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Abstract
In this work, selenium and other chemical elements (Al, Ca, Mg, Mn. Na) are determined by cyclic activation analysis. The determination is done at the fast pneumatic system of the Technological and Nuclear Institute, Portugal, using the Portuguese Research Reactor. Comparison of accuracy, uncertainty and detection limit using either DSPEC Jr 2.0 or DSPEC Pro is discussed. The results in discussion are from two standard reference materials: NIST 1567a and NIST 1568a. It is demonstrated that DSPEC Pro has a better performance than DSPEC Jr 2.0 for short-lived nuclides.
Introduction
A high-speed transfer system with accurate timing is required in short-lived neutron activation analysis (NAA) to move the sample between the irradiation and counting positions. Furthermore, the counting rate decreases rapidly with time, hence cyclic activation is necessary. The rapidly varying dead time during the counting demands sophisticated correction procedures [1]. Recent advances in neutron sources and digital electronics open new possibilities for short-lived NAA. In this paper we try to present some of the new developments at our laboratory, aiming the analytical quality improvement of our fast automatic system (SIPRA).

Digital signal processing has only recently been introduced in gamma-spectroscopy [2]. According to the specifications of the manufacturers, digital spectrometers improve the resolution, increase the throughput, provide higher time stability and smaller nonlinearity. The new generation of digital spectrum analyzers is fully integrated, available in a compact desktop layout. The digital system digitizes the preamplifier signal directly (after minor signal conditioning). The basic idea of digital signal processing is to obtain the amplitude of the digitized preamplifier signal numerically, using a certain filtering algorithm [3,4].
DSPEC Pro is the latest addition to the growing line of digital gamma-ray spectrometers from ORTEC. The usual way to account for counting losses at high rates is through extending the acquisition time. The underlying assumption must be that the sample does not change during the extended period. This is far from true when short half lives are encountered. In the digital domain, the spectrum itself is corrected pulse by pulse, and the zero dead time (ZDT) method provides both an accurately corrected spectrum and correctly calculated statistical uncertainty. DSPEC Pro is a step further than DSPEC Jr 2.0.
Because food samples have very low selenium concentrations [5], it is required analytical techniques with high precision, accuracy and sensitivity. Instrumental Neutron Activation Analysis (INAA) is a sensitive method for the determination of selenium. This technique is used, in most cases, by measuring 75Se, which has along half-life (120 d), which requires a lengthy irradiation, decay and counting times leading up at least 1 month to yield analytical results [6]. An alternative to the use of 75Se is the short lived isotope 77mSe, which has a much smaller half-life (17.4s) reducing the expended analytical time [7]. Although the detection limit and precision are usually not good enough with a conventional single-short irradiation, Cyclic Neutron Activation Analysis (CNAA) can be used to solve this problem. In CNAA the number of counts for a short-lived radionuclide can be increased through a number of repeated cycles of irradiation-decay-counting, with spectra summing into a final and single spectrum. Each cycle consists of a short-time irradiation and counting after a very short decay.

In this work, CNAA results using either DSPEC Jr 2.0 or DSPEC Pro are confronted. The results are from standard reference materials and for the chemical elements Al, Ca, Mg, Mn, Na, and Se.
Methods
The Standard Reference Materials (SRM) in this work are NIST 1567a (Wheat Flour) and NIST 1568a (Rice Flour). For both reference materials the moisture values were determined; three polyethylene capsules of 80-110 mg each were prepared for each reference material. Each sample was put inside a bigger polyethylene capsule, with dimensions adequate to SIPRA system [8,9].

The samples were analyzed by CNAA using the SIPRA from Nuclear and Technological Institute (ITN) [8]. The number of cycles used for each sample was 15; in each cycle, irradiation and counting times were selected as 20 s, and the decay time was 5 s. The neutron flux was 2 x1012 n cm-2 s-1. The measurements were made in a hyperpure germanium (HPGe) detector and either an acquisition system DSPEC Jr.2.0 or DSPEC Pro from ORTEC. The concentrations were calculated using the relative method.

Results and discussion
The moisture values found were 1.36% and 1.67% respectively for NIST 1567a and NIST 1568a. The results obtained in this work were corrected for the moisture.
Considering the detection limits (DL) of the studied elements in the two reference materials, Table 1 shows the DL values and the ratio between the DLs using DSPEC Pro and DSPEC Jr 2.0. An improvement between 30 and 50% was obtained for the five studied chemical elements.
Table 2 shows the counting statistics obtained for the studied chemical elements in the two reference materials, using the two DSPECs. The uncertainties of the net areas of the full energy peaks were reduced when measuring with DSPEC Pro in the case of all elements (up to a factor of 0.5) except selenium. For this element the uncertainty values kept practically unchanged on average, although depending of the replicate.
Table 3 shows the precision on the three replicate determinations of the studied chemical elements. In almost all cases there was an improvement on the standard deviation. Reversed situation was observed for Ca in NIST 1567a and slightly for Mn in NIST 1568a. Concerning the accuracy, in general the measured values approached better the certified values when using the DSPEC Pro.
Figures 1-6 show the ratios between the certified values of NIST 1567a and NIST 1568a and the results of Se, Mg, Mn, Al, Na, and Ca obtained in this work, using either DSPEC Jr 2.0 or DSPEC Pro. Uncertainties are at 95% confidence level.
When comparing the ratios for selenium obtained using the different equipments it is observed that the accuracy does not improve when using DSPEC Pro. For the other elements, in general there was an accuracy improvement. The results in this work approach better the certified values of the SRMs when DSPEC Pro is used. The results for calcium in NIST 1568a are higher than expected. Since it was used a sample mass (around 100 mg) lower than the recommended one (500 mg), the homogeneity of the elements might not be assured. This also might apply to the other elements.
The DSPECplus™, an older version of the DSPECs used in this work, showed accuracy of sample measurements; the peak position was stable with small variations of the Full Width at Maximum Height (FWHM) on varying the rise time [10]. It was verified that reliable results can be obtained by low free counting as given by the DSPECs under practical conditions of analysis with high and varying dead times [11].
Conclusions
In this work, the integrated digital units DSPEC Jr 2.0 and DSPEC Pro were put in competition in order to conclude on their performance. It was concluded that detection limit and uncertainty were improved by a factor up to half when using the DSPEC Pro. Precision given by DSPEC Pro was also better that the one obtained with DSPEC Jr 2.0. Concerning the accuracy, in most cases it improved; however considering the uncertainties both instruments performed well.
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Fig. 1. (Certified values/this work) ratios for selenium. The uncertainties combine the ones of our results and the certified values; they are at 95% confidence level. Number of replicates: 3.
A–Ratio for NIST 1568a using NIST 1567a as reference, using DSPEC Jr. 2.0

B-Ratio for NIST 1568a using NIST 1567a as reference, using DSPEC Pro

C-Ratio for NIST 1567a using NIST 1568a as reference, using DSPEC Jr. 2.0

D-Ratio for NIST 1567a using NIST 1568a as reference, using DSPEC Pro
Fig. 2. (This work/certified values) ratios for magnesium. The uncertainties combine the ones of our results and the certified values; they are at 95% confidence level. Number of replicates: 3.
A–Ratio for NIST 1568a using NIST 1567a as reference, using DSPEC Jr. 2.0

B-Ratio for NIST 1568a using NIST 1567a as reference, using DSPEC Pro

C-Ratio for NIST 1567a using NIST 1568a as reference, using DSPEC Jr. 2.0

D-Ratio for NIST 1567a using NIST 1568a as reference, using DSPEC Pro

Fig. 3. (Certified values/this work) ratios for manganese. The uncertainties combine the ones of our results and the certified values; they are at 95% confidence level. Number of replicates: 3.
A–Ratio for NIST 1568a using NIST 1567a as reference, using DSPEC Jr. 2.0

B-Ratio for NIST 1568a using NIST 1567a as reference, using DSPEC Pro

C-Ratio for NIST 1567a using NIST 1568a as reference, using DSPEC Jr. 2.0

D-Ratio for NIST 1567a using NIST 1568a as reference, using DSPEC Pro
Fig. 3. (Certified values/this work) ratios for manganese. The uncertainties combine the ones of our results and the certified values; they are at 95% confidence level. Number of replicates: 3.
A–Ratio for NIST 1568a using NIST 1567a as reference, using DSPEC Jr. 2.0

B-Ratio for NIST 1568a using NIST 1567a as reference, using DSPEC Pro

C-Ratio for NIST 1567a using NIST 1568a as reference, using DSPEC Jr. 2.0

D-Ratio for NIST 1567a using NIST 1568a as reference, using DSPEC Pro

Fig. 4. (Certified values/this work) ratios for aluminum. The uncertainties combine the ones of our results and the certified values; they are at 95% confidence level. Number of replicates: 3.
A–Ratio for NIST 1568a using NIST 1567a as reference, using DSPEC Jr. 2.0

B-Ratio for NIST 1568a using NIST 1567a as reference, using DSPEC Pro

C-Ratio for NIST 1567a using NIST 1568a as reference, using DSPEC Jr. 2.0

D-Ratio for NIST 1567a using NIST 1568a as reference, using DSPEC Pro
Fig. 5. (Certified values/this work) ratios for sodium. The uncertainties combine the ones of our results and the certified values; they are at 95% confidence level. Number of replicates: 3.
A–Ratio for NIST 1568a using NIST 1567a as reference, using DSPEC Jr. 2.0

B-Ratio for NIST 1568a using NIST 1567a as reference, using DSPEC Pro

C-Ratio for NIST 1567a using NIST 1568a as reference, using DSPEC Jr. 2.0

D-Ratio for NIST 1567a using NIST 1568a as reference, using DSPEC Pro

Fig. 6. (Certified values/this work) ratios for calcium. The uncertainties combine the ones of our results and the certified values; they are at 95% confidence level. Number of replicates: 3.
A–Ratio for NIST 1568a using NIST 1567a as reference, using DSPEC Jr. 2.0

B-Ratio for NIST 1568a using NIST 1567a as reference, using DSPEC Pro

C-Ratio for NIST 1567a using NIST 1568a as reference, using DSPEC Jr. 2.0

D-Ratio for NIST 1567a using NIST 1568a as reference, using DSPEC Pro

Table 1. Detection limits of Se, Mg, Mn, Al, Na, and Ca in NIST 1568a and NIST 1567a, obtained either with DSPEC Jr 2.0 or DSPEC Pro.
	
	NIST 1568a Rice Flour
	NIST 1567a Wheat Flour

	mg/kg
	DSPEC Jr 2.0
	DSPEC Pro
	Ratio
	DSPEC Jr 2.0
	DSPEC Pro
	Ratio

	Se
	0.05
	0.03
	0.6
	0.06
	0.04
	0.7

	Mg
	2.9
	2.0
	0.7
	3.1
	1.9
	0.6

	Mn
	0.2
	0.1
	0.5
	0.2
	0.1
	0.5

	Al
	0.03
	0.02
	0.7
	0.04
	0.02
	0.5

	Na
	2.0
	1.1
	0.6
	1.6
	1.3
	0.8

	Ca
	15
	7.2
	0.5
	6.7
	4.7
	0.7


Table 2. Counting statistic uncertainties of the full-energy peak net areas in the spectra of the reference material  replicates (designated by 1, 2, 3), measured using either DSPEC Jr 2.0 or DSPEC Pro.
	Counting 
Statistics in %
	Selenium
(264 keV)
	Magnesium
(844 keV)
	Manganese
(847 keV)
	Aluminum
(1778 keV)
	Sodium
(1368 keV)
	Calcium
(3084 keV)

	DSPEC
	
	Jr 2.0
	Pro
	Jr 2.0
	Pro
	Jr 2.0
	Pro
	Jr 2.0
	Pro
	Jr 2.0
	Pro
	Jr 2.0
	Pro

	NIST 1567a Wheat Flour
	1
	3.0
	3.5
	5.1
	3.7
	2.8
	1.5
	1.4
	1.0
	13.8
	10.4
	10.8
	5.2

	
	2
	2.0
	5.8
	4.4
	2.9
	2.1
	1.0
	1.3
	0.9
	12.6
	9.6
	8.2
	7.4

	
	3
	3.1
	2.5
	4.5
	2.8
	2.3
	1.3
	1.3
	0.6
	14.3
	9.5
	10.6
	5.8

	NIST 1568a Rice Flour
	1
	4.5
	4.0
	4.3
	2.7
	2.6
	1.1
	1.2
	0.9
	13.0
	8.9
	8.7
	7.0

	
	2
	6.0
	4.5
	3.6
	2.3
	1.4
	1.0
	1.6
	0.8
	12.4
	7.3
	8.7
	7.5

	
	3
	4.5
	3.0
	3.6
	2.2
	1.5
	0.9
	1.4
	1.0
	8.4
	6.7
	9.3
	7.2


Table 3. Precision of the reference material measurements, given by the standard deviation on three replicates, measured using either DSPEC Jr 2.0 or DSPEC Pro. Uncertainty on the certified values are at 95% confidence level.
	Element (mg/kg)
	
	DSPEC
	NIST 1567a 
	NIST 1568a

	Certificate value (1567a/1568a)
	
	
	Average
	STD (%)
	Average
	STD (%)

	Selenium
	
	Jr 2.0
	1.120±0.091
	8.1
	0.329±0.021
	6.4

	(1.1±0.2/0.38±0.04)
	
	Pro
	1.240±0.088
	7.1
	0.317±0.016
	5.2

	Magnesium
	
	Jr 2.0
	350±12
	3.3
	521±49
	9.3

	(400±20/560±20)
	
	Pro
	382±11
	2.9
	586±11
	1.9

	Manganese
	
	Jr 2.0
	9.04±0.24
	2.7
	19.15±0.26
	1.3

	(9.4±0.9/20.0±1.6)
	
	Pro
	10.8±2.4
	22
	19.77±0.34
	1.7

	Aluminum
	
	Jr 2.0
	6.38±0.84
	13
	5.0±1.1
	22

	(5.7±1.3/4.4±1.0)
	
	Pro
	5.66±0.51
	9.0
	5.48±0.83
	15

	Sodium
	
	Jr 2.0
	5.1±1.1
	22
	7.1±1.4
	20

	(6.1±0.8/6.6±1.8)
	
	Pro
	6.00±0.98
	16
	4.86±0.81
	17

	Calcium
	
	Jr 2.0
	117±22
	18
	182±11
	5.9

	(191±4/118±6)
	
	Pro
	160±35
	22
	171.2±8.9
	5.2
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