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

- meta stable (B + a  X*  Y + b); ~ 10-16 - 10-14 s

B

e. g.

A typical (n,) reaction with - decay.
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(n, ) Activation Analysis:

principles of standardization
The mass

of the 

element: 
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 Relative standardization

 Single-comparator standardization:

- use of k-factors (experimentally determined)

 Absolute (parametric) standardization:

- condition that φth, f and α remain constant during irradiation

- parameters M, Θ, γ, σ0 for both taken from literature (accurate known!)

 k0-standardization: KAYZERO/SOLCOI
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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

• 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

• Kayzero for Windows (KayWin®) ver. 3.36 from March 

2018
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k0-standardization: KAYZERO/SOLCOI
Thermal and epithermal activation:
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Only epithermal activation:
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k0-library info:
http://www.kayzero.com/k0naa/k0naaorg/Nuclear_Data_SC/Nuclear_Data_SC.html
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Periodic table of the elements 

(elements in the k0-library)

Westcott factor g  1
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- 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

TRIGA Mark II 

reactor (250 kW)
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k0-INAA analytical procedure

- 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®
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HPGe detector

HPGe closed end coaxial

detector (OR4)

40% relative efficiency

at 1332.5 keV (60Co)

(“fine tuning” dimensions

are in mm)

plexiglass

PVC tube

6 (vacuum)

2 (plexiglass)

1.27 (Al)

0.5(Li)

84.0

70.0

209.77

89.77

49.77

29.77

9.77

Li

Crystal (Ge)

N-contact (Li)

P-contact 0.3 m (B)

Al

65.7

8.8

7
9

.8

58.0

6
5

.7
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Advantages and disadvantages to k0-NAA

 Non-destructive technique which can be applied for different 

matrices (water, tissues, lichens, aerosols, soils, sediments, 

sludge’s, geological samples, minerals, …)

 k0-NAA as INAA or RNAA form

 Very small matrix interferences due to behaviour of neutron-

sample interactions

 Measuring range from μg/kg up to kg/kg (100%)

 Simultaneously determination of relatively a lot of elements

 Needing absolute calibrated HPGe detector and re-

determination of parameters of the neutron spectra when 

reactor core is change

 Loses of volatilized elements during irradiation (e.g. Hg) 

 No speciation for an element

 For some elements limit of detection (LD) is high and RNAA 

or other techniques should be applied
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k0-NAA quality assessment
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Participation of IJS/O-2 in certification process of 

new RMs or CRMs
Organizer Material Year Analytes

INCT Oriental Basma Tobacco Leaves (INCT-OBTL-5) 2008

As, Au, Ba, Br, Ca, Cd, Ce, Co, Cr, Cs, Eu, Fe, Hf, 

K, La, Mo, Na, Nd, Rb, Sb, Sc, Sm, Sr, Ta, Tb, Th, 

U, Yb, Zn and Zr 

INCT Polish Virginia Tobacco Leaves (INCT-PVTL-6) 2008

As, Ba, Br, Ca, Cd, Ce, Co, Cr, Cs, Eu, Fe, Hf, K, 

La, Mo, Na, Nd, Rb, Sb, Sc, Se, Sm, Sr, Ta, Tb, Th, 

U, Yb, Zn and Zr 

INCT MODAS-2 Bottom Sediment 2013

As, Ba, Co, Cr, Cs, Eu, Fe, Hf, Hg, La, Sb, Sc, Sm, 

Sr, Tb, Th, U, Zn, Br, Ca, Ce, K, Na, Nd, Rb, Ta, Yb 

and Zr

IAEA
Determination of Trace Elements in IAEA-452 Biota 

Sample
2008

Ag, As, Br, Ca, Cd, Co, Cr, Cs, Fe, Hg, K, Mo, Na, 

Rb, Sb, Sc, Se, Sr and Zn

IAEA
IAEA-CU-2010-02 World-wide open proficiency test: 

Determination of trace elements in sewage sludge
2010 As, Ba, Co, Cr, Fe, Hg, Se, Sr and Zn

IAEA
Determination of Trace Elements in Marine Biota 

IAEA-461
2012

Ag, As, Br, Ca, Ce, CH3Hg, Co, Cr, Cs, Eu, Fe, Hf, 

Hg, K, La, Mo, Na, Rb, Sc, Se, Sm, Sr, Th, U, Yb 

and Zn

IAEA IAEA-MEL CRM Oyster 2013
Ag, As, Br, Ca, CH3Hg, Co, Cr, Cs, Fe, Hg, K, Na, 

Rb, Sc, Se, U and Zn

ISPRA ISPRA RM021 Lagon Sediment 2010 As, Co and Mn

ISPRA ISPRA RM039 Lake Sediment 2013 As and Co

BAM
BAM YSZO Yttrium Stabilized Zirconium Oxide

ERM®-ED105
2013 Th, U and Hf
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Participation of IJS/O-2 in certification 

process of new RMs or CRMs
Organizer Material Year Analytes

IRMM

BCR-277R estuarine sediment,

BCR-280R lake sediment and

BCR-320R channel sediment

2002

Al, As, Ba, Br, Cd, Ce, Cl, Co, Cr, Cs, Cu, Dy, Eu, 

Fe, Hf, Hg, I, K, La, Mn, Na, Nd, Ni, Rb, Sb, Sc, Se, 

Sm, Sn, Sr, Ta, Tb, Ti, U, V, Yb and Zn

IRMM
Two polyethylene reference materials ERM®-EC680k and 

ERM®-EC681k
2006 As, Cd, Cl, Cr, Hg, Sb and Sn

IRMM
Two polymer reference materials ERM-EC590 & ERM-

EC591
2008 Br and Sb

IRMM ERM-CD281 rye grass 2008
As, Cd, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Sb, Se, Sn 

and Zn

IRMM ERM-CZ120 Fine Dust 2010 As and Cd

IRMM
Total content and aqua regia extractable content of Hg in 

Loam Soil ERM®-CC141
2010 Hg

IRMM ERM®-CE278k mussel tissue 2011
Ag, As, Cd, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Rb, Se, Sr 

and Zn

IRMM ERM®-DB001human hair 2011 As, Cd, Cu, Hg, Se and Zn

IRMM ERM®-CD200 Bladderwrack (Fucus vesiculosus) 2011 As, Cd, Hg, Se and Zn

IRMM ERM®-BD150 and ERM®-BD151 skimmed milk powders 2012
Ca, Cl, K, Mg, Na, Cd, Cu, Fe, Hg, I, Mn, Pb, Se 

and Zn

IRMM

ERM®-EF411 (hard coal),

ERM®-EF412 (brown coal)

ERM®-EF413 (furnace coke)

2012
As, Co, Cr, Mn, Sb, Se, V, Zn, Ca, Mg, Na, K, Cl

and Hg

IRMM Determination of trace elements in Lu foil 2013 Major elements and trace elements

IRMM Mass fraction in Al-0.1%Au alloy: ERM®-EB530A, B and C 2013 Au

IRMM
The minor elements and trace elements mass fraction in

TiAl6V4: BCR®-089
2013

Fe, Cr, Mo, Zr, Cu, Co, Mn, W, Zn, Hf, Ta, Hg, La,

Ce, Sb, As and Ga

Workshop, ENVCRM, 16 May 2108, TUBITAK UME, Gebze, Turkey



19

0.70

0.80

0.90

1.00

1.10

1.20

1.30

Ca K Na Mn Se V

R
a
ti
o

Elements

ERM-EF412 Brown coal

JSI (k=2) IRMM (k=2)

Comparison of k0-INAA with

ERM-EF412 Brown coal

Note: JSI reported also data for As, Co, Cr, Sb, Zn, Mg and Cl obtained by k0-INAA.

For some elements only indicative value were assigned. 
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2009-06-01 Methods:
1. Determination of strontium by beta counting

2. Determination of tritium activity by liquid 

scintillation counting

3. Determination of 14C in alkaline solution

4. Determining of elemental composition of 

environmental samples using k0-INAA

5. Determination of total mercury in water 

samples

6. Water quality – Application of inductivity 

coupled plasma mass spectrometry (ICP-

MS) Part 2: Determination of 62 elements

7. Water quality – Determination of organotin 

compounds – Gas chromatographic method 

ICP-MS detection

Accreditation Certificate LP-090

Workshop, ENVCRM, 16 May 2108, TUBITAK UME, Gebze, Turkey
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Since 2012 Methods:
1. Determination of strontium by beta counting

2. Determination of tritium activity by liquid 

scintillation counting

3. Determination of 14C in alkaline solution

4. Determining of elemental composition of 

environmental samples using k0-INAA

Accreditation Certificate LP-090

Workshop, ENVCRM, 16 May 2108, TUBITAK UME, Gebze, Turkey
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Accreditation Certificate LP-090
Scope of the LP-090 dated 2018-03-21:

• Chemistry
– Determination of 31 elements (Ag, As, Au, Br, Ca, Ce, Co, 

Cr, Cs, Eu, Fe, Hf, Hg, K, La, Mo, Na, Nd, Rb, Sb, Sc, Se, 

Sm, Sr, Ta, Tb, Th, U, Yb, Zn and Zr) in soil, sediments, 

ores, sewage sludge, biological samples, foodstuffs 

and fuels by k0-INAA

• Radiochemistry
– Determination of strontium in samples from the 

environment (soil, sediment, water, aerosol filter), 

foodstuffs, milk, feedstuffs and residue by beta counting 

– Determination of tritium activity by liquid scintillation 

counting (water, urine)

– Determination of 14C in alkaline solution (water, urine)
Workshop, ENVCRM, 16 May 2108, TUBITAK UME, Gebze, Turkey
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Accreditation Certificate LP-090
2018-03-21 for k0-INAA
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Accreditation Certificate LP-090
2018-03-21 for k0-INAA
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Participation in Inter-comparison studies at 

the highest level (until 2013)
Organizer Material Year Analytes

IRMM

IMEP-14 Sediment 2000 Major and trace elements

CCQM-K44 Sewage Sludge 2006 Major and trace elements

IMEP-29 Feed of plant origin 2009 Total As, Cd, Pb, Hg and Sn; Extractable Cd and Pb 

IMEP-112 2011
Total and inorganic arsenic in wheat, vegetable food and 

algae 

IMEP-38 2013 Determination of total As, Cd, Pb and Hg in compound feed

BAM

CCQM-P34 Aluminum 2002 Fe, Cu, Mn, Cr and Zn

CCQM-P 34.1 Aluminum 2003 Fe, Cu, Mn, Cr and Zn

Yttrium Stabilized Zirconium Oxide 2013 Th, U and Hf

IAEA

CCQM-P104 Phosphogypsum 2008 As, Cd, Cr and Cu

Determination of Trace Elements in IAEA-452 

Biota Sample 
2008 Trace elements and methylmercury

INCT

INCT-OBTL-5 Oriental Basma Tobacco 

Leaves
2008 Inorganic trace elements

INCT-PVTL-6 Polish Virginia Tobacco Leaves 2008 Inorganic trace elements

ISPRA
ISPRA RM021 Lagon Sediment 2010 As, Cd, Ni, Pb, Cu, Co and Mn

ISPRA RM039 Lake Sediment 2013 As, Cd, Ni, Pb, Cu, and Co

NIM, 

China

CCQM-P128 & APMP.QM-P17 2011 Pb, As measurements in cosmetic (cream)

CCQM-K106 & P128.1 2013 Pb, As and Hg measurements in cosmetic (cream)

GLHK
CCQM-K89 & P126 2011 Trace and essential elements in Herba Ecliptae

APMP.QM-S5 2011 Essential and toxic elements in Seafood

CMQ, 

Chile

CCQM-K30.1

& CCQM-P12.2
2012

Pb in Wine

& Pb, Fe, Cu and Cd in Wine

NMIJ CCQM-K108 & CCQM-P147 2013
Determination of arsenic species, total As and Cd in brown 

rice flour
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As

CCQM-K89: Herba Ecliptae

JSI(1): k0-INAA; JSI(2): ICP-MS
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CCQM-K127: Non-contaminated soil
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CCQM-K127: Contaminated soil
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Calibration and Measurement 

Capabilities (CMCs) of MIRS/IJS/F-2,O-2 

The BIPM key comparison database (2015):

– Amount of substance:

• Category 10 - Biological materials and 

fluids: 5 CMCs (As, Ca, Zn, Cd, Pb)

• Category 11 - Food: 4 CMCs (As, Zn, 

Fe, Total As)

• Category 14 - other materials: 2 CMCs 

(As, Hg)

Note: k0-INAA was used; Category 10 – revised in year 2016
Workshop, ENVCRM, 16 May 2108, TUBITAK UME, Gebze, Turkey
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CRM Candidates

• Organic ground water CRM candidate
– PFOS (perfluorooctane sulfonate)

– PFOA (perfluorooctanoic acid)

• Inorganic water CRM Candidate
– Pb, Cd, Ni, As, Se

• Inorganic soil CRM Candidate 
– As, Cr, Cd, Hg, Pb, Ni, Fe, Co, Mn, Cu, Zn, V, Sb

Workshop, ENVCRM, 16 May 2108, TUBITAK UME, Gebze, Turkey
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IJS Participation

• Elements in River Water EnvCRM 02
– Homogeneity study

– Stability study (+18 and +60 ºC):

– Short-term

– Long-term

– Characterization of Pb, Cd, Ni, As, Se by ICP-MS

– The characterisation was also done under EURAMET.QM-S11 / 

EURAMET 1424 organized by TUBITAK UME and IMBIH

• Elements in soil EnvCRM 03 
– Homogeneity study

– Stability study:

– Short-term

– Long-term

– Characterization of As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Sb, V, Zn

by ICP-MS, CV AAS and k0-INAA

Note: Additionally data for As, Co, Cr, Mn, Sb, V and Zn obtained by

ICP-MS were reported. 
Workshop, ENVCRM, 16 May 2108, TUBITAK UME, Gebze, Turkey
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