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Abstract 
Energy resolution was measured for a large cylindrical Lanthanum Bromide doped with Cerium (LaBr3:Ce) detector using the MP320 portable neutron generator-based Prompt Neutron Activation analysis (PGNAA) setup. High energy capture gamma rays with 2 to 10 MeV energies were produced using thermal neutron capture reaction in NiNO3, CrO3, and HgNO3 samples and the LaBr3:Ce detector materials. The energy resolution was then computed for the prompt gamma ray peaks present in the spectra. Chromium peaks  at 7099, 7938, 8884 and 9719 keV energies were analyzed from chromium trioxide (CrO3)  sample while 8533 and 8993 keV peaks of nickel were analyzed from nickel nitrate (NiNO3) sample. Also prompt gamma ray spectrum was recorded from mercuric nitrate (HgNO3) to measure the detector energy resolution for 5967 keV mercury peak. 

 . For 7099, 7938, 8884 and 9719 keV chromium peaks energy resolution of 2.6%, 1.9%, 0.5%, and 1.8% was measured respectively. For 8533 and 8993 keV peaks of nickel , an enregy resolution of 1.9% and 1.2%  was determined respectively.  The energy resolution of the detector for 5967 keV  peak from mercury was determined to be 1.7%.  The energy resolution of the LaBr:Ce detector improved for high energy gamma rays. The detector percentage energy resolution data was fitted as a function of gamma ray energy using a  second degree polynomial.
1.0 Introduction 
Prompt Gamma-ray Neutron Activation analysis is a radio-analytical method to determine the chemical composition of materials. It is mainly used to determine trace amounts of elements and it is widely used in lots of scientific fields including geology, material science, archeology, physics, chemistry and pharmaceutical fields among others.  

When the sample under consideration is bombarded with neutron beams, the component elements emit gamma rays of different wavelengths and energies depending on the type of element and the concentration in the sample. These emitted rays are detected by the detector which converts the gamma rays into electrical pulses that can be viewed on a computer screen in form of peaks of a particular distribution.

The basic principle of the PGNAA operation is the nuclear capture which works as follows:

Neutron beams are fired at the sample and they react with the nucleus of the sample. On absorbing the incident neutrons, the nucleus goes into an excited state and forms a compound nucleus as shown below.
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Figure 1.1. Nuclear decay Process and Prompt Gamma Ray Emission
The compound nucleus decays very quickly in the range of 10-14 - 10-9 seconds to the lowest energy state. During this transition it emits gamma rays with a very high energetic range up to about 11 MeV, a process known as prompt gamma radiation. At this stage the nucleus can either become a stable nucleus again or a radioactive one. The radioactive nucleus so formed now decays and furthers producing beta particles and a cascade of gamma rays known as delayed gamma radiation. Neutron Activation Analysis (NAA) is another elemental method which uses the delayed gamma radiation to get useful information about the intrinsic components of the sample by analyzing the energy of the resulting gamma rays that are characteristic for each element and their corresponding intensities which gives how much of a particular element is present in the sample.

Prompt Gamma Neutron activation Analysis PGNAA uses the prompt gamma rays emitted from the compound nucleus to get useful information about the sample chemical components. With this method, the measurements will be different from NAA because the gamma rays are detected during the nuclear radioactive decay. The advantage of this method however, is that elements that are present after the compound nucleus goes in to a stable nucleus as well as those radioactive elements  that do not emit a gamma cascade can be detected. However, the PGNAA technique was used to produce high energy prompt gamma rays and then the energy resolution of the LaBr3:Ce detector was determine for these gamma rays.
The term energy resolution refers to a measure of the energy distribution of an incident radiation as shown by a given detector. It is an intrinsic property of a detector which gives a measure of its response to a monoenergetic source of radiation. The various methods and experimental approaches which can be used to determine this property for detectors are classified under the branch of physics known as " Radiation Spectroscopy".

Good energy resolution implies a less amount of noise and better control of other potential sources of fluctuations which include

i- Drift of the operating characteristics during the course of measurement

ii- Random noise within the detector and instrumentation system

iii- Statistical noise arising from the discrete nature of the measured signal itself.

For a good energy resolution however, the distribution of the response function about an average pulse height will show a small width with a peak which approaches a sharp spike or a mathematical delta function as shown below.
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Figure 1.2. Comparing Good and Poor Energy Resolution

The poor resolution curve represents a detector with inferior performance. The area of both curves is the same because the same number of pulses are recorded in both cases. Mathematically, we compute the value for the energy resolution as follows:
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Figure 4.3. Comparing Good and Poor Energy Resolution
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  Where FWHM = the full width at half maximum which is defined as the width of the distribution at a level that is just half the maximum ordinate of the peak.

H0 = the peak centroid location.

The value of the calculated energy resolution is therefore a dimensionless fraction conventionally expressed as a percentage. Most detectors usually have values of energy resolution between 0 and 10% and the lesser the figure, the better the detector.

2.0 Aim and Objective of Experiment

The major aim and objective of this experiment is to determine the energy resolution of the large KFUPM LaBr3:Ce detector for high energy prompt gamma rays from CrO3, Hg NO3 and NiNO3 samples.
3.0 Experimental Apparatus and setup

3.1.  The Thermal Neutron Generator

A neutron generator is a device which produces neutrons using a compact linear accelerator. Neutrons are produced within this device by fusion of hydrogen isotopes, a reaction which takes place by accelerating either deuterium, tritium, or a mixture of these two isotopes into a metal hydride target which also contains deuterium, tritium, or a mixture of both. Fusion of deuterium atoms (D + D) results in the formation of a He-3 ion and a neutron with a kinetic energy of approximately 2.5 MeV.                                
D + D → n + 3He                 En = 2.5 MeV                                                                                          Fusion of a deuterium and a tritium atom (D + T) results in the formation of a He-4 ion and a neutron with a kinetic energy of approximately 14.1MeV                                                          
D + T → n + 4He                En = 14.1 MeV
In this study we used a D+D reaction based 2.5 MeV neutron generator.
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Fig. 3.1  PGNAA setup showing MP320 Portable Neutron Generator 
 3.2 Neutron Moderator

A neutron moderator is a medium that reduces the speed of fast moving neutrons, thereby turning them into thermal neutrons by retarding their motion and converting their kinetic energy into thermal energy.
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Moderation however, is the process of the reduction of the initial high kinetic energy of the free neutron. Since energy is conserved, this reduction of the neutron kinetic energy takes place by transfer of energy to a material known as a moderator. It is also known as neutron slowing down, since along with the reduction of energy comes a reduction in speed.

As a hydrogen rich hydrocarbon, the high density polyethylene was chosen for moderation in this experiment due to the presence of large amounts of hydrogen atoms. The fast incoming neutrons which are isotopes of hydrogen will readily collide with the hydrogen neutrons present there in and hence have their momentum reduced producing slow thermal neutrons.
3.3 Neutron Shielding

Undesired neutron and gamma rays are prevented from entering and interfering with the detector using 2inch x 4inch x 6inch blocks of  Lead shielding and 50 mm thick paraffin shielding mixed with lithium carbonate around the detector.

3.4 PGNAA Samples

The samples used for this experiments are Ni NO3, CrO3, and Hg NO3 which contain heavy metals. Heavy metals are naturally occurring non biodegradable metallic chemical elements with high densities and are toxic at low concentrations. Mercury, Lead, Zinc, Selenium, Arsenic, Cadmium, Chromium, Copper and Thallium are some good examples of heavy metals. When thermal neutrons interact with these samples the heavy metals get excited and emit the gamma rays which are trapped by the detector.

The 90 mm x 140 mm (diameter x height) dimensions of the cylindrical samples was chosen to fit the internal cavity diameter of the high density polyethylene moderator.
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Figure 3.2. PGNAA Setup with Sample and Moderator Assembly: Samples are mounted in the cavity drilled in the moderator
3.5.  LaBr3:Ce Detector and its Intrinsic Spectrum

Radiation detectors are used to detect, track, and/or identify high-energy particles, such as those produced by nuclear decay, cosmic radiation, or reactions in a particle accelerator. Modern detectors are also used as calorimeters to measure the energy of the detected radiation. They may also be used to measure other attributes such as momentum, spin, charge etc. of the particles. In this study a  LaBr3:Ce detector was used to detect prompt gamma rays.
The LaBr3:Ce detector like most other scintillators of inorganic crystals, is very hygroscopic (i.e. easily damaged when exposed to moisture in the air), a property which requires it to be housed in an air-tight enclosure to protect it from moisture. Moreover, the LaBr3:Ce Detector has several advantages that makes it stand out among other counterparts, some of which are listed below;
i- It offers excellent light output and energy resolution (63 photons/keV γ compared to 38 photons/keV γ for NaI:Tl)

ii- Fast response time (16ns compared to 230ns for NaI:Tl)

iii- Very stable light output over a wide range of temperatures

iv- Offers a high stopping power for rays (density of 5.0g/cm3 compared to 3.67 g/cm3 for NaI:Tl)

The element La on its own is radioactive and has some intrinsic activity which must be put into consideration when analyzing obtained spectra. 66.4% of 138La decays is electron capture (EC) and producing excited 138Ba, then it decays and emitting of a 1436 keV gamma.  A necessary byproduct of electron capture is refilling of the electron shell which result in emission of coincident barium X-rays in the 35 keV regions. The remaining decays, 33.6% proceed by beta emission to 138Ce, which decays by emitting a 789 keV gamma.
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Figure 3.3.    138La decay scheme
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Figure 3.4  PGNAA Setup Showing Large LaBr:Ce Detector

The  detector was connected with the voltage  set to -994V as bias voltage, we observed the intrinsic spectrum of the detector. The figure below shows the intrinsic spectrum displaying the two peaks corresponding to prompt gamma rays from radioactive La (1436+32 keV) and La (789 keV).
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                 Figure 3.5.1.  Pulse Height Intrinsic Spectrum of the LaBr3:Ce detector 
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Figure 3.5.  Schematic Diagram of Full PGNAA Experiment Setup
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Figure 3.6.  Electronic Block Diagram

3.6 Experiment Procedure

During the intrinsic activity measurement and remaining experimental run , -994 V bias voltage  was applied to of the LaBr3:Ce detector. Then for background measurement run , the neutron beam generator was then put on without any sample present in the moderator cavity. The detector was exposed to fast as well as thermal neutron flux from the portable neutron generator based PGNAA set up and then the prompt gamma-ray yield background activation spectrum was recorded from the detector. A pulse beam of 2.5MeV neutrons was produced via D(d, n) reaction using 70µA beam of70KeV deuteron. The deuteron pulse had a width of 5ns and a frequency of 250Hz. The associated background spectrum was then left to run for a period of 23 mins and then stored in data acquisition computer using th electronics shown in block diagram.. This spectrum gave peaks due to Lanthanum, Bromine and hydrogen capture in the detector  and the corresponding channel numbers (location of peak centroids), and FWHM were recorded. 

The neutron generator was then switched off and the first sample NiNO3 was then inserted into the sample segment inside the high density polyethylene moderator and the neutron generator was activated from the control room. A number of peaks built up again in a  total measurement time of  32 mins. The corresponding channel numbers (location of peak centroids) and FWHM were recorded. 

The generator was then disconnected once again and the sample was replaced with the second sample HgNO3 for 23 mins  and the same routine was carried out on the sample with all required data recorded. The same procedure was repeated or the last sample CrO3 for 94 mins.
All results obtained from the above analysis were then calculated and tabulated.

In the course of the experiment, the stability of the background activation spectrum was maintained at a constant value of channel numbers for the peaks present throughout the experiment to ensure that there is no drift in voltage which may interfere with subsequent readings.
4 Results and Data Analysis
4.1 Detector Activation (Background) Spectrum at High Energy Region
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Figure 4.2.  Detector Activation (Background) Spectrum at High Energy Region

The background spectra showed full energy peaks of H (2223 keV) with 0.332 Barns cross section, La (2521 keV)d with 0.212 Barns cross section, La (5126 keV) with  0.114 Barns cross section and Br (7577 keV) with 0.108 Barns cross section. It can be observed from the spectrum above that the peaks of higher intensity and lower energy build up faster and appear first while peaks of lower intensity and higher energy build up slowly and appear towards the right end of the spectrum.

4.2 Calibration Curve

Using the energies of La (5126 keV) intrinsic, La (1468 keV) intrinsic and H(2223 keV) gamma rays , and by plotting their gamma ray energies against the corresponding channel numbers, we obtained the energy calibration curve for LaBr3:Ce detector as shown below.
	Channel Number (Peak Location)
	Gamma Ray Energy (KeV)

	90
	1468

	110
	2223

	227.23
	5126


Table:1: Gamma Ray Peak Location and Energy Data Table used for Detector Energy Calibration
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Figure 4.3 Energy Calibration Curve of LaBr3:Ce Detector

4.3 Nickel Nitrate Sample Spectrum
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Figure  4.4.   (a)Superposition of  background  and Ni Sample Spectra Showing Two Peaks of Ni (Full Spectrum)
From the full spectrum shown above for the nickel peaks generated from the nickel nitrate sample, it is observed that the lower energy peak Ni (8533 keV), developed faster than the higher energy peak Ni (8993 keV). This was due to the overlap of full energy peak of nickel  8533 keV peak with single escape peak associated with 8993 keV full energy peak of nickel.  
The enlarged spectrum gives a clearer picture of the region of interest shown in the full spectrum. This was achieved by cutting off values along the channel number axis lesser than 200 as shown in the figure below; 
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Figure 4.4 (b) Superposition of   background  and Ni Sample Spectra Showing Two Peaks of Ni (Enlarged)

4.5 Chromium Trioxide Sample Spectrum
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Figure  4.5(a) Superposition of  background  and Cr Sample Spectra Showing Four Peaks for Cr (Full Spectrum)
The intensities of the four chromium peaks shown in the full spectrum above are Cr (7099 keV),; Cr (7938 keV),  Cr (8884 keV), and Cr (9719 keV).
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Figure 4.5(b) Superposition of of  background  and Cr Sample Spectra Showing Four Peaks for Cr (Enlarged Spectrum)

As shown in the figure above, the enlarged spectrum gives a clearer picture of the region of interest shown in the full spectrum. This was achieved by cutting off values along the channel number axis lesser than 200.

4.6 Mercuric Nitrate sample Spectrum
Figure 4.6 (a) below shows the single peak of Hg (5967 keV) detected from the mercuric nitrate sample. Although some other irregular peaks are seen to appear towards the high energy region but we ignore them since we have already gotten better results from Cr and Ni samples for that region.  The enlarged spectrum gives a clearer picture of the region of interest shown in the full spectrum. This was achieved by cutting off values along the channel number axis lesser than 200 as shown in the figure 4.6(b). 
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Figure 4.6(a)  Superposition of  background  and Hg Sample Spectra  Showing One Peak (Full Spectrum)
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Figure 4.6(b)  Superposition  of  background  and Hg Sample Spectrum Showing One Peak (Enlarged Spectrum)
All the graphical representations above show spectra plotted in logarithmic Scale to show the effects at lower counting statistics. Despite the  shielding of the neutrons and gamma rays to stop them from escaping, not all particles can be stopped and hence some limited number of unwanted noise may still affect the detector readings.

4.7  Energy Resolution 

The table below gives the summary of data for gamma ray energies, and corresponding calculated energy resolution deduced during the experiment.
	Elements
	Energy (KeV)
	Peak (Channel) Location
	FWHM
	Energy Resolution (%)

	La (intrinsic)
	1468
	125
	6.5
	5.2 + 0.05

	H- Capture
	2223
	90.6
	3.57
	4.0 + 0.04

	La
	5126
	227.23
	5.37
	2.3 + 0.02

	Cr
	7099
	379
	9.9
	2.6 + 0.03

	Br
	7577
	354
	6.77
	1.9 + 0.02

	Cr
	7938
	399.6
	4.4
	1.9 + 0.02

	Ni
	8533
	382.3
	7.1
	1.9 + 0.02

	Ni
	8993
	505
	6
	1.1 + 0.01

	Cr
	9719
	437.5
	7.35
	1.7 + 0.02


Table 6.6: Energy Resolution Table of Reference
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Figure 4.7: Energy Resolution Curve with polynomial fit of degree 2

6 Conclusion

In this experiment, PGNAA approach was carried out to test the energy resolution of the LaBr3:Ce detector using high energy prompt gamma-rays from nickel, mercury and chromium samples. One peak was observed in the mercury sample spectrum corresponding to Hg-5967 with 1.7% resolution. Two peaks were observed in the nickel sample spectrum corresponding to Ni-8533 and Ni-8993 with corresponding energy resolutions of 1.9% and 1.2% respectively. Four peaks developed in the chromium spectrum corresponding to Cr-7099, Cr-7938, Cr-8884, and Cr-9719 with corresponding energy resolutions of 2.6%, 1.9%, 0.5% and 1.7% respectively. In spite the activation during sample irradiation, the resulting energy resolution curve shows that the detector has a very good energy resolution to resolve prompt gamma rays from high energy gamma-ray- emitting heavy metals from background prompt gamma-rays. We therefore, conclude by saying that the LaBr3:Ce detector has a good energy resolution for high energy prompt gamma-rays.
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