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Abstract
For standardization of k0-based instrumental neutron activation analysis (k0-INAA), k0-factors for short-lived nuclides (half-lives - 11 s to 37 min) of elements F, Se, Sc, Al, V, Ti, Cu, Ca, Mg, I, and Cl with respect to gold (197Au) were determined using pneumatic carrier facility (PCF) at CIRUS reactor of BARC, Mumbai. Characterization of PCF was carried out by cadmium-ratio method using Au and Zr. The experimental k0-factors of the isotopes were found to be in good agreement with the recommended k0-factors in most of the cases, as evident from the values of % error and U-score at 95% confidence level. The method was validated by determining concentrations of elements through their short-lived nuclides in one type of the synthetic multielement standards (SMELS-I) obtained from SCK-CEN, Belgium. The method was also applied for determination of concentrations some of the elements in two reference materials (RMs) of IAEA, SL-3 and SL-1.
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Introduction

In the neutron activation analysis (NAA), the elemental concentrations in samples are determined using short, medium, and long-lived activation products. The concentration determination of elements is mainly carried out by relative and k0-NAA methods. The k0-NAA method has been increasingly used as it needs only single comparator like 197Au for multielement determination instead of multielement standards required in the relative method [1-3]. For various applications, the use of medium and long-lived products is common in NAA. Long irradiation in a nuclear reactor and also long measurement time are generally needed if long-lived products are monitored. This results in higher turn-around time of analysis. There are a significant number of analytically important elements like F, Se, Sc, Rb, Al, V, Ti, Cu, Mg, Ca, and Br whose activation products are short-lived (seconds to minutes) radioisotopes. For measurements involving short-lived nuclides, data on accurate irradiation, decay, and counting times, and fast transfer facility of samples from irradiation site to the laboratory are necessary. Pneumatic carrier facility (PCF) available at research reactors is ideal for this purpose.  CIRUS and Dhruva reactors of BARC, Trombay have been provided with PCFs. Sample is placed in a polypropylene capsule and is sent to irradiation site pneumatically. In PCF, after irradiation of the sample for a predetermined period, it is received automatically at the sending/receiving station in the PCF laboratory. After irradiation of samples, the dose rate is measured and when it is within permissible limits, samples are taken out, mounted on Perspex plates for radioactive assay by (-ray spectrometry. In our PCFs, typically the retrieving time is about 3-10 seconds. This delay does not allow measuring activities of very short lived radionuclides; however we are able to measure radioactivity of isotopes with half-lives of tens of seconds. In the present work, we have used PCF of CIRUS reactor. 

There are many reports of k0-INAA using medium and long-lived radionuclides, while there are a few reports available for short-lived nuclides using k0 method. To use k0-INAA for short-lived nuclides, k0-factors have been determined at different irradiation positions of research reactors [4-8]. As a part of standardization program of k0-INAA, k0-factors of short-lived nuclides (half-lives of nuclides 11 s to 37 min) with respect to gold (197Au) were determined. For validation of k0-NAA, three groups of synthetic multi element standards, SMELS I, II and III having elements that will produce short, medium and long-lived products respectively on neutron activation, were introduced by INW and KFKI-AEKI [9-11]. In the present studies for the validation of k0-INAA method, we have analyzed SMELS-I. 

Experimental

Irradiation and measurements

The elemental standards for irradiation were prepared using primary standards in solid or solution form. Elemental standards of Se, V, Ti, and Cu were prepared from ICP standard solutions (Plasma CAL) whereas Au and Sc were prepared from BDH make standard solutions. All these solutions are certified with 0.5% uncertainties. Standards of F, Mg, I, and Cl were prepared from stoichiometric solid compounds, for which uncertainties are in the range of 0.1-0.3%. Aluminum standard sample was prepared from high pure (99.9%) thin aluminum foil. The gold standard of 0.1% Au-Al of IRMM was used to calibrate our gold standard solution. The masses of elements in these samples were kept in the range of tens of micrograms to a few milligrams, depending on the expected activity produced. Liquid standards were prepared by transferring accurately weighed (about 50-100 mg) solutions onto the filter paper discs and air dried. All samples, thus prepared, were sealed in polyethylene. Elemental standards were co-irradiated with gold comparator. For measurement of f and (, standards of gold (5-15 (g) and 0.1 mm thick zirconium foil (10-15 mg ) were used. For cadmium cover irradiation, 0.8 mm thick cadmium foil was used. SMELS-I and RMs (IAEA SL-3 and SL-1) of masses about 10-20 mg were sealed separately and packed along with gold mono-standard for irradiation. The durations of irradiations were 1-3 min. The thermal neutron flux at PCF of CIRUS reactor is 1.5x1013 cm-2  s-1. Depending on the radiation dose and half-life of the isotope, first counting could be started within 30 seconds after the end of irradiation. Samples were counted in live-time mode using a 40% relative efficiency HPGe detector coupled to a 8k-channel analyzer (MCA). Very short-lived products were assayed with a digital spectrometer in zero dead time (ZDT) mode. The sample-to-detector distance was maintained between 8 to 12 cm. Dead time of the detection system was maintained below 5%. The efficiency of the detector was evaluated using a multi-gamma source of 152Eu. For high-energy efficiency calibration (above 1400 keV), insitu relative detection efficiency [11] was obtained using isotopes like 140La, 56Mn, and 24Na produced in the neutron activation of mixed sample of elemental standards.
Calculations

The equation for experimental k0-factor [12] is given by,
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where Np is the net peak area, S (= 1 – e-(ti) is the saturation factor, ti is the irradiation time, and ( is the decay constant, D (= e-(td) is the decay factor, td is the decay time, C (= (1 – e-(tm )/(tm) is the counting factor, tm is the measuring time, f is subcadmium-to-epithermal neutron flux ratio, w is the mass of the elemental standard, and ( is the absolute full-energy peak detection efficiency. The symbol * indicates the parameters for single comparator (e.g., gold). The term Q0(() is the ratio of resonance integral (corrected for () to 2200 m s-1 (n,() cross-section, and ( is epithermal neutron shape parameter which is calculated [1,3] using the Eq. (2),
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 is the effective resonance energy. The concentrations of various elements in a sample of mass W are calculated using Eq. (3), details of which are given in references 1 and 3. 
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The k0 is the literature recommended factor with respect to 197Au for each gamma ray of interest [7].
Results and discussion  

The relevant nuclear data are given in Table 1 [7, 13].  Since f and ( are dependent on neutron spectrum and thus on the position of irradiation of a reactor, their determination is needed for k0-NAA standardization. Cadmium-ratio method was employed using dual monitors (197Au-94Zr) for ( where as the f-value was determined using 197Au  [1,4]. The f and (  values for PCF at CIRUS reactor obtained are 120(4 and 0.10(0.01, respectively. This value of f (120) suggests that the neutrons in this PCF position are highly thermalized (99.3% thermal neutron component). This is supported by its location which is outside the core after the graphite reflector. High f-value position is advantageous as the ( parameter will have less effect on determining k0, Au-factors.  Short irradiation, quick transfer, and quick counting were key to the success of our experiments. Since pneumatic irradiation sites were used, the irradiation times and sample positioning during irradiation were well reproducible. To check reproducibility of irradiations in the PCF, specific count rates (Asp) of gold standards were checked for five samples and the %RSD values were found to be within 2%. To test the performance of the measurement system, half-lives of three nuclides (77mSe, 28Al, and 128I) were determined using loss-free counting system. Measured half-lives were found to be in good agreement with the literature values [7]. 
The results of k0,Au-factors obtained are given in Table 2 along with literature recommended k0,Au-factors  [7]. The values in Table 2 are average values of replicate measurements (n = 3-5) and the uncertainties quoted are standard deviations at (1s confidence limits. The % error of the determined k0,Au-factors from literature values are within ±7%. The statistical U-score was calculated to evaluate whether the reported result differs significantly from the expected or certified value at a given confidence level.  In the present case, U-scores at 95% confidence level were calculated using the following expression [14-16],
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where xexp and xref indicate experimental and assigned or certified concentration values respectively and Unc.exp and Unc.ref  are the corresponding uncertainties at 95% confidence level (±2s). The U-scores thus calculated for k0,Au-factors are in the range of 0.09-1.04, which are well below the critical value of 1.96 [14,15], indicating that the reported results of k0,Au-factors do not differ significantly from the recommended values [7].   

We have analyzed SMELS-I and IAEA RMs, SL-3 and SL-1 (lake sediments) by k0-INAA. The determined concentrations of elements Cu, V, I, Cl, Mn, La, Cs, and Au in SMELS-I and Al, Ti, V, Ca, and Mg in IAEA RMs are given in Tables 3 and 4 respectively. The uncertainties quoted in these two tables are standard deviations arrived from four independent experiments and the % relative standard deviations are in the range of 0.7-8%. Insitu relative detection efficiency [11], utilizing (-rays of 140La, 56Mn, and 24Na from the sample, was used for concentration calculation. The determined values are found to be in good agreement with the assigned values. The % error of the values determined in SMELS-I are within ±5% with respect to the assigned values [10]. The U-score values at 95% confidence level of the elements were in the range of 0.1-0.8, indicating there were no significant differences between determined and assigned values. The % errors on the concentrations determined in RMs are within ±6% with respect to the certified / information values [17] and the U-score values at 95% confidence level for the certified elements were 0.05-1 (Table 4). Four elements in SL-3 and two elements in SL-1 are in certified status [17] and they can be considered for validation. Concentrations of other elements, Al, Mg and Ca in SL-1 and V in SL-3, were determined by k0-INAA whose values are in information or not available status. The information values of Al, Mg and Ca in SL-1 are within the uncertainties of determined concentration values by k0-INAA.  
Conclusions


The k0-INAA method was standardized for short-lived nuclides using PCF of CIRUS research reactor. The k0-factors of eleven nuclides with half-lives in the range of 11 s - 37 min were redetermined and the values of % error and U-scores suggest that the reported results do not differ significantly from recommended values. Concentrations of eight elements in SMELS-I and five elements in IAEA SL-3 and SL-1 were determined by k0-INAA.  
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Table 1. Relevant nuclear data [7, 13]
	Target
	(%
	(0 (b)
	Q0  
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(eV)
	Isotope

formed
	t(/2
	E( 

(keV)
	(%

	27Al
	100
	0.23
	0.71
	11800
	28Al
	2.24 min
	1778.9
	100

	19F
	100
	0.0096
	2.2
	44700
	20F
	11.2 s
	1633.6
	100

	45Sc
	100
	9.8
	0.43
	5130
	46mSc
	18.7 s
	142.5
	56

	76Se
	9.37
	22
	0.77
	577
	77mSe
	17.4 s
	162.0
	52.4

	50Ti
	5.4
	0.17
	0.67
	63200
	51Ti
	5.76 min
	320.1
	93

	51V
	99.75
	4.92
	0.55
	7320
	52V
	3.75 min
	1434.1
	100

	65Cu
	30.83
	2.48
	1.06
	766
	66Cu
	5.12 min
	1039.2
	7.4

	48Ca
	0.187
	1.12
	0.45
	1330000
	49Ca
	8.72 min
	3084.4
	92.1

	26Mg
	11.01
	0.0372
	0.64
	257000
	27Mg
	9.46 min
	843.8
	71.4

	
	11.01
	0.0372
	0.64
	257000
	27Mg
	9.46 min
	1014.4
	28.0

	127I
	100
	4.04
	24.8
	57.6
	128I
	24.99 min
	442.9
	16.9

	37Cl
	24.23
	0.423
	0.69
	13700
	38Cl
	37.24 min
	1642.7
	32.5

	197Au*      
	100
	98.7
	15.7
	5.65
	198Au
	2.7 d
	411.8
	95.58

	94Zr*
	17.38
	0.053
	5.31
	6260
	95Zr
	64.02 d
	724.2
	44.2


(% - Isotopic abundance in percentage; (0(b) – (n, () neutron absorption cross section in barn at 2200 m/s; Q0- ratio of resonance integral (I0) to (0; [image: image5.wmf]r

E

 - Effective resonance energy; (% - Gamma ray abundance in percentage  and * - used as flux monitors
 Table 2. Experimental values of k0-factors of short-lived nuclides using PCF at CIRUS reactor
	Nuclide
	E(
(keV)
	k0,Au 
Experimental
	k0,Au

Literature [7]
	% Error
	U-score

	20F
	1633.6
	(1.05(0.05)E-3
	(9.98(0.12)E-4 
	5.2
	0.51

	77mSe
	162.0
	(2.43(0.10)E-2
	(2.49(0.01)E-2 
	-2.4
	0.30

	46mSc
	142.5
	(2.23(0.12)E-1
	(2.26(0.02)E-1* 
	-1.8
	0.12

	28Al
	1778.9
	(1.79(0.08)E-2
	(1.75(0.01)E-2 
	2.3
	0.25

	52V
	1434.1
	(1.91(0.08)E-1
	(1.96(0.02)E-1 
	-2.6
	0.30

	66Cu
	1039.2
	(1.88(0.11)E-3
	(1.86(0.01)E-3 
	1.4
	0.09

	51Ti
	320.1
	(3.76(0.11)E-4
	(3.74(0.04)E-4 
	0.5
	0.09

	49Ca
	3084.4
	(9.85(0.51)E-5
	(1.01(0.01)E-4 
	-2.5
	0.24

	27Mg
	843.8
	(2.49(0.08)E-4
	(2.53(0.01)E-4 
	-1.4
	0.25

	
	1014.4
	(9.72(0.42)E-5
	(9.80(0.02)E-5 
	-0.8
	0.10

	128I
	442.9
	(1.14(0.05)E-2
	(1.12(0.02)E-2 
	2.6
	0.19

	38Cl
	1642.7
	(1.83(0.06)E-3
	(1.97(0.03)E-3 
	-6.7
	1.04


*Reference 5
Table 3. Elemental concentrations (mg kg-1) determined in SMELS-I

	Element
	This work
	Literature [10]
	% Error
	U-score

	V
	37.2(0.9
	39(1.6
	-4.6
	0.75

	Cu
	3992(83
	3930(120
	1.6
	0.30

	I
	160(5
	152(5
	5.0
	0.67

	Cl
	4383(127
	4330(170
	1.2
	0.17

	Mn
	110(4 
	113.9(3.3
	-3.4
	0.45

	La
	269 ( 5
	265(10
	1.5
	0.28

	Cs
	861 ( 21
	897(37
	-4.0
	0.64

	Au
	83.3 ( 1.4
	82.7(1.7
	0.7
	0.18


Table 4. Elemental concentrations determined by k0-INAA in IAEA reference materials of SL-3 and SL-1
	Element
	IAEA SL-3
	IAEA SL-1

	
	This work 


	Certified

 Value [17]
	% Error
	U-score
	This work 


	Certified

(info)

 Value [17]
	% Error
	U-score

	Al%
	2.42(0.02
	2.45(0.12
	-1.2
	0.24
	9.16(0.28
	(8.9)
	2.9
	-

	Mg%
	2.73(0.04
	2.70(0.24
	1.1
	0.12
	2.73(0.17
	(2.9)
	-5.8
	-

	Ca%
	11.56 (0.09
	11.11(0.44
	4.1
	0.95
	0.235(0.018
	(0.25)
	-6.0
	-

	Ti%
	0.259(0.011  
	0.261(0.031
	-0.8
	0.05
	0.52(0.01
	0.517(0.036
	0.6
	0.07

	V (mg kg-1)
	18.1(1.1
	NA
	-
	-
	178(9
	170.0(15.3
	4.7
	0.34


NA – not available
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