of checking the linearity of 
the curve, thus proving that α is constant over the whole epithermal neutron 
energy region in the reactor position under consideration. It should be remarked 
that, when low-Q0 monitors such as Mn 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  
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Possible to the prescription that the monitors should be quasi-point sources 
centred in the middle of a large cylindrical Cd-box with 1 mm wall thickness and 
with height/diameter ≈ 2. On the other hand, in low-f irradiation sites one should 
avoid the use of high-Q0 monitors such as 97Zr, since – as to be expected in Cd-
ratio measurements considering the (RCd-1)-term – this would lead to large error 
propagation factors. Also, it should be emphasized that it is absolutely essential 
to avoid different neutron thermalization by polythene spacers etc. in the 
containers used for bare and Cd-covered irradiation. On the other hand, since 
only cadmium ratios are involved, any suitable counting geometry can be used. 
Finally, it is also possible to work with only two monitors, which should then have 
largely differing Ēr-values; a suitable combination is for instance 198Au and 95Zr 
(e.g. as a thin wire or foil of Al-0.1%Au alloy and metallic Zr). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. II-1 Experimental α-determination in various channels of the WWR-M 

reactor (Budapest), the Thetis reactor (Gent) and the DR-3 reactor 
(Ris¢). Use is made of the “Cd-ratio for multi-monitor” method with 
some of the monitors and nuclear data from Table II-1. 
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 If the prerequisites for application of the above outlined procedure are not 
met, there is a possibility to make use of the “bare multi-monitor”-method, which 
is in fact to be considered as an in-situ α-determination technique, since the 
monitors can be coirradiated with the sample analyzed. For three monitors the 
“bare multi-monitor”-method leads after combination of Eqs.(II-1) and (II-4), for 
N=2 (i.e. N+1=3), to: 
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from which α can be calculated. 
Evidently, in this case the measurements have to be performed on an efficiency-
calibrated Ge detector. This method is incorporated in KAYZERO V3.01. Taking 
into account practical considerations as well as error propagation calculation, it is 
advised to apply the “bare triple-monitor”-method with 198Au, 95Zr and 97Zr. In 
practice, use can be made of a dilute Au-Al alloy (e.g. 1mm diam. wire or 100 µm 
thick foil with 0.1 % Au content for which Gth and Ge = 1) and a thin Zr foil [e.g. of 
125 µm thickness, with Gth = 1, and Ge = 0.983 for 94Zr(n,γ) and Ge = 0.973 for 
96Zr(n,γ)]. In addition to considerations with respect to precision and accuracy, 
one of the practical advantages of using the combination Au + Zr is that true-
coincidence effects do not occur for any of the relevant gamma-lines (198Au; 
411.8 keV; 95Zr: 724.2 and 756.7 keV; 97Zr/97mNb: 743.3 keV). This, together with 
the fact that the effective energy of the 95Zr 724.2 + 756.7 keV lines is 
insignificantly different from the 743.3 keV gamma-ray energy of 97Zr/97mNb, 
leads to the possibility of using a practical double counting procedure for Zr, 
whereby all measuring times can be kept short. Denoting 97Zr/97mNb (743.3 keV) 
= 1, 95Zr (742.2 + 756.7 keV) = 2 and 198Au (411.8 keV) = 3, the procedure goes 
as follows: 
- measure the Zr foil (for monitor 1, shortly after irradiation) and the Au-Al foil/wire 
(for monitor 3) at “reference” distance from the detector, for which εp,1 and εp,3 are 
accurately known. From this, factor b of Eq. (II-6) can be calculated; 
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- measure the Zr-foil (for monitors 1 and 2), after 3-4 days of decay, at any suited 
close-in detector geometry. Then, factor a of Eq. (II-6) can be calculated, and 
one may put εp,1/ εp,2 = 1. 
 It should be mentioned that the third possibility for α-determination, namely 
the “Cd-covered multi-monitor”-method, is especially useful as an in-situ 
technique in ENAA. Here too, it is very practical to make use of the Au-Zr 
combination. 
 
 As to the determination of the parameter f, use can be made of the Cd-ratio 
method according to: 
 
  theCdCd GQGRFf /)()1( 0 α⋅⋅−=        (II-7) 
 
which thus requires the knowledge of the epithermal spectrum shape factor α. It 
should be noted that the above described “Cd-ratio for multi-monitor”-method for 
α-determination additionally yields the parameter f which, as it is obvious from 
Fig. II-1, can be obtained from the ordinate value which is equal to log(1/f) at 
logĒr=0. 
 A proven technique for in-situ f-determination is the “bare bi-isotopic 
monitor”-method using Zr, according to: 
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where 1 = 97Zr/97mNb (743.3 keV), 2 = 95Zr (742.2 + 756.7 keV), and εp,1 = εp,2. 
Due to the single-decayed gamma-lines, it is allowed to position the Zr monitor 
as close as possible to the detector cap. 
 The “Zr-Au bare triple-monitor”-method for α-determination, and the “Zr 
bare bi-isotopic monitor”-method for f-determination are together incorporated in 
KAYZERO V3.01. 
 More details on the theoretical and practical aspects of the determination of 
α and f, including extensive calculation of the error propagation, can be found in 
(Simonits et al., 1976; De Corte et al., 1981; De Corte et al., 1986; Simonits et 
al., 1987; De Corte, 1987). 
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