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Abstract
The cadmium pollutants in water samples were measured through non-destructive Prompt Gamma Ray Neutron Activation Analysis (PGNAA) technique. The cadmium concentration in the water specimens containing 0.6-10 wt. % cadmium was measured using 2.8 MeV neutrons based KFUPM PGNAA setup. The elemental analysis was carried out using 558 keV prompt gamma rays produced through capture of thermal neutrons in cadmium sample nuclei. The Minimum Detectable Concentration (MDC) limit of cadmium in water samples for the KFUPM PGNAA setup was measured to be 2.6 [image: image2.png]


 0.827 wt%. Due to lower value of thermal neutrons flux available at KFUPM PGNAA setup, the MDC has larger statistical errors and hence relatively larger value. With improving thermal neutron flux, the MDC will improve to lower value.
1.     Introduction 
Presence of toxic metals in the biosphere increases the need for the determination of such metals in the environmental samples [1]. Typical of these anthropogenic metals is cadmium which appears in various products such as batteries, plastic and consumer electronics [2-4] and much of will ultimately end up in waste stream. 

 Cadmium is a lustrous, silver-white, ductile, very malleable and heavy metal.  In the human body Cadmium and other heavy toxic metals poison the glucose metabolizing catalysts, thus reducing the flow of energy throughout the body. If we consume food contaminated with cadmium it can irritate our digestive system and cause vomiting and diarrhea. If it is inhaled it can damage our lungs. Even when levels of exposure are low, over time, cadmium accumulates in the body and it can be difficult to get rid of. Accumulated cadmium can cause kidneys and bone disease [5].

      Complex materials such as environmental samples have properties that make them very difficult to characterize by many analytical techniques. The samples can be very complex and inhomogeneous, requiring the analysis of large subsamples in order to ensure that the analytical results are truly representative of the material from which the analytical portions were taken. Prompt Gamma Ray Neutron Activation Analysis (PGNNA) technique is the most suitable and successful technique for determination of cadmium in water samples by using the 558 keV gamma ray energy from 133Cd(n, () reaction[6] . In the case of Cd, the isotopic abundance of Cd133 is 12.22% and cross section for absorption of a thermal neutron by 133Cd is 19896 barns giving elemental cadmium an effective cross section of 2430 barns [7]. The most abundant prompt gamma-ray is at 558 keV. In this study PGNAA technique was used to determine cadmium concentration in water samples.

2.     Prompt Gamma Ray Neutron Activation Analysis   Technique
The Prompt Gamma Ray Neutron Activation Analysis (PGNAA) technique is one type of Neutron Activation Analysis (NAA) technique. NAA is a sensitive analytical technique useful for performing both qualitative and quantitative multi element analysis of major, minor, and trace elements in samples from almost every conceivable field of scientific or technical interest. For many elements and applications, NAA offers sensitivities that are superior to those attainable by other methods, on the order of parts per billion or better.  In addition, because of its accuracy and reliability, PGNAA is generally recognized as the "referee method" of choice when new procedures are being developed or when other methods yield results that do not agree.
      The basic essentials required to carry out an analysis of samples by NAA are a source of neutrons, instrumentation suitable for detecting gamma rays, and a detailed knowledge of the reactions that occur when neutrons interact with target nuclei. The sequence of events occurring during the most common type of nuclear reaction used for NAA, namely the neutron capture or (n, gamma) reaction, is illustrated in Figure1. When a neutron interacts with the target nucleus via a non-elastic collision, a compound nucleus forms in an excited state. 
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Fig.1: Diagram illustrating the process of neutron capture by a target nucleus followed by the emission of gamma rays.

The excitation energy of the compound nucleus is due to the binding energy of the neutron with the nucleus. The compound nucleus will almost instantaneously de-excite into a more stable configuration through emission of one or more characteristic prompt gamma rays.  In many cases, this new configuration yields a radioactive nucleus which also de-excites (or decays) by emission of one or more characteristic delayed gamma rays, but at a much slower rate according to the unique half-life of the radioactive nucleus. Depending upon the particular radioactive species, half-lives can range from fractions of a second to several years
In principle, therefore, with respect to the time of measurement, NAA falls into two categories: (1) prompt gamma-ray neutron activation analysis (PGNAA), where measurements take place during irradiation, or (2) delayed gamma-ray neutron activation analysis (DGNAA), where the measurements follow radioactive decay. 
     The PGNAA technique is generally performed by using a beam of neutrons extracted through a reactor beam port or an accelerator. Fluxes on samples irradiated in beams are on the order of one million times lower than on samples inside a reactor but detectors can be placed very close to the sample compensating for much of the loss in sensitivity due to flux. The PGNAA technique is most applicable to elements with extremely high neutron capture cross-sections (B, Cd, Sm, and Gd); elements which decay too rapidly to be measured by DGNAA; elements that produce only stable isotopes; or elements with weak decay gamma-ray intensities. As a nuclear technique it posses the wide range of choices both excitation source and detected radiation, and in the cases where nuclear parameter are favorable, a host of reactions are possible. This technique has controlled mechanism of neutron production and less radiation hazard.
Due to its instantaneous analysis nature, PGNAA technique is used for in-situ (on-line) elemental analysis. This is required in manufacturing industries and mining industries for quality control and process control applications. Typical examples are use of PGNAA analyzers in cement manufacturing plants [8-9], coal mining [9], phosphate mining [10] etc.
Due to worldwide threat of Terrorism, PGNAA technique is used to monitor the movement of contraband items such as explosive [11], chemical weapon [12] and narcotics [13] in concealed containers successfully for homeland security. 
3.     KFUPM PGNAA Setup

The experiment was conducted using KFUPM PGNAA [14] setup located at 45 degree beam line of the 350 keV accelerator of King Fahd University of Petroleum and Minerals. It is a Bismuth Germinate (BGO) detector based setup and has been recently tested through water samples salinity measurements [15].  The geometry of the KFUPM PGNAA setup consisted of a cylindrical sample enclosed in a cylindrical high density polyethylene moderator. The sample fits into a hollow cavity, created at one end of the moderator sample. The BGO detector, as shown in Fig.2, was placed at 90 degrees with respect to beam axis. The BGO detector was wrapped in a 2 mm thick lead shielding sheet in order to prevent undesired gamma rays from reaching the detector. For each size of the moderator there exists an optimum value of the sample radius producing maximum yield of the prompt gamma ray. The optimum radius of the sample was determined through Monte Carlo simulation.
    Fig.3 represents the complete block diagram of the electronics used to measure the prompt gamma ray spectrum. The BGO detector is operated at the voltage of -700 volts. The signal obtained from the BGO detector was amplified through the pre-amplifier and spectroscopy amplifier. One branch of the amplified signal was processed through a single channel analyzer and a gate and delay generator to generate a gating single. To select the beam associated signals from the detector pulse height spectrum, the amplified beam pickup signals were plugged into constant fraction discriminator. The constant fraction discriminator unit provides fast time. The output from the gate generator and the constant fraction discriminator were brought in coincidence in a universal coincidence unit. Finally the coincidence signal was used to gate spectroscopy amplifier signal in a linear gate. The output of the linear gate was converted into digital signals by a Multi-Channel Buffer unit, which was interfaced to a PC.
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Fig. 2:  Schematic of BGO detector based PGNAA setup at KFUPM.
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Fig. 3:  Block diagram of the electronics used in the study.
4.     Energy Calibration of BGO detector

The fig. 4 and 5 show the BGO detector pulse height spectra of 137Cs and 60Co gamma ray sources. The 661 keV energy peak of 137Cs is located at channel number 247. The 60Co has two peaks of 1173 keV and 1332 keV at channel number 463 and 530 respectively. From the graph it is clear that more high energy peaks will go to higher channel number. 
     By plotting the gamma ray energy vs pulse height channels, we obtained the energy resolution graph with a straight line with slop of 2.524 keV/channel. Fig.6 is energy calibration graph for the BGO detector. From this energy calibration data we found peak location of cadmium 558 keV at channel number 204.  The energy resolution of the detector was calculated in term of percentage by using the following formula.
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 It is clear from the calculated values given in Table 1 that the BGO detector has better energy resolution for high energy gamma rays.
5.     Prompt gamma analysis of cadmium in water sample
5.1
Samples Preparation

The cadmium containing water 10 wt. % solution of (Cd(NO3)2.4H2O) was obtained from the chemistry department. We made five water samples of water contaminated with cadmium 0.6, 1.25. 2.5, 5 and 10 wt% of cadmium in water from the given solution. We added the same amount of water in the given sample to get the 5%wt of cadmium in water. We did the same method for all other water samples containing 0.6, 1.25. 2.5, wt %  cadmium. The sample was a rectangular sample with 14.23 cm height and (6.2×6.2) cm cross section. The sample has 547 cm3 volume.
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Fig.4: Pulse height spectrum of the BGO detector using 137C source.
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Fig.5: Pulse height spectrum of the BGO detector using 60Co source.
Table 1: Energy Resolution (∆E/E) of BGO Detector
	Sample
	Gamma Energy E( 
(keV)
	∆E/E (%)

	137Cs
	661
	12.3 ± 0.5

	60Co
	1173
	7.8 ± 0.5

	
	1332
	6.8 ± 0.5
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Fig.6: Energy calibration curve of the BGO detector.
5.2     Prompt Gamma Ray Measurements

The cadmium concentration in the water specimens containing 0.6-10 wt. % cadmium was measured using the PGNAA setup. In the PGNAA setup, the D(d,n) reaction  along with the 200 keV deuteron beam was used to produce 2800 keV neutrons. Since, a pulsed neutron beam improves the signal to background ratio, the accelerated was operated in pulsed mode with a 5 ns pulse width and pulse repetition rate of 31.25 kHz. The measurements were carried out using a beam current of 1 μA. The KFUPM accelerator is a 350 kV electrostatics accelerator and has neutron source intensity of 3×105 n/s. Background gamma rays measurements were performed by placing a pure water sample in the detector. A typical gamma ray spectrum was recorded for 10-11 min counting period. The energy calibration of the pulse height spectrum was performed using the 2220 keV prompt gamma rays peak due to capture of thermal neutrons in  hydrogen  of the moderator.
    The cadmium contaminated water samples were irradiated in the KFUPM PGNAA setup.  Fig.7 shows prompt gamma-ray experimental yield for water specimen containing 0.6, 1.25, 2.5, 5 and 10 wt. % cadmium below 2500 keV energy. The main features of Fig.7 are the 2220 keV hydrogen capture peak and 558 keV capture peak from cadmium along with the detector peaks.  Fig.8 shows the prompt gamma-ray experimental yield from 442 keV to 654 keV on enlarged scale. The top-most spectrum corresponds to 10 wt. % cadmium concentration, while the bottom-most peak corresponds to 0.625 wt. %, next-to-top spectrum corresponds to 5 wt. % cadmium concentration, while next-to-bottom most spectrum corresponds to 1.25 wt. % cadmium concentration and middle of these spectrum corresponds to 2.5 wt. % cadmium concentration. Fig.9 shows the subtracted cadmium prompt gamma-ray spectra from the water containing 0.6-10 wt. % cadmium.
     Finally, the count under the cadmium subtracted spectra were integrated and plotted as a function of cadmium concentration. Since all spectra were acquired for same number of charge accumulated on the target, it did not need further normalization. Figure 10 shows prompt gamma ray integrated yield as a function of cadmium concentration fitted with linear interpolation. The slope of the line was used to calculate Minimum Detection Limit (MDC) of cadmium in water samples.
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Fig.7: Pulse height spectra of the BGO detector for water samples containing 0.6-10 wt.(%) cadmium.
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Fig.8: Enlarged Pulse height spectra of the BGO detector over 365 – 656 keV showing cadmium peak for water samples containing 0.6 – 10 wt. (%) cadmium.
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Fig.9: Experimental Yield of 133Cd (558 keV) gamma ray after subtracting gamma ray spectrum of pure water. 
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Fig.10: Gamma ray yield plotted as a function of Cd concentration (wt. %)

6.     Minimum detection limit of cadmium in water samples
The minimum detection limit (MDC) of cadmium in water was calculated for the KFUPM PGNAA setup using the procedure [16]. the detection limit for an elemental concentration MDC measured under a peak with net counts P and associated background counts B (under the peak) is define by
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Where (C/P) is the concentration (wt%)/counts, i.e. the calibration constant of the setup for a specific gamma ray peak. This is Curie equation of Minimum Detection Limit (MDL) of counts given by Knoll [17], with counts converted into element concentration.

  The error in MDC i.e.
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The MDC of cadmium in the water sample for the KFUPM PGNNA setup was calculated for 558 keV gamma rays from the cadmium in the sample.  The MDC limit of cadmium in water was obtained 2.6 wt% [image: image17.png]


 0.827. 
7.      Conclusions 
Cadmium concentration in water samples were analyzed using the KFUPM accelerator-based PGNAA facility. From the experimental data and the results the PGNNA technique found to be very successful for the cadmium detection in water sample. Results are successful and are needed to be compared with the Monte Carlo results.
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