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Two features of (n,γ) reactor NAA are making its 

standardization potentially easy and accurate: 

 1. the high penetrability of matter for neutrons 

 2. existence of a delayed signal (besides the 

prompt gamma’s). 

 

Hence, standard and sample can be excited 

simultaneously and induced signals of both can be 

measured successively after a suited time following 

the end of irradiation. 
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Other consequences: 
 NAA is a bulk analysis method with multi-element 

capability (element concentration and measured 
signal is nearly matrix-independent). 

Matrix preparation can be kept simple. 

 Treatment of sample (and standard) after irradiation 
is possible (enabling etching, dissolution, chemical 
separation - RNAA). 

 High sensitivity (down to the 10-6, 10-9 or even to the 
10-12 g/g) attainable for many elements. 

 Reference method for certification of new CRMs or 
RMs. 
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A typical (n, ) reaction with - decay. 

B

e. g.

 Nuclear reactions: - direct (B + a  Y + b); ~ 10-22 - 10-21 s 

        - meta stable (B + a  X*  Y + b); ~ 10-16 - 10-14 s 
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• NAA - four techniques: 
– Prompt Gamma Neutron Activation Analysis (PGNAA) (usually 

with energies < 0.001 eV); prompt gammy rays ( p) emitted by 

the compound nucleus X* are measured 

– Thermal Neutron Activation Analysis (TNAA); from reactions in a 

well-thermalised reactor spectrum, the decay gamma rays ( d) 

are measured 

– Epithermal Neutron Activation Analysis (ENAA); resonance 

reactions are utilised by using suitable filters to remove thermal 

neutrons from the reactor spectrum and measuring decay 

gamma rays 

– Fast Neutron Activation Analysis (FNAA); high-energy neutron 

sources are used without the presence of a moderator for 

slowing down the neutrons and gamma rays are measured. 



(n, ) reaction rate 
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(n, ) reaction rate 

Cd total cross section and Cd 

 transmission function T(E) for 1 mm Cd 

Hogdahl convention: 

 

 

 

- all (n, ) reactions are as follows: 

                           (v)  1/v 
- ECd = 0.55 eV 

 

 

with: σ0 = σ(v0)  at reference velocity v0 =2200 

m s-1, th = v0 nth fluence rate for thermal 

neutrons, nth – thermal neutron density and 
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(n, ) reaction rate 
For better adjustment of (n, ) reaction rate in Hogdahl convention it is 

necessary to introduce some correction factors: 

- Gth - thermal neutron self-shielding (nucleus density) 

- Ge  - epithermal neutron self-shielding (density + resonance parameters) 

- FCd - Cd transmission factor for epithermal neutrons 

 

 
 

Cd-ratio: 

                                                                 

                                                      with                           and 

 

 

with RCd* - measured Cd ratio: 

 

 

 

 

)(00 IGGR eeththX

)(
1

0

*

QG

fG
RFR

e

th
CdCdCd

e

thf
0

0
0

)(
)(

I
Q

2

2

)()(

)()(

)()()(

)()(
0

0

0*

E

E

Cd

E

Cd

Cd

dEEEF

dEEE

dEEEET

dEEE

R



ICTP-IAEA Workshop, 20.-24. April 2015, Trieste, Italy 
9 

Activation equation 
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N - number of radionuclide 

w – mass of the investigated element 

NA- Avogadro constant=6.022045 1023 mol-1 

M - molar mass 

Ө - isotopic abundance  

 - decay constant = ln(2)/T1/2 

tirr - irradiation time 
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Activation equation 
Due to radioactive decay, 

the number of radioactive nuclei 

N decreases with time 

ttX ee
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The reaction rate of the radioactive nuclei N  

 

 

 

is proportional to the count rate measured by 

the detector. 

N
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Activation equation 

Activity, A [s-1] or the total count rate in the detector: 

pX
A

pX R
M

Nw
RNA 1,1,

0

1

Specific count rate (s-1 g-1) 

pX
A

sp R
M

N
A 1,

pX
A

m

p
CDSR

M

Nw

t

N
1,

p

Full-energy peak detection 

 efficiency, including gamma 

attenuation  

Probability of  emission 

wCDS

tN
A

mp

sp

/
or 



ICTP-IAEA Workshop, 20.-24. April 2015, Trieste, Italy 
12 

Activation equation 

Specific count rate under Cd activation (s-1 g-1) 

Specific count rate (s-1 g-1) 
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Nuclear research reactor  

TRIGA Mark II (250 kW) 

 

- Short and long irradiation in 

  the CC: 

        th ~ 10·1012 cm-2 s-1 

 

- Short irradiation in the PT and in 

the FPTS  (up-to 30 min.) 

         th ~ 3.5·1012 cm-2 s-1 

 

- Long irradiation in the IC-40 

(typically 20 hours) 

         th ~ 1.1·1012 cm-2 s-1 
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Nuclear data of the target and 

nuclide formed 
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Burn-up factor (Fburn) in irradiation channels 

of the TRIGA reactor (calculations) 

IC-40:   th ~ 1.0·1012 cm-2s-1  

PT:  th ~ 3.5·1012 cm-2s-1 

CC: th ~ 10·1012 cm-2s-1 
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(n, ) Activation Analysis: 

Principles of standardization 

The mass of 

the element:  
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(n, ) Activation Analysis: 

Principles of standardization 
Single-comparator standardization:  use of k-factors (experimentally determined) 
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(n, ) Activation Analysis: 

Principles of standardization 
Absolute (parametric) standardization:  

a - analyte 

m – flux monitor 

Condition that φth, f and α remain constant during irradiation 

Parameters M, Θ, γ, σ0 for both taken from literature (accurate known !)  
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 k0-standardization: KAYZERO/SOLCOI 

Thermal and epithermal activation: 
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 k0-standardization 
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k0-library info: 
http://www.kayzero.com/k0naa/k0naa/News/News.html 
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k0-library info: 
http://www.kayzero.com/k0naa/k0naa/News/News.html 

 The k0-Nuclear Data Committee (k0-NDC) is 

responsible for reviewing all new developments 

in the nuclear data used with the k0 method of 

NAA, which includes ensuring the consistency 

in the k0 database. 

 

 The latter task was successfully fulfilled in 

March 2012 when the 2012 recommended k0 

database was published in the form of an Excel 

file dated 2012-03-14. 
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Periodic table of the elements 

(elements in the k0-library) 

Westcott factor g  1 
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Activation 

and decay 

types in the  

k0-method 
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Decay scheme of the radionuclide 
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Decay scheme of the radionuclide 
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HPGe detector 

HPGe closed end coaxial 

detector (OR4) 

40% relative efficiency 
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Full-energy peak detection efficiency 
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Peak-to-total ratio (P/T)  

Coincidence free point sources: 

Am-241, Cd-109, Co-57, Hg-203, Cr-51, Cs-137 and Zn-65 

Energy (keV) 



True coincidence correction factors 
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True coincidence effects occur when two or more cascading radiations give rise 

 to a total or partial energy deposition in the HPGe detector 

1. -  coincidence summing 
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Effective solid angle  
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=8 mm 

h=5 mm 

 =1 g cm-3 

COI factors for OR4 detector 

1 cm      3 cm       5 cm        7 cm       21 cm  



k0-standardization: KAYZERO/SOLCOI 

• k0-standardization method of NAA was launched in the 

1970s 

• SINGCOMP program: 1987 written for VAX 

• KAYZERO/SOLCOI program: 1994, 1996, 2003 written 

for DOS and in 2004 written for Windows 

• Current status: Kayzero for Windows (KayWin®) ver. 

2.42 from March 2011  

• KAYZERO library - 144 nuclides (68 elements) 

• k0-NAA became widespread as a practical analytical tool 

used to analyse different sample matrices 
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KAYZERO/SOLCOI (KayWin) software 
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KayWin: http://www.kayzero.com/ 
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k0-INAA analytical procedure 
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- Sample and standard are 

prepared in sandwich form and 

irradiated in the carousel facility 

of the TRIGA Mark II reactor (250 

kW) 

- Measurement on an HPGe  

absolutely calibrated detector 

- Evaluation of the spectrum by  

  HyperLab program 

- Calculation of the effective 

solid angle between sample and 

HPGe detector 

- Calculation of element  

concentration by KayWin®  



k0-IAEA software 
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• A new k0_IAEA software for k0-NAA appeared in 2004 

in collaborations between the IAEA (M. Rossbach), M. 

Blaauw, M. Bacchi, beta testers (L. Xilei, R. Jaćimović, 

G. Kenedy and M.C. Freitas) and additional programmer 

A. Trkov 

• Current status: k0_IAEA software ver. 7.16 from June 

2013 

• From ver. 4.01 of k0_IAEA software the Kayzero library 

has been updated. The new data have been obtained 

from: 
– [DECORTE2003]: Recommended nuclear data for use in the k0-standardization of neutron 

activation analysis, Atomic Data and Nuclear Data Tables 85 (2003) 47-67 

– [DECORTE2003b]: The updated NAA nuclear data library derived from the Y2K k0-

database, J. Radioanal. Nucl. Chem., 257 (2003) 493-499 

– [IUPAC] Compilation of k0 and related data for NAA, V. P. Kolotov and F. De Corte, ver. 4, 

1.10.2002  



k0-IAEA software 
http://www.tnw.tudelft.nl/index.php?id=34350&L=1 

ICTP-IAEA Workshop, 20.-24. April 2015, Trieste, Italy 
38 



ICTP-IAEA Workshop, 20.-24. April 2015, Trieste, Italy 
39 

P. Vermaercke, et al., 

Nucl. Instr. Meth. A 564 

(2006) 675-682 
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KayWin 

vs. k0_IAEA 
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KayWin 

vs. k0_IAEA 
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KayWin 

vs. k0_IAEA 
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k0_IAEA ver 4.04 (all lines) 
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Practical exercise: 

 

KayWin 

 

and 

 

k0-IAEA software 


