Gamma-ray Scintillation Spectrometry

The first scientific instrument that employed scintillations – flashes of light produced by the interaction of an energetic particle with a scintillating material – was developed in 1903. The development of these early scintillation counters, in which the dark-adapted human eye served as the scintillation detector, played an essential role in Ernest Rutherford’s elegant experiments that led to the monumental discovery of the atomic nucleus.

In this experiment you will apply scintillation methods to perform gamma-ray spectrometry, measuring some fundamental nuclear processes and properties. These methods were initially developed in the years 1948-1950 by physicist Robert Hofstadter and others. Since then, scintillation methods have evolved significantly, and have become essential in a wide range of applications. Robert Hofstadter would go on to win the 1961 Nobel Prize in Physics for studies of electron scattering in nuclei and discoveries concerning nucleon structure, but it has been reported that Hofstadter looked back on his development of scintillation methods as his most important contribution to science – because of their very wide impact. 

Broadly, scintillation methods are used for measuring properties of energetic particles, for instance, gamma rays from nuclear radiation in environmental monitoring, charged particles in particle physics experiments, or X-rays in medical imaging. The underlying physics of scintillators is complex – it is an area of physics research in its own right – but from an applications perspective, the interaction of an energetic particle with a scintillator produces a flash of light, from which substantial information about the particle can be extracted: 
· The occurrence of an event (or events) producing the particle later arriving at the scintillator; 
· the energy of the particle; 
· the timing of event(s) associated with the particle; and 
· spatial information associated with the particle or its source. 
Depending on the application, a scintillation detector may be optimized for one or another of these forms of information; no single scintillation detector system will be optimized for all this information about a particle simultaneously. 

Though there are other particle detector schemes that can produce some of these forms of information about energetic particles more effectively than scintillation detectors (for instance, high-purity germanium detectors for measuring the energy of gamma rays with substantially better energy resolution), scintillation methods may still be optimal when considering the efficiency, cost, and size of a measurement system. 

The primary essential components of a scintillation detector are a scintillator material, an electro-optical device coupled to the scintillator to convert the light of a scintillation into an electronic signal, and further electronics to process the signal. There are many varieties of scintillator material. The most common material for scintillation gamma-ray spectrometry is NaI(Tl) (thallium-doped sodium iodide, the scintillation material originally developed by Robert Hofstadter), though there is a very wide range of materials that are used in scintillation detectors. A commonly used device for converting an optical scintillation into an electronic signal is a photo-multiplier tube, but other technologies such as silicon photomultipliers (SiPMs) are becoming important. The electronic signal from a photomultiplier or SiPM is usually processed through additional electronics, including amplifiers and various types of signal analyzers.

In gamma-ray spectrometry, the goal is to measure the energy of gamma rays produced by a source of gamma radiation, revealing nuclear processes and properties. Recognizing this, scintillation gamma-ray spectrometry provides an example of some general issues in experimentation and measurement. Two important aspects of measurement arise in this experiment that are worth your attention: instrument calibration and instrument resolution. Calibration is the establishment of a relationship between the analyzed signal produced by a measurement system and the quantity the system measures, and you will need to determine a calibration relationship for the scintillation gamma-ray spectrometer and the settings and conditions you use in the experiment. You will also see that the measurement system intrinsically introduces a significant distribution of values to the measured gamma ray energies, potentially impacting our resolution of the nuclear properties and processes we set out to measure. 

Next, notice that the quantity of interest for a scintillation gamma-ray spectrometer, namely the energy of a gamma ray, undergoes multiple complex transformations – first into a scintillation by the interaction of the gamma ray with the scintillator material, and then into an electronic signal by a photomultiplier tube or SiPM – prior to being amplified and analyzed to “measure” the quantity of interest. As you progress through the experiment, reflect on how and why the electronic signal produced by complex processes in the apparatus actually “encodes” the energy of the gamma ray.

Finally, an interesting aspect of scintillation gamma-ray spectrometry is that the interaction of a gamma ray with the scintillator (and also with matter outside the scintillator) can occur in multiple ways – photoelectric effect, Compton effect, pair production – and that the way in which any single gamma ray interacts is out of experimental control. Thus, we must understand the physics of all these possible modes of interaction to interpret the signals the scintillation detector produces and thus to meet the goal of using those signals to measure the energy of gamma rays. Although our motivation might be to perform measurements to understand physical processes and properties, to accomplish that, we must also have detailed understanding of the physics governing the entity being measured, the measurement apparatus, and the measurement scheme we are applying.
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