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Summary

Neutron activation analysis (NAA) plays an indispensable role in chemical metrology, namely in the preparation of reference materials (RMs) of chemical composition and in quality assurance due to many advantages, which are briefly reviewed. Recently, NAA has been recognized as a primary method of measurement. Hence, it can be expected that the role of NAA in chemical metrology will become even more important.

A special feature of NAA to verify analytical data that the technique produces has been termed the self-verification principle. The strategies of the self-verification principle are explained and examples of its utilization are presented.

One of the requirements for a primary method of measurement is that a complete uncertainty statement can be written down in terms of SI units (or ratios). The author was one of the first specialists, who dealt with uncertainty quantification in NAA and his approach to this topic is presented in this work.

Activities in utilization of NAA in the preparation of RMs, i.e., homogeneity testing and certification analyses of element contents, are listed and several important examples are presented. The RMs tested and analyzed were produced by national bodies, as well as those from abroad, including the most important world-leading institutions, namely the US National Institute of Standards and Technology (NIST) and the Institute of Reference Materials and Measurements (IRMM – Joint Research Centre of the European Commission).

Finally, use of NAA in the detection of errors is highlighted and several examples of such application of NAA are presented. One of them concerns revealing biased values for Mn and V in NIST Standard Reference Material (SRM) 1648 Urban Particulate Matter. New certified values for these elements were established by taking into account the author´s results. This was only the second case, where data for environmental and/or biological RMs obtained outside NIST has led to a correction of the original NIST certified values of element contents.
Souhrn

Neutronová aktivační analýza (NAA) má nezastupitelnou úlohu v chemické metrologii, zejména při přípravě referenčních materiálů (RM) chemického složení a zabezpečení jakosti pro mnoho svých výhod, které jsou stručně shrnuty. Nedávno byl NAA přiznán statut primární měřicí metody. Lze tedy očekávat, že úloha NAA v chemické metrologii se stane ještě významnější.

Speciální schopnost NAA verifikovat analytická data, která tato technika produkuje, byla nazvána samoověřovacím principem. Je vysvětlena strategie samoověřovacího principu a jsou uvedeny příklady jeho využití.

Jedním z požadavků na primární měřicí metodu možnost podat kompletní výčet zdrojů nejistot v jednotkách SI nebo v jejich poměrech. Autor byl jedním z prvních odborníků, kteří se zabývali kvantifikací nejistot v NAA. Jeho poznatky v této problematice jsou uvedeny v této práci.
Jsou shrnuty aktivity při využití NAA při přípravě RM, tj. při testování homogenity a certifikačních analýzách obsahů prvků a jsou uvedeny některé důležité příklady. Testované a analyzované RM byly vyrobeny jak v ČR (dříve v Československu), tak v zahraničních institucích, včetně nejvýznamnějších světových producentů, jimiž jsou americký National Institute of Standards and Technology (NIST) a Institute of Reference Materials and Measurements (IRMM – Joint Research Centre of the European Commission).
Závěrem je poukázáno na použití NAA při odhalování chybných analytických dat a je uvedeno několik příkladů takového využití NAA. Jeden z nich se týká odhalení chybně stanovených hodnot pro Mn a V  v  NIST standardním referenčním materiálu (SRM) 1648 Urban Particulate Matter. Nově certifikované hodnoty byly stanoveny s přihlédnutím k autorovým výsledkům. Jedná se teprve o druhý případ, kdy data pro environmentální nebo biologické RM získaná mimo NIST vedla ke korekci původních hodnot certifikovaných v NIST.
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1
INTRODUCTION
Neutron activation analysis (NAA) is based on the measurement of characteristic radiation, most frequently gamma-rays, of radionuclides formed by irradiation of the material with neutrons. The highest sensitivity for most elements is obtained when irradiation is carried out in the most powerful neutron source – in a nuclear reactor. Due to a higher potential for accuracy compared with other methods of elemental analysis, especially for trace element analysis, NAA has been denoted for a long time “reference, arbitrary, independent” method due to the following advantageous features of the technique [1]: 
· sensitivity and applicability for minor and trace elements in a wide range of matrices; 

· the virtual absence of an analytical blank; 

· the relative freedom from matrix and interference effects; 

· the possibility to perform analysis nondestructively using so-called instrumental neutron activation analysis (INAA); 

· high specificity based on the individual characteristics of the induced radionuclides, such as (-ray energies and half-lives; 

· the capability of INAA for multi-element determination, often allowing 30 to 40 elements to be determined in many matrices; 

· the possibility to analyze the sample bulk due to the high penetrating power of neutrons and emitted (-ray, which is of special importance for sample difficult to dissolve;

· an inherent potential for accuracy compared to other analytical techniques; since the theoretical basis of INAA is simple and well understood, the sources of uncertainty can be modelled and well estimated; 

· the totally independent principle as a nuclear-based property in contrast to the electronic nature of most other analytical techniques; 

· the isotopic basis which often offers a choice of analytically independent routes for element determination - the self-verification principle [2]. 

In cases where the induced radionuclides of trace elements are masked by matrix activity, radiochemical separation provides interference-free detection limits close to the theoretical ones. Thus, in the radiochemical mode of NAA (RNAA), the technique has other advantageous features: 

· trace and ultratrace (radio) chemistry can be performed under controlled conditions by inactive carrier additions;
· the chemical yield of separation can be obtained simply using carrier budgeting or the radiotracer method.
For these reasons, NAA has been used extensively used in chemical metrology, namely in quality assurance, in the preparation of reference materials, and for the detection of errors [3]. However, only recently [4] the Consultative Committee on the Amount of Substance – Metrology in Chemistry (Comité consultatif pour la quantité de matière – métrologie en chemie – CCQM) has agreed to consider NAA (using the comparator method of standardization) as a primary method of measurement.

1.1

NAA as a primary method of measurement
Fig. 1 shows the hierarchy of international metrological bodies. The Metre Convention is a treaty that created the International Bureau of Weights and Measures (BIPM), an intergovernmental organization under the authority of the General Conference on Weight and measures (CGPM) and the supervision of the International Committee for Weights and Measures (CIPM). The BIPM acts in matters of world metrology, particularly concerning the demand for measure-ment standards, and the need to demonstrate equivalence between national measurement standards.
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Fig. 1. Hierarchy of metrological bodies
Fig. 2. List of CIPM Consultative      Committees
The CIPM has set up a number of Consultative Committees to consider advances that directly influence metrology (Cf. Fig. 2). For metrology in chemistry, the Consultative Committee on the Amount of Substance (CCQM) has been established in 1993.
CCQM defines a primary method of measurement as follows[5,6]:
“A primary method of measurement is a method having the highest metrological properties, whose operation can be completely described and understood, for which a complete uncertainty statement can be written down in terms of SI units.

- A primary direct method: measures the value of an unknown without reference to a standard of the same quantity.

- A primary ratio method: measures the value of a ratio of an unknown to a standard of the same quantity; its operation must be completely described by a measurement equation.”
Until 2008, the five methods designated by CCQM as potentially primary methods of measurement included: isotope dilution mass spectrometry (IDMS), coulometry, gravimetry, titrimetry and determination of freezing point depression [5]. Of the five methods listed, only IDMS, as ID-inductively coupled plasma mass spectrometry (ID-ICPMS), is capable of determination of trace elements in complex matrices, as is NAA. The case for NAA as a primary method has been made to CCQM by Bode, Fernandes and Greenberg [4] since 2000. Although the final recommendations are not yet finalized, it appears that CCQM has agreed to consider NAA as a primary method of measurement [4].
The consideration of NAA as a primary method of measurement has been achieved in the following way. Rearranging the above definition, it appears that a primary method of measurement must meet three criteria:

1. The method’s operation can be completely understood, and fully described by a measurement equation;

2. A complete uncertainty statement can be written down in terms of SI units (or ratios);

3. The method has the highest metrological properties.

Meeting the first two requirements appears relatively straightforward for NAA using the comparator (relative) method of standardization. Of many various ways, the NAA measurement process can be most conveniently described for the purpose by the following equation:
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(1)

where 
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m

= mass of an element in the unknown sample; 
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= mass of an element in the comparator standard; 
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= ratio of isotopic abundances for unknown and standard; 
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= ratio of neutron fluences (including fluence drop off, self-shielding, and scattering); 
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= ratio of effective cross sections if neutron spectrum shape differs from unknown to standard; 
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= ratio of counting efficiencies for unknown and standard (differences due to geometry and gamma-ray shielding) and:
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(2)
where 
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= decay corrected count rate; 
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Note that the „R-values“ are normally very close to unity, and all units are either SI-based or dimensionless ratios. Since all units are SI, an uncertainty statement can be written down in terms of SI units (or ratios). 
All uncertainty components can be completely evaluated as demonstrated by several authors [7,8], among them by Kučera et al. [8]. This is discussed in detail in par. 3.2. This piece of knowledge can be considered as the author´s contribution to the recognition of NAA as a primary method of measurement.
There are no objective criteria how to demonstrate the highest metrological properties of a method. Greenberg suggested [4] that “the highest metrological properties” seems to imply a comparison to other methods of analysis and may include some or all of the following criteria: (1) freedom from bias (or potential accuracy of the method); (2) measurement precision; (3) completeness and magnitude of uncertainty budgets; (4) traceability, and (5) detection limits. In the field of trace element analysis, a comparison between ID-ICPMS and NAA seems appropriate. If we consider the five criteria listed above, the two methods appeared comparable [4]. The direct comparison of the performance of NAA and IDMS at the highest metrological levels has become possible through interlaboratory (key) comparisons conducted by CCQM.  Comparisons of the performance of the two methods in the key comparisons proved similar levels of performance in terms of magnitude of uncertainty statements and agreement (within uncertainties) of the reported values and the accepted values for the studies for a number of elements in various matrices. Hence, in view of similarity of results obtained by NAA and ID-ICPMS, it now seems reasonable to accept that NAA (using the comparator method of standardization) meets all requirements of a primary method of measurement [4].
1.2
Use of NAA in the preparation of reference materials
Reference materials play an essential role in chemical metrology, in laboratory quality assurance procedures. Within this context of quality assurance, reference materials are mostly used for: (1) development, characterization, and validation of analytical methods; (2) internal quality control; (3) external quality assessment. 
Reference material (RM) is a material, sufficiently homogeneous and stable with reference to specified properties, which has been established to be fit for its intended use in measurement or in examination of nominal properties. Certified reference material (CRM) is a RM accompanied by documentation issued by an authoritative body and providing one or more specified property values with associated uncertainties and traceabilities, using valid procedures [9]. The property value in chemical analysis is an amount of substance, e.g., an element or a compound.
The preparation of a matrix RM involves the following steps: (1) material selection; (2) collection; (3) drying; (4) crushing and particle size fractionation; (5) homogenization and homogeneity testing; (6) stability testing; (7) and most importantly characterization – certification of analyte contents.

In view of favourable features of NAA, this technique has been extensively used for the most important steps of the preparation of RMs of chemical composition – for determination of element contents in homogeneity and stability testing, and namely for certification of element contents.

In homogeneity and stability testing, the crucial problem is the differentiation of measurement uncertainty from the uncertainty due to sample inhomogeneity and/or instability. Using NAA in its non-destructive mode, so-called instrumental NAA (INAA), this problem may be solved much more easily than in most other analytical techniques. Unlike non-radiometric methods of analysis, uncertainty modeling in NAA is facilitated by the existence of counting statistics, because this parameter is instantly available from each measurement [10].
The task of certification, defined as the assignment of concentration data which approaches as closely as possible the “true value” within uncertainty limits, is one of the most, if not the most demanding challenges. In this task, NAA plays a very important role as demonstrated in Table 1, which gives examples of the use of NAA in the certification of element contents in various environmental and biological reference materials from two world-leading producers, the US National Institute of Standards and Technology (NIST) and the EC Joint Research Centre, the Institute of Reference Materials and Measurements (IRMM, formerly Community Bureau Reference – BCR). The trade mark of a certified reference material (CRM) produced by NIST is “standard reference material” (SRM).
Table 1. Use of NAA in the certification of element contents in various environmental and biological reference materials [3].

	Reference material
	Na
	Elements certified using NAA
	NAA share, %b
	Year of production

	NIST SRM 1632 Coal
	14
	As, Cd, Cr, Cu, Hg, Mn, V, Zn
	57
	1975

	NIST SRM 1571 Orchard Leaves
	23
	As, Cd, Cr, Cu, Fe, Hg, K, Mg, Mn, Mo, Na, Ni, P, Rb, Sb, Se, U, Zn
	78
	1977

	NIST SRM 1577 Bovine Liver
	12
	Fe, Hg, K, Mn, Na, Se, Zn
	58
	1977

	NIST SRM 1632b Coal
	24
	Al, As, Ba, Ca, Co, Fe, K, Mg, Mn, Na, Rb, Se, Th, Ti, U, Zn
	67
	1997

	NIST SRM 1633b Coal Fly Ash
	23
	Al, As, Ba, Ca, Cr, Fe, K, Mn, Na, Se, Sr, Th, Ti, U, V
	65
	1993

	NIST SRM 1570a Spinach Leaves
	19
	Al, As, Ca, Co, Cu, Hg, K, Mn, Na, Ni, Se, Sr, Th, V, Zn
	79
	1996

	NIST SRM 1573a Tomato Leaves
	21
	Al, As, Ca, Cd, Co, Cu, Cr, Hg, Fe, K, Mn, Na, Ni, Rb, Sb, Se, V, Zn
	86
	1995

	NIST SRM 1577b Bovine Liver
	18
	Ag, Cd, Cl, Cu, Fe, K, Mg, Mn, Mo, Na, Rb, Se, Zn
	72
	1991

	NIST SRM 1577c Bovine Liver
	20
	Ag, As, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, S, Se, V, Zn
	90
	2008

	BCR CRM 038 Coal Fly Ash
	13
	As, Cd, Co, Cr, Cu, F, Fe, Hg, Mn, Na, Zn 
	85
	1995

	BCR CRM 277 Estuarine Sediment
	10
	As, Cr, Hg, Sc, Se, Zn
	50
	1988

	BCR CRM 101 Spruce needles
	9
	Al, Ca, Cl, Mg, Mn, P, Zn
	78
	1990


a - number of elements certified; b – share of NAA in the certification 
Table 1 shows that the share of NAA in the certification, which exceeds that of any other analytical technique, does not significantly change with time. Now, after recognition of NAA as a primary method of measurement, it can be expected that the role of NAA in this field of chemical metrology will become even more important.
2
EXPERIMENTAL
The results reported were achieved within last 30 years using facilities and equipment, which underwent many improvements. Therefore, it appears reasonable to list only a range of parameters of facilities available in the author’s laboratory and procedures developed during last 30 years.

Irradiations were carried out in a nuclear reactor at Řež (nowadays LVR-15 reactor), which was operated at 2 – 9 MW power. Thermal, epithermal and fast neutron fluence rates were in the range of 1∙1013 cm-2 s-1 to 8∙1013cm-2 s-1, 5∙1012 cm-2 s-1 to 3∙1013cm-2 s-1 and 7∙1012 cm-2 s-1 to 2∙1013cm-2 s-1, respectively. Short-time irradiation (10 s – 5 min.) was performed in polyethylene transport containers (rabbits) with the aid of a pneumatic transfer facility with a transport time, which was shortened from 25 s to 3.5 s. Long-time irradiation (1 hour to several days) was carried out in Al irradiation cans. For irradiation with epithermal neutrons, special capsules lined with or made of 1 mm-thick cadmium were used. 

Gamma-ray spectrometry measurements were carried out with HPGe coaxial detectors with relative efficiency ranging from 11 % to 53 %, FWHM resolution 1.85 – 1.75 keV for the 1332.5 keV photons of 60Co. In the mid-1990’s a well-type HPGe detector and a planar HPGe detector became available. The former detector has an active volume of 150 cm3 and FWHM resolution of 2.1 keV for the 1332.5 keV photons of 60Co, the latter detector has an active area of 200 mm2, thickness 13 mm and FWHM resolution of 510 eV for the 122 keV photons of 57Co. Nowadays these detectors are connected to a Canberra Genie 2000 gamma-spectrometer through the chain of associated linear electronics equipped also with a Canberra 599 Loss Free Counting module. Counting times varied from several seconds to several days as a function of the half-life and activity of radionuclides measured. 
The INAA procedures are given in detail in the respective references. Since Kučera and Zeisler [11] demonstrated that RNAA is most frequently the most effective means of optimization in NAA and yields the lowest detection limits and uncertainties, a number of RNAA procedures were also developed and employed. These procedures are briefly described in Tables 2 and 3 and their details can be found in the corresponding references.
Table 2. Single-element RNAA procedures for assay of biological and environmental samples
	Element
	Nuclear reaction
	Sample decomposition
	Separation
	Ref.

	Si
	30Si(n,()31Si
	Alkaline-oxidative fusion with Na2O2 + NaOH
	Distillation of SiF4
	12

	V
	51V(n,()52V
	Pre-irradiation dry ashing in air followed by post-irradiation wet ashing in a mixture of H2SO4 + HNO3 + HClO4
	Extraction with N-benzoyl-phenyl-hydroxylamine
	13

	Cr
	50Cr(n,()51Cr
	Wet ashing in a mixture of HNO3 + HClO4
	Extraction with tribenzylamine
	14

	Mn
	55Mn(n,()56Mn
	Wet ashing in a mixture of HNO3 + HClO4
	Precipitation of hydrated MnO2
	15

	I
	127I(n,()128I
	Alkaline-oxidative fusion with Na2O2 + NaOH
	Extraction of elementary I with CHCl3
	16

	Re
	185Re(n,()186Re

187Re(n,()188Re
	Microwave assisted wet ashing in a mixture of  HNO3 + HF or alkaline-oxidative fusion with Na2O2 + NaOH
	Extraction with tetraphenylarsonium chloride or methylethylketone or solid extraction with trioctyl-methylammonium chloride
	17,18

	Pt
	198Pt(n,()199Pt→

199Au
	Wet ashing in a mixture of HNO3 + HClO4
	Coprecipitation of  elementary Au with Se by ascorbic acid
	19

	Tl
	203Tl(n,()204Tl

203Tl(n,2n)202Tl
	Wet ashing in a mixture of  HNO3 + HClO4  (+ HF)
	Extraction with Na diethyldithiocarbamate
	20


Table 3. Multi-element RNAA procedures for assay of biological and environmental samples
	Element (nuclide)
	Sample decomposition
	Separation
	Ref.

	Rare earth elements
	Alkaline-oxidative fusion with Na2O2 + NaOH 
	Precipitation with oxalic acid
	21,22

	Cu, As, Mo, Cd, Sb
	Wet ashing in a mixture of H2SO4 + HNO3 + H2O2
	Extraction with Zn diethyldithiocarbamate
	23,24

	Co, Ni (58Co)
	Wet ashing in a mixture of HNO3 + HClO4
	Ion exchange chromatography using Dowex 2x8
	25

	Hg, Se
	Microwave assisted wet ashing in HNO3 
	Extraction with Ni diethyldithiocarbamate and precipitation of elemental Se with ascorbic acid
	23

	I, Mn 
	Alkaline-oxidative fusion with Na2O2 + NaOH
	Extraction of elementary I with CHCl3 and precipitation of hydrated MnO2 or Mn extraction with Na diethyldithiocarbamate
	26


3
RESULTS AND DISCUSSION
3.1

Self-verification principle of NAA

Among the favourable features of NAA listed in Ch. 1, the possibility to determine a particular element using different neutron induced reactions of its isotopes is a very special one, which has no analogy in other analytical techniques. Since it forms the basis for a unique ability to verify analytical data that NAA produces, Byrne and Kučera termed this special property the self-verification principle [2,27]. Fig. 3 shows the basic elements of the self-verification principle in NAA. The primary source of the independence of the analytical data is the essentially isotopic nature of NAA, i. e., activation of different isotopes of the same element, and the possibility of using different, again essentially independent, isotopic nuclear reactions, such as (n, (), (n,p), (n,(), (n,2n), (n,f) in NAA. For example, it has been shown [2] that more than 25 elements most frequently assayed in biological and environmental matrices can be determined by at least two independent reactions giving gamma emitting radionuclides.
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Fig. 3. Block diagram of strategies for self-verification in NAA
Fig. 4 shows an example of self-verification of INAA results for Se in human red blood cells using two independent nuclear reactions 74Se(n,γ)75Se and 76Se(n,γ)77mSe [28].
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Fig. 4. Self-verification of INAA results for Se in human red blood cells using two independent nuclear reactions

In addition to the undoubted independence of analytical data provided by NAA using different isotopic reactions, other elements of independence exist in NAA methods. Internally independent routes to analytical information in NAA can be provided by several ways: 

i) using the different modes of NAA non-destructive, instrumental NAA (INAA) or radiochemical NAA (RNAA);
ii) using selective activation with thermal, epithermal and fast neutrons (denoted TNAA, ENAA, and FNAA in Fig. 3, respectively); 


iii) using selective measurement techniques ((-, (-, and X-ray spectrometry, Compton suppression counting in  (-ray spectrometry, (-( or (-( coincidence counting, ( and Cherenkov counting, and delayed neutron or fission track counting for uranium determination); 


iv) using combinations of the above.
Table 4 demonstrates the self-verification principle for results of Tl, U and I using independent routes of their determination by NAA.
Table 4. Results for NIST SRM 1633a Coal Fly Ash using the self-verification principle of NAA [28]
	Element (unit)
	Nuclear reaction
	NAA mode
	This work
	NIST value

	Tl (μg g-1)
	203Tl(n,2n)202Tl
	RNAAa
	5.70 ( 0.57
	5.7 ( 0.2

	
	203Tl(n,()204Tl
	RNAAb
	5.58 ( 0.25
	

	
	203Tl(n,()204Tl
	RNAAc
	5.41 ( 0.67
	

	
	203Tl(n,()204Tl
	RNAAd
	5.80 ( 1.14
	

	U (μg g-1)
	238U(n,(,(-)239Np
	INAA
	10.4 ( 0.3
	10.2 ( 0.1

	
	238U(n,f)131I
	RNAA
	10.3 ( 0.4
	

	I (μg g-1)
	127I(n,()128I
	INAAe
	0.47 (2)
	-

	
	127I(n,()128I
	RNAAf
	0.441 ( 0.043
	

	
	127I(n,2n)126I
	RNAAg
	0.446 ( 0.025
	


a: counting of γ-rays of 202Tl; b: counting of Hg X-rays of 204Tl; c:  LSC of 204Tl; d: counting of Cherenkov radiation of 204Tl; e: pre-irradiation separation; f: KOH fusion; g: O2 combustion

Use of the above four strategies (i) – (iv) (and different isotopic routes) provides assurance that the errors to which NAA is liable, like all analytical techniques, will be reduced or at least altered in the alternative route. The more elements of independence are combined, the less the likelihood of repeating  the same error. The great range and variety of possible modes available in NAA should be considered a valuable asset. The belief that multiple data on an element are redundant or methods superfluous is contrary to the principle of consistency through diversity. To conclude, the possibility to determine a particular element using different neutron induced reactions of its isotopes, together with the ability to perform the analysis both by INAA and RNAA, with additional options for internally cross-checking the results obtained by various methodological approaches in NAA enhances the credibility of the data obtained.
3.2
Uncertainty quantification in NAA
Uncertainty (of measurement) is defined [9] as ”non-negative parameter characterizing dispersion of the quantity values being attributed to a measurand, based on the information used”. Its quantification is of utmost importance in all types of measurement, and therefore guidelines with examples were developed for some analytical techniques for better understanding of this evaluation methodology by the analytical community. Recently, the International Atomic Energy Agency (IAEA) took the initiative in developing such guidelines with examples for selected nuclear and nuclear related measurement techniques, involving also NAA, in the form of a technical document (TECDOC). The author participated in the preparation of this TECDOC [29] and also published one of the very first papers on quantification of uncertainty in NAA [30]. For sake of simplicity, only quantification of uncertainty in relative (comparator) NAA will be discussed here.
In general, the sources of standard uncertainty ui can be grouped according to the individual steps of analysis into four categories: (1) preparation of the sample and comparator (standard, neutron fluence rate monitor); (2) irradiation; (3) (-ray spectrometry measurement; and (4) radiochemical separation, if performed. The list of the standard uncertainties of the above categories and their typical values are listed in Table 5.
Table 5. Uncertainty sources and their typical values in NAAa
	Source of uncertainty
	Typical ui, %b

	Sample and comparator preparation, u1
	

	Mass determination of a sample, u1a
	0.015- 0.1 %

	Mass determination of comparators, u1b
	0.075 - 0.2 %

	Mass changes of samples due to moisture uptake during weighing
	negligible-1 %

	Concentration of comparators (standards), purity and stoichiometry of chemicals used for the preparation of standards, u1d
	0.1-several %

	Variation of isotopic abundance, u1e
	negligible for most elements

	Blank variation and the necessary correction (due to analyte content in an irradiation vial), u1f
	0.1- several %

	Irradiation, u2
	

	Irradiation geometry differences, u2a
	< 0.1 - 0.5 %

	Neutron self-shielding/scattering differences, u2b
	~ 0.1 %  in most cases

	Duration (ttiming) of irradiation, u2c
	negligible - 0.3 %

	Nuclear reaction interferences, u2d
	negligible - ~ 1 %

	Neutron spectrum variations in time and space, u2e
	negligible - ~ 1 %

	Volatilization losses during irradiation, u2f
	negligible - several %

	(-ray spectrometry measurement, u3
	

	Counting statistics, u3a
	usually 0.2 - 30 %

	Counting geometry differences, u3b
	~ 0.1 - 5 %

	Pulse-pileup corrections (random coincidences), u3c
	~ 0.1 - 0.5 %

	True coincidences (cascade summing), u3d
	~ 1%c

	Live time corrections, u3e
	negligible in most cases

	- Continuation -

	Source of uncertainty
	Typical ui, %b

	Decay timing corrections, u3f
	negligible in most cases

	Duration (timing) of counting, u3g
	negligible in most cases

	(-ray self-shielding, u3h
	~ 0.1 - ~ 0.5 %

	(-ray interferences, u3i
	~ 0.3 - ~ 1 %

	Peak integration method, u3j
	~ 0.5 - several %

(for multiplets)

	Blank correction (due to counting room/shielding background), u3k
	negligible in most cases

	Radiochemical separation, u4
	

	Mass determination of stable carrier and/or radiotracer, u4a
	0.02 - 0.5 %

	Yield determination, u4b
	~ 0.3 - ~ 0.5 %

	Isotopic exchange between the radioindicator and radiotracer and/or stable 
carrier, u4c
	negligible in most cases


a - for details see Refs. 29,30

b - relative standard uncertainty
c - irrelevant in relative standardization

An example of uncertainty evaluation for low-level manganese determination in biological material, which requires the use of RNAA, was reported in [30]. A sample and a Mn standard (comparator) were irradiated simultaneously (with the same neutron fluence), Mn was separated by a radiochemical procedure [15] and counted immediately after separation with a HPGe detector. Afterwards, the manganese standard was counted with the same detector and in the same conditions (counting geometry).
For this case, and considering that the ratios[image: image17.wmf]q
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Since equation (3) involves only multiplication and division of independent quantities, the combined uncertainty uc(cMn) can be calculated according to equation
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Obviously, the quantities given in equation (3) do not directly represent all possible sources of uncertainties as listed in Table 5. Therefore, to be able to demonstrate that the uncertainty budget is complete and corresponds with the measurement equation, it has been suggested to project variables not contained in equation 3 into those that are included in this equation (e.g., all uncertainty sources originating from irradiation and γ-ray spectrometry can be projected into the 
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 quantities) as schematically depicted in the cause and effect (Ichikawa) diagram in Fig. 5.
Fig. 5. Cause and effect diagram of uncertainty sources in RNAA
Then, sources of uncertainty that are irrelevant in relative standardization or negligible can be left out and the combined uncertainty calculated according to equation (4) as was illustrated in [29,30]. 
3.3
Use of NAA in the certification of reference materials
Realizing the advantageous features and the indispensable role of NAA in the preparation of reference materials, the author participated in homogeneity testing and certification analyses of numerous environmental and biological RMs of chemical composition using both INAA and RNAA procedures since the late 1980’s. Table 6 shows the main accomplishments that were achieved in  

Table 6. Activities in the preparation of reference materials of various producers

	RM code
	Producer
	Method
	Activity
	Ref.

	Coal Fly Ash ENO, ECH, EOP, ECO
	IRANT, Košice
	INAA
	Homogeneity tests, certification analyses for up to 32 elements
	31,32

	Bovine Liver, Bovine Kidney, Bovine Muscle
	CZIM, Bratislava
	INAA, RNAA
	Homogeneity tests, certification analyses for up to 22 elements, evaluation of certification campaign
	33,34

	Green Algae 12-02-02, Lucerne 12-02-03, Wheat Bread Flour 12-02-04, Rye Bread Flour 12-02-05
	IRANT, Košice
	INAA, RNAA
	Homogeneity tests, certification analyses for up to 27 elements
	35

	CRM 7001 Light Sandy Soil, CRM 7002 Light Sandy Soil,

CRM 7003 Silty Clay Loam,

CRM 7004 Loam
	ČMI, Brno
	INAA
	Homogeneity tests and certification analyses for up to 28 elements, evaluation of certification campaign for total element contents and extractable fractions
	36,37

	Apatite Concentrate CTA-AC-1,

Fine Fly Ash CTA-FF-1, Oriental Tobacco Leaves CTA-OTL-1, Virginia Tobacco Leaves CTA-VTL-1
	INCT, Warsaw
	INAA, RNAA
	Certification analyses for up to 34 elements
	38

	IAEA A-11 Milk Powder, IAEA H-4 Animal Muscle, IAEA A-13 Freeze Dried Animal Blood, IAEA H-8 Horse Kidney, IAEA H-9 Mixed Human Diet
	IAEA, Vienna
	RNAA
	New data on Cu and Mn
	15,39

	Single cell green algae RMs with managed levels of heavy metals IAEA-391, IAEA-392, IAEA-393 
	IAEA, Vienna
	INAA,

RNAA
	Certification analyses for up to 22 elements
	40

	- continuation -

	RM code
	Producer
	Method
	Activity
	Ref.

	IAEA Reference Air Filters (RAF)-I, IAEA Reference Air Filters-II
	IAEA, Vienna
	INAA
	Preparation of RAF, homogeneity testing and certification analyses for up to 35 elements, evaluation of the certification campaign
	41-43

	IRMM-530 Al-0.1 % Au alloy
	IRMM, Geel
	INAA
	New data on Au content
	44

	IRMM-540R, IRMM-541 Uranium-doped glass
	IRMM, Geel
	INAA
	Certification analyses for uranium
	45

	NIST SRM-1515 Apple Leaves,

NIST SRM-1515 Peach Leaves
	US NIST, Gaithersburg
	INAA, RNAA
	Certification analyses for 28 elements
	46,47

	NIST SRM-1573a Tomato Leaves
	US NIST, Gaithersburg
	INAA, RNAA
	Certification analyses for 28 elements
	38,47

	NIST SRM-1570a Spinach Leaves
	US NIST, Gaithersburg
	INAA, RNAA
	Certification analyses for 20 elements
	47

	NIST SRM-2783 Air Particulate on Filter Media
	US NIST, Gaithersburg
	INAA
	Certification analyses for 23 elements
	47

	NIST SRM-1648 Urban Particulate Matter
	US NIST, Gaithersburg
	INAA
	New data for V and Mn
	47,48

	NIST SRM-1577c Bovine Liver
	US NIST, Gaithersburg
	RNAA
	Certification analyses for V and Ni
	49


co-operation with Czechoslovak (later Czech) producers of RMs and those from abroad, namely the Polish Institute of Nuclear Chemistry and Technology (INCT), the International Atomic Energy Agency (IAEA), the Institute of Reference Materials and Measurement (IRMM – Joint Research Centre of the European Commission), and the US National Institute of Standards and Technology (NIST). Only those results are included in Table 6 that were achieved during the preparation of the individual RMs and within their certification campaign, i.e., prior to certified and/or noncertified values of element contents were divulged. Exceptions are analyses that were carried out to confirm and/or to correct the existing certified values (Cf. par. 3.4). It may also be mentioned that only those results are shown in Table 6 that were published in a refereed journal or were acknowledged in the respective certificates (except for participations in the certification of IRMM RMs). Since it is not possible to present all author’s results in this work in detail, only selected examples are given to illustrate and/or to highlight some of the major achievements. 
Regarding testing homogeneity of element contents, Fig. 6  demonstrates a wide dynamic range of INAA, which allows to test inhomogeneities of a number of elements, whose contents differ from per cent down to mg·kg-1, as was achieved in homogeneity testing of soil CRM No. 7004 [36].

[image: image39.emf]0.1

1

10

100

1000

10000

100000

0 1 2 3 4 5 6

s

h

, %

c, mg kg

-1

Al

Fe

K

Ca

Ti

Na

Mn

Ba

Rb

Zn

V

W

Th

Ta

U

Sb

Lu

Tb

Yb

Br

Ce

Cr

As

Co

Sc

La

Cs

Hf

Sm

Eu


Fig. 6. Relative inhomogeneity, sh, of elements with various contents in soil CRM No. 7004 as determined by INAA

Table 7 gives an example of multielement performance of both INAA and RNAA procedures applied in the author’s laboratory in the certification campaign of NIST SRM-1573a Tomato Leaves.

Table 7. Element contents in NIST SRM 1573a Tomato Leaves (dry mass)

	Element,
	This work (N=6)
	NIST valueb

	unit
	Method
	Mean \SYMBOL 177 \f "Symbol" Ua
	

	As, ng·g-1
	RNAA
	109.6 \SYMBOL 177 \f "Symbol" 4.1
	112 \SYMBOL 177 \f "Symbol" 4

	Ba, \SYMBOL 109 \f "Symbol"g·g-1
	INAA, 139Ba
	57.1 \SYMBOL 177 \f "Symbol" 12.2
	(63)

	
	INAA, 131Ba
	63.0 \SYMBOL 177 \f "Symbol" 3.8
	

	Br, \SYMBOL 109 \f "Symbol"g·g-1
	INAA
	1189 \SYMBOL 177 \f "Symbol" 33
	(1300)

	Ca, %
	INAA
	4.970 \SYMBOL 177 \f "Symbol" 0.143
	5.05 \SYMBOL 177 \f "Symbol" 0.09

	Cd, \SYMBOL 109 \f "Symbol"g·g-1
	RNAA
	1.55 \SYMBOL 177 \f "Symbol" 0.06
	1.52 \SYMBOL 177 \f "Symbol" 0.04

	Cl, \SYMBOL 109 \f "Symbol"g·g-1
	INAA
	6647 \SYMBOL 177 \f "Symbol" 102
	-

	Co, \SYMBOL 109 \f "Symbol"g·g-1
	INAA
	0.561 \SYMBOL 177 \f "Symbol" 0.021
	0.57 \SYMBOL 177 \f "Symbol" 0.02

	Cr, \SYMBOL 109 \f "Symbol"g·g-1
	INAA
	1.95 \SYMBOL 177 \f "Symbol" 0.03
	1.99 \SYMBOL 177 \f "Symbol" 0.06

	Cs, ng·g-1
	INAA
	51.6 \SYMBOL 177 \f "Symbol" 5.1
	(53)

	Cu, \SYMBOL 109 \f "Symbol"g·g-1
	RNAA
	4.64 \SYMBOL 177 \f "Symbol" 0.14
	4.70 \SYMBOL 177 \f "Symbol" 0.14

	Eu, ng·g-1
	INAA
	36 \SYMBOL 177 \f "Symbol" 3
	-

	Fe, \SYMBOL 109 \f "Symbol"g·g-1
	INAA
	369 \SYMBOL 177 \f "Symbol" 17
	368 \SYMBOL 177 \f "Symbol" 7

	Hf, ng·g-1
	INAA
	128 \SYMBOL 177 \f "Symbol" 4
	(140)

	Hg, ng·g-1
	RNAA
	33.4 \SYMBOL 177 \f "Symbol" 1.2
	34 \SYMBOL 177 \f "Symbol" 4

	K, %
	INAA
	2.681 \SYMBOL 177 \f "Symbol" 0.064
	2.70 \SYMBOL 177 \f "Symbol" 0.05

	La, \SYMBOL 109 \f "Symbol"g·g-1
	INAA
	2.26 \SYMBOL 177 \f "Symbol" 0.06
	(2.3)

	Mn, \SYMBOL 109 \f "Symbol"g·g-1
	INAA
	247.1 \SYMBOL 177 \f "Symbol" 4.7
	246 \SYMBOL 177 \f "Symbol" 8

	Mo, ng·g-1
	RNAA
	463 \SYMBOL 177 \f "Symbol" 33
	(460)

	Na, \SYMBOL 109 \f "Symbol"g·g-1
	INAA
	133 \SYMBOL 177 \f "Symbol" 4
	136 \SYMBOL 177 \f "Symbol" 4

	Rb, \SYMBOL 109 \f "Symbol"g·g-1
	INAA
	14.6 \SYMBOL 177 \f "Symbol" 0.3
	14.89 \SYMBOL 177 \f "Symbol" 0.27

	Sb, ng·g-1
	RNAA, 122Sb
	61.9 \SYMBOL 177 \f "Symbol" 8.8
	63 \SYMBOL 177 \f "Symbol" 6

	
	INAA, 124Sb
	59.9 \SYMBOL 177 \f "Symbol" 9.7
	

	Sc, ng·g-1
	INAA
	101 \SYMBOL 177 \f "Symbol" 3
	(100)

	Se, ng·g-1
	RNAA
	57.6 \SYMBOL 177 \f "Symbol" 5.8
	54 \SYMBOL 177 \f "Symbol" 3

	Sm, ng·g-1
	INAA
	0.19 \SYMBOL 177 \f "Symbol" 0.02
	(0.19)

	Sr, \SYMBOL 109 \f "Symbol"g·g-1
	INAA
	80.4 \SYMBOL 177 \f "Symbol" 6.9
	(85)

	Th, ng·g-1
	INAA
	116 \SYMBOL 177 \f "Symbol" 6
	(120)

	V, \SYMBOL 109 \f "Symbol"g·g-1
	INAA
	0.81 \SYMBOL 177 \f "Symbol" 0.20
	0.835 \SYMBOL 177 \f "Symbol" 0.01

	
	RNAA
	0.78 \SYMBOL 177 \f "Symbol" 0.06
	

	Zn, \SYMBOL 109 \f "Symbol"g·g-1
	INAA
	30.1 \SYMBOL 177 \f "Symbol" 1.1
	30.9 \SYMBOL 177 \f "Symbol" 0.7


a - expanded uncertainty (coverage factor k=2) 

b - values with uncertainty are certified, noncertified values are in parenthesis

An excellent agreement can be seen in Table 7 between the author’s results and NIST certified or noncertified values of element contents. This proves that highly accurate INAA and RNAA procedures were developed in the author’s laboratory. The self-verification principle of NAA was employed whenever possible (Cf. values for Ba and Sb in Table 7).

Another example of multielemental capability of NAA and the possibility to perform analysis non-destructively concerns certification analyses of NIST SRM-2783 Air Particulate on Filter Media as illustrated in Fig. 7.
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Fig. 7. Comparison of NIST certified values (diamonds, ref. 47) with INAA results achieved in the author’s laboratory for loaded filters (squares) of NIST SRM 2783 
It is obvious that the author’s results agree with the NIST certified values within uncertainty margins.
Sometimes it is not the multielemental capability of NAA, but the requirement of accurate determination of selected elements, which is needed in the certification of specific RMs. For instance, when IRMM prepared two RMs of uranium doped glass for fission track dating, IRMM-540R and IRMM-541, several laboratories experienced in uranium determination using various analytical techniques were needed. One of them (coded Lab 07 in Table 8) was the author’s laboratory using INAA. Table 8 shows results of characterization tests obtained at 8 laboratories.
Table 8. Results of characterization tests obtained at 8 laboratories on IRMM-540R samples (top) and IRMM-541 samples (bottom) [45]
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Recently, NIST has prepared a freeze-dried powdered bovine liver tissue SRM to renew supply of the benchmark material SRM 1577b Bovine Liver. The collection and preparation of this material was performed under strict control of contamination resulting in a unique SRM with very low levels of some trace elements typical for uncontaminated biological tissues. The inclusion of RNAA procedures for the determination of V and Ni at the author’s laboratory was essential to meet NIST criteria [50] for assignment of mass fractions of these elements. Table 9 compares RNAA results for V and Ni with the NIST certified values, which were obtained by combining the values found in this work [49] with ICP-MS and preseparation-NAA values obtained previously at NIST.
Table 9. Comparison of RNAA results for V and Ni with NIST certified values for NIST SRM 1577c Bovine Liver.

	Element, ng·g-1 
	V 
	Ni

	Author’s resultsa
	8.4 ± 1.0
	44.0 ± 6.4

	NIST valuea
	8.17 ± 0.66
	44.5 ± 9.2


a – expanded uncertainties with coverage factor of 2 are given
3.4
Use of NAA in the detection of errors

It is not only the frequent use of NAA that reflects its importance in the RM certification, but the technique has many times helped in resolving of discrepant analytical data and there are also several examples that the consistent application of NAA advantages lead to the corrections of originally certified values. Recommended values of Cu and Mn in RM Milk Powder A-11 prepared by the International Atomic Energy Agency (IAEA) at the end of the 1980´s from an open intercomparison were questioned, because there was disagreement between NAA and AAS results [39]. A follow-up study was organized later in selected laboratories, largely using NAA. The NAA author’s results also helped in establishing newly assigned values of Cu and Mn in IAEA RM A-11 Milk Powder [51] as demonstrated in Table 10.
Table 10. Comparison of old and new values for Cu and Mn in IAEA RM A-11 Milk Powder

	Element, unit
	Originally assigned value [51]
	Author’s results [15,39]
	Newly assigned value [51]

	Cu, ng·g-1
	838 ± 450
	400 ± 20
	378 ± 31

	Mn, ng·g-1
	377 ± 177
	258 ± 14
	257 ± 6


While the above case concerned the correction of data obtained in an open intercomparison, the author also noticed differences of his INAA results and NIST values for Mn and V in NIST SRM 1648 Urban Particulate Matter and succeeded in demonstrating the accuracy of his data. In 1998, his finding has led to a change of the NIST values assigned in 1982 to the new values as given in Table 11.
Table 11. Comparison of old and new values for Mn and V in NIST SRM-1648 Urban Particulate Matter

	Element, unit
	Original NIST valuesa
[47 ]
	Author’s results

[48 ]
	New NIST valuesa
[47 ]

	Mn, µg·g-1
	(860)
	768 ± 18
	786 ± 17

	V, µg·g-1
	140 ± 3
	128 ± 4
	127 ± 7


a-NIST values with uncertainty are certified, noncertified values are in parenthesis
Noteworthy, this was only the second case, where data for environmental and/or biological reference materials obtained outside NIST has led to a correction of the NIST certified values of element contents.
Al-0.1% Au alloys with known uncertainty of their Au content are widely used in the k0-NAA standardization and other nuclear-analytical applications for neutron spectrum and fluence measurements. Inconsistency of the certified Au content in the IRMM-530 RM with declared Au value in the 602D Al-0.1% Au alloy produced by Reactor Experiments (R/X, USA) was found in several laboratories, indicating that one of the values was biased by about 3-5 %. This would have a dramatic effect on the accuracy of neutron flux measurements, and consequently on the accuracy of  k0-NAA results. Therefore, the Au content and its homogeneity in the alloys were examined in the author’s laboratory. Table 12 summarizes the results obtained.
Table 12. Results of Au determination in Al-0.1 % Au alloys

	Material
	Overall mean ± uc
	N
	Catalogue value

	IRMM-530 foil
	0.0999 ± 0.00038
	19
	0.1000 ± 0.0020

	IRMM-530 wire
	0.1003 ± 0.00036
	34
	0.1000 ± 0.0020

	R/X 602D wire
	0.1073 ± 0.00065
	24
	0.1124


The mean value found in the author’s laboratory for the IRMM-530 foil and wire was in excellent agreement with the IRMM certified value, while that for the R/X wire was found by 4.5 % lower compared to the declared value.
4 CONCLUSIONS AND OUTLINE OF FUTURE RESEARCH AND EDUCATION ACTIVITIES
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The prominent position of NAA in chemical metrology, namely in homogeneity tests and certification of element contents in reference materials, use of the technique in the detection of errors, etc., has been demonstrated. It can be expected that after the recent recognition of NAA as a primary method of measurement, the important and indispensable position of NAA among other trace element analytical techniques in the field of chemical metrology will further be enhanced. 
Until now, however, only non-destructive, instrumental NAA (INAA) with relative (comparator) standardization has been given the status of primary method of measurement. Therefore, it is desirable to achieve the same status for other modes of NAA, such as NAA with radiochemical separation (RNAA), NAA with k0 standardization, etc. Theoretically, this seems easy for RNAA, because equation (1) can be changed as 
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where 
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= yield of chemical separation, which can be determined in several ways and a complete uncertainty budget can be provided for determination of 
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. However, it necessary to convince CCQM again that for RNAA: (1) a complete uncertainty statement can be written down in terms of SI units (or ratios) and (2) the method has the highest metrological properties. For this reason, it appears necessary to continue in maintaining and developing of such RNAA procedures in which the chemical yield of separation can be determined directly for each measurement, i.e., by using a suitable radiotracer, reactivation of the added inactive carrier or with the aid of another primary method of measurement, e.g., by gravimetry as frequently exemplified in the author’s laboratory. From the metrological point of view, determination of the chemical yield of separation in “model” experiments appears rather problematic.
For k0-NAA standardization, which is not discussed in this work, it will be somewhat more complicated to prove that this standardization mode meets all requirements of a primary method of measurement as given in par. 1.1, but theoretically it is feasible. Implementation and validation of this standardization method in NAA has recently been started in the author’s laboratory.
In education, the goals given in the above motto can be accomplished in two stages. First is the basic, theoretical education concerning principles of analytical methods, and in the context of this work, especially nuclear analytical methods. This is well cover by several courses pursued at the Faculty of Nuclear Sciences and Physical Engineering of CTU in Prague, which can generate analysts “with a good insight into the merits and demerits of a given analytical technique”. However, “the knowledgeable analyst” from the above motto also means an analyst with some, as much as possible, experience. The required experience can only be obtained in practical exercises. This can be best achieved by inclusion of students into research projects and in postgraduate studies, preferably in co-operation with well-experienced tutors. Such activities should start as early as possible in the curricula, because they represent one of the most efficient instruments in motivating the students and getting them acquainted with the current state-of-art of the individual disciplines.

In the field of chemical metrology, namely in quality assurance of nuclear and other analytical methods, building and increasing awareness of this rapidly developing scientific field appears a very important, if not even imperative task. This topic is only partly covered in the existing courses at the Faculty of Nuclear Sciences and Physical Engineering of CTU in Prague, including that one of the author for postgraduate students. For instance, the concept of uncertainty and traceability of chemical measurements (analyses), which form the basis of comparability of these measurements among laboratories worldwide needs more attention. The author is prepared to develop such a course, as has also been discussed with head of the Nuclear Chemistry Department of the Faculty of Nuclear Sciences and Physical Engineering of CTU in Prague. It can be expected that such a course may be attractive not only for students of this department.
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„THE ANALYST is the most important component of any analytical process. With a good insight into the merits and demerits of a given analytical technique and available instrumentation, only a knowledgeable analyst may be expected to generate reliable analytical results.“ [52]
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				K		5280		5800		4760

				K								5420		5940		4900

				Mg		8620		9140		8100

				Mg								8600		9400		7800

				Mn		320		332		308

				Mn								330		345		315

				Na		1860		1960		1760

				Na								1920		2090		1750

				Sb		71.8		74.4		69.2

				Sb								75		84		66

				Ti		1490		1730		1250

				Ti								1470		1630		1310

				V		48.5		54.5		42.5

				V								49.5		52		47

				Zn		1790		1920		1660

				Zn								1750		2020		1480
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P5VYSL

		Výsledky stanovení prvků v půdě 5 (těžká, kontaminovaná), ug/g (pokud není uvedeno jinak)

		Al, %		As		Ba		Br		Ca, %		Cd		Ce		Co		Cr		Cs		Eu		Fe, %		Hf		Hg		K, %		La		Lu		Mn		Na, %		Nd		Ni		Rb		Sb		Sc		Se		Sm		Ta		Tb		Ti		Th		U		V		W		Yb		Zn

		6.232		55.51		554		5.6		1.534		< 7		103.9215		19.49		85.5055		17.56285		1.4450375		3.976		9.5529025		< 0.7		2.04		44.926975		0.47		880		0.502		37.03705		< 120		169.52925		3.5677225		12.22		< 1.4		8.2231025		3.0646875		0.89		0.831		13.066025		4.33		125		53.416275		2.77		242.42675

		6.079		56.416		531		5.4		1.39		< 7		102.42875		19.42		86.9544		17.50815		1.4388525		3.951		9.527175		< 0.7		2.035		44.39355		0.49		845		0.505		33.64755		< 120		169.68975		3.4822125		12.13		< 1.4		8.319975		3.123875		0.81		0.796		12.641625		4.56		124		53.96185		2.85		239.52825

		6.082		57.57995		580		5.9		1.458		< 7		102.283		19.4		87.171975		17.606		1.443535		3.945		9.3973275		< 0.7		2.075		44.5933		0.49		850		0.506		31.38315		< 120		169.57		3.7803975		12.15		< 1.4		8.3420625		3.044805		0.82		0.791		12.986675		4.51		130		55.3172		2.65		243.1265

		6.294		56.753775		566		5.4		1.463		< 7		104.76975		19.55		86.92375		17.87085		1.42989		3.992		9.468125		< 0.7		2.04		44.87015		0.46		868		0.506		33.211075		< 120		172.7845		3.5802175		12.25		< 1.4		8.318205		3.2642675		0.91		0.846		12.921825		4.68		125		52.77675		2.75		248.336

		6.147		58.22285		574		6		1.448		< 7		104.533		19.67		87.717025		17.784025		1.4665925		3.998		9.64381		< 0.7		2		44.75055		0.45		854		0.507		35.161325		< 120		169.805		3.9642925		12.28		< 1.4		8.30056		3.0371525		0.88		0.772		13.222		4.69		125		52.742575		2.71		249.8525

		6.239		56.85495		583		6		1.383		< 7		103.5035		19.51		84.9183		17.595225		1.4233075		3.966		9.40134		< 0.7		2.016		44.6662		0.52		864		0.506		21.007125		< 120		172.0555		3.499		12.14		< 1.4		8.3670625		3.05475		0.84		0.808		13.39495		4.77		128		54.144075		3.01		252.718

		6.136		56.967125		547		5.8		1.483		< 7		101.835325		19.21		85.040375		17.323525		1.4233875		3.926		9.3372875		< 0.7		2.029		44.57875		0.49		846		0.503		37.087525		< 120		170.257		3.44277		12.02		< 1.4		8.276595		3.0977075		0.82		0.81		12.878425		4.56		126		55.446175		2.81		251.62875

		6.283		55.602025		546		5.8		1.456		< 7		100.815		19.44		84.44605		17.4243		1.4195875		3.934		9.197335		< 0.7		2.02		44.28575		0.5		876		0.504		31.07775		< 120		173.41175		3.4607075		12.07		< 1.4		8.14533		2.95874		0.82		0.817		12.526575		4.73		127		53.340975		2.69		253.19675

		6.325		56.086275		570		5.9		1.384		< 7		100.18605		19.36		85.0177		17.4672		1.440295		3.94		9.5016025		< 0.7		1.988		43.733225		0.49		888		0.501		33.697225		< 120		173.17725		3.76927		12.11		< 1.4		8.17054		3.100605		0.82		0.798		12.5691		4.83		131		55.082925		2.68		248.641

		6.185		55.92225		582		6.4		1.49		< 7		104.4795		19.36		84.737025		17.6343		1.45615		3.954		9.4798325		< 0.7		2.024		44.9795		0.49		862		0.5		36.094425		< 120		172.95		3.473775		12.15		< 1.4		8.3485275		3.0471475		0.82		0.815		13.16665		4.79		124		55.362375		2.77		249.053

		6.2002		56.59152		563.3		5.82		1.4489		< 7		102.8755375		19.441		85.84321		17.5776425		1.4386635		3.9582		9.45067375		< 0.7		2.0267		44.577795		0.485		863.3		0.504		32.94042		< 120		171.323		3.6020365		12.152		< 1.4		8.281196		3.07937375		0.843		0.8084		12.937385		4.645		126.5		54.1591175		2.769		247.85075

		0.0879328026		0.8665269489		17.8826421115		0.3011090611		0.0499454146		-		1.6161756194		0.1247619956		1.2087793502		0.1626936236		0.0151396999		0.0242706956		0.124574784		-		0.0238935138		0.3710646939		0.02013841		14.8027775171		0.0024037009		4.6940295827		-		1.6838949806		0.1762030542		0.0796938587		-		0.0767102073		0.0791227125		0.036224608		0.0209082652		0.2901154352		0.1539299985		2.4608038434		1.0789277819		0.1046103883		4.6410943827

		1.42		1.53		3.17		5.17		3.45		-		1.57		0.64		1.41		0.93		1.05		0.61		1.32		-		1.18		0.83		4.15		1.71		0.48		14.25		-		0.98		4.89		0.66		-		0.93		2.57		4.30		2.59		2.24		3.31		1.95		1.99		3.78		1.87

		Al		As		Ba		Br		Ca				Ce		Co		Cr		Cs		Eu		Fe		Hf				K		La		Lu		Mn		Na		Nd				Rb		Sb		Sc				Sm		Ta		Tb		Ti		Th		U		V		W		Yb		Zn

		62000		56.59152		563.3		5.82		14500				102.8755375		19.441		85.84321		17.5776425		1.4386635		39600		9.45067375				20300		44.577795		0.485		863.3		5000		32.94042				171.323		3.6020365		12.152				8.281196		3.07937375		0.843		8100		12.937385		4.645		126.5		54.1591175		2.769		247.85075

		1.4182252609		1.5311957496		3.1746213583		5.1736952076		3.4471264165		1.5710008994		0.6417468013		1.4081245915		0.9255713532		1.0523447554		0.6131750704		1.3181577027		1.1789368808		0.8323980446		4.1522494755		1.714673638		0.4769247719		14.2500599042		0.9828773606		4.8917620399		0.6558085803		0.926317978		2.5694416755		4.2971065202		2.5863762055		2.2424580792		3.313885867		1.9452994809		1.9921443178		3.7779121801		1.8725359446

		62000		56.59152		563.3		5.82		14500		102.8755375		19.441		85.84321		17.5776425		1.4386635		39600		9.45067375		20300		44.577795		0.485		863.3		5000		32.94042		171.323		3.6020365		12.152		8.281196		3.07937375		0.843		8100		12.937385		4.645		126.5		54.1591175		2.769		247.85075

		Al		As		Ba		Br		Ca		Ce		Co		Cr		Cs		Eu		Fe		Hf		K		La		Lu		Mn		Na		Nd		Rb		Sb		Sc		Sm		Ta		Tb		Ti		Th		U		V		W		Yb		Zn

		Al		As		Ba		Br		Ca		Ce		Co		Cr		Cs		Eu		Fe		Hf		K		La		Lu

		1.4182252609		1.5311957496		3.1746213583		5.1736952076		3.4471264165		1.5710008994		0.6417468013		1.4081245915		0.9255713532		1.0523447554		0.6131750704		1.3181577027		1.1789368808		0.8323980446		4.1522494755

		62000		56.59152		563.3		5.82		14500		102.8755375		19.441		85.84321		17.5776425		1.4386635		39600		9.45067375		20300		44.577795		0.485

		Mn		Na		Nd		Rb		Sb		Sc		Sm		Ta		Tb		Ti		Th		U		V		W		Yb		Zn

		1.714673638		0.4769247719		14.2500599042		0.9828773606		4.8917620399		0.6558085803		0.926317978		2.5694416755		4.2971065202		2.5863762055		2.2424580792		3.313885867		1.9452994809		1.9921443178		3.7779121801		1.8725359446

		863.3		5000		32.94042		171.323		3.6020365		12.152		8.281196		3.07937375		0.843		8100		12.937385		4.645		126.5		54.1591175		2.769		247.85075
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