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Positron Emission Tomography 

UBC Physics & Astronomy / PHYS 409 

1 Introduction 

Positron emission tomography (PET) is a non-invasive way to produce the functional1 

image of a patient. It works by injecting some medicine which contains radioactive tracer 

material (Fludeoxyglucose is usually used) that emits positrons. The emitted positron 

annihilates with nearby electrons and produce two photons (gamma rays) with energy of 

0.511 MeV travelling at opposite directions. Detectors placed around the patient measure 

the count rate of gamma rays from different positions and angles. Then an image can be 

reconstructed to show concentration of the tracer material inside the patient’s body. For 

the case of using Fludeoxyglucose as the tracer, the reconstructed image shows the rate of 

glucose consumption at different regions of the patient to identify tumors. See ref. 1 for 

more details  of how PET works. 

In this lab we use a piece of radioactive material (enclosed in a plastic disk) which 

contains Na-22 as the source of positron emission. Different from most PET machine used 

in hospitals, our setup has only one pair of detectors, so additional transverse scan is 

needed at each angle.  

2 Apparatus 

This experiment is partly an exercise in equipment debugging. When doing any 

experiment, one of your most important responsibilities is to ensure each and every piece 

of equipment is operating as you expect and understand - never, ever trust anything out 

of the box! Assume everything is completely broken until you personally confirm 

otherwise. At each step, check on a digital oscilloscope what the output of each piece of 

equipment is, draw the waveform in your lab book, and make sure you understand all the 

features you observe.  

 

The hardware used in this experiment can be divided into two main categories: detector 

hardware and signal processing hardware. The experiment setup is shown in Figure 1. 

 

2.1 Detector Hardware 

                                                             
1 To be distinguished with other nuclear imaging method such as X-ray and NMR which provide 

structural images. 
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The first tool in any experiment is the detector that responds to the physical phenomena 

you want to examine. In particle physics experiments, the mechanism for detection is 

almost always an electromagnetic interaction between a detector (scintillator in our case, 

see 2.1.1) and a photon or an electrically charged particle; E/M interactions are the easiest 

to use since they are long range (unlike the strong and weak nuclear forces), and much 

stronger than the gravitational attraction between objects at this scale. Even so, a single 

photon or a charged particle will not on its own make a signal big enough to easily measure 

with typical equipment, so most detectors will have some form of preamplifier that 

receives the raw signal from the active detector elements and amplifies it to a usable size 

for the rest of the electronics. In this lab, your preamplification will be done using 

photomultiplier tubes (see 2.1.2), a very sensitive and widely used device that can 

produce a large voltage signal output in response to only a few photons worth of stimulus. 

 

 
Figure 1: Experimental setups. 

 

2.1.1 Scintillators 

The scintillator used in PET is usually a piece of crystal that emits a flash of light when 

ionizing radiation (gamma ray in our case) travels within it. The scintillator is placed in a 

metal housing and has an adjustable slit opening to the target. The width of the slit should 

be determined as a compromise between the special resolution and the count rate. 

2.1.2    Photomultiplier Tubes (ORTEC 269) 

Very little energy is deposited in the scintillator by the gamma rays that travel within them; 

in order to translate the weak pulse of light produced by the plastic into a convenient 

signal, you’ll use a photomultiplier tubes attached directly to the ends of each of your 

scintillating blocks. A cartoon of a photomultiplier tube can be seen in Figure 2. 

At the face of the PMT directly adjacent to the scintillator is a photocathode, which will 

absorb photons from the scintillator and emit electrons via the photoelectric effect. These 

photoelectrons are accelerated towards a high voltage dynode; upon impact, this electron 

causes a shower of additional electrons to be emitted from the dynode. All these electrons 

are accelerated towards a second dynode, and each make a shower there, thus multiplying 

the size of the current at each dynode; this process is repeated several times, 
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Figure 2: The inner workings and output voltage shape of a typical PMT. The symbol γ is 

commonly used by particle physicists to represent a photon. 

until the current is large enough to be easily measured as a voltage pulse in the anode wire 

at the end. 

In order for your PMTs to function in this way, a high voltage must be applied to the 

dynodes. Make sure both of your PMTs are plugged in: there should be a coax running from 

the “High Voltage” terminal on the back of each PMT, to a port on the back of the power 

supply. Keep the high voltage power supply off and set the voltage to 1700 V. Then turn 

on the power supply on your worktop from the switch in the front.  

The most important step in any experiment with a long chain of devices processing 

your signal, is to make sure you understand the signal shape and response at every step. 

Get a digital oscilloscope and plug each of your PMT outputs in turn, and examine the 

signals they are outputting on their ‘ANODE’ channel. Are they all doing the same thing? Is 

it what you expect?  
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2.2 Signal Processing Hardware 

Now that you have healthy raw voltage signals coming out of your PMTs, you can start 

processing this signal to get the best possible results. The most important roles of signal 

processing are the rejection of noise and background so you can get the most precise and 

unbiased measurement possible, signal shaping to facilitate optimal electronics operation, 

and finally turning these voltages into digitized information that your computer can record 

for analysis. You will be using a chain of several such devices: Amplifiers will amplify the 

phototube output voltage to the favorite range of the next stage signal processing devices: 

single channel analyzer; single channel analyzer will choose the real signals from noise 

and backgrounds.  UNIVERSAL COINCIDENCE will further suppress noise by demanding 

coincidences between the two PMTs. The signal then goes to the PETLAB module which 

is connected with the PC via the Labview interface. 

2.2.1    Amplifier (ORTEC 485) 

Amplitude of the signal coming from the PMTs depends the amount of energy deposition 

in the scintillator and the PMT gain. The PMTs have a very large gain, but the gamma ray 

from positron annihilation has only a moderate energy. So two amplifiers are used to 

further amplify the signal to an acceptable range (a few Volts).  

 

2.2.2    Single Channel Ananyzer (ORTEC 416) 

A single-channel analyzer (SCA) produces an output logic pulse on the condition that the 

peak amplitude of its input signal falls within the pulse-height window that is established 

with two preset threshold levels.  

 

If you carefully watch the raw output of your PMTs (terminal A as marked in Figure 1) or 

the amplifier  (terminal B), you should see fast streams of signals which are similar in 

shape, but different in amplitudes. The amplitude of a real signal is proportional to the 

amount of energy deposited in the scintillator by the gamma rays from positron 

annihilation. The smallest pulses correspond to noise in the PMT electronics; there could 

also be high-energy cosmic rays entering the scintillators (which penetrate through the 

metal housing) and deposits a large amount of energy, so the largest of these PMT pulses 

correspond to these cosmic rays (you may or may not see them); and the real signals 

(pulses produced by the gamma rays emitted from positron annihilation) are somewhere 

in between. The job of the single channel analyzer is to only accept pulses that are at the 

correct range of the real signal, and reject the many smaller pulses produced by electronics 

noise and the large pulses from cosmic rays. 
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To correctly set the thresholds of the single channel analyzer, first we should identify the 

real signals. How? One possible solution is to connect both outputs of the amplifier 

(terminal B) to both channels of the oscilloscope, then set the trigger of the oscilloscope to 

both channel 1 and 2. But, wait! I haven’t seen an oscilloscope with this trigger function… 

So a simple trick is to use the oscilloscope’s “stop” button to capture the scope and find the 

cases which have signals coincide with each other in both channels (see Figure 3). Be 

patient, you may need to press the “stop/run” button 50 times or more to capture a real 

signal.  

 

         
 (a) (b) 

 

Figure 3:  (a) two signals which are not in coincidence with each other, notice their 

difference in arrival time; (b) coinciding (real) signals. 

 

A better way to identify the real signal is to get a trigger signal that we need, actually it’s 

just there: the output of the UNIVERSAL COINCIDENCE!  Connect one of the UNIVERSAL 

COINCIDENCE (after making sure it has been setup correctly, see 2.2.3) output to the “Ext” 

input of the oscilloscope, then set the oscilloscope trigger to “Ext”, mode to “Normal”. Use 

two BNC splitter at the two signal channel analyzers’ input, and connect the split signal to 

the two oscilloscope input channels. Now you should be able to see each of the real 

coinciding signal on the scope without spending too much efforts.  

Identify the real signal by testing in the following ways: a) put the target at position “0 

mm”, where you expect mostly real signal; b) put the target at position “20 mm”, where 

you mostly expect fake signal – if it happened; c) use the lead plates to block the detector 

entrances; when you only expects fake signal. 
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2.2.3    Universal Coincidence (ORTEC 418) 

Outputs from the two single channel analyzers should be connected to two of the universal 

coincidence’s input, and set both of the two input to “COINCIDENCE” using the “INPUT 

CONTROLS” switches. There are two knobs on the front panel. The “RESOLVING TIME” is 

used to setup input A, which accepts an input signal with a width of 50 ns or more and 

regenerates an internal signal that will be used for coincidence comparisons. The 

regenerated internal signal width is adjustable for a resolving time of 100 ns to 2 μs (think 

about the case of Figure 3 (a)). The other knob “COINCIDENCE REQUIREMENT” tells the 

device how many input channels need to be in coincidence to produce an output signal. 

What number should be setup here? Confirm that the answer is “2” by several ways of 

testing (watch the counter output): a) set the “COINCIDENCE REQUIREMENT” to “1”; b) 

connect only one of the input channel. These tests here can also give you an estimation of 

the noise level, and help setting up the window of the single channel analyzer. 

2.3    PETLab 

Through the PETLab module, the final output is sent to the PC and stored. The PETlab is 

also used to adjust the position and angle of the target through an automated mechanism. 

See the Labview program pages for more information on the measurement setup. 

 

3 Analysis 

After doing a full scan (position scans at different angles), what you obtain is a 2D 

sinogram.  Image of the target needs to be reconstructed from the sonogram by doing an 

inverse Radon transformation.  

 

There are mainly two methods to reconstruct the image. One of them is filtered back 

projection, which can be found in Python’s Scikit-image module. The other method is an 

iterative method called Maximum Likelihood - Expectation Maximization (MLEM). Both of 

the methods are described in ref. 1. Depending on your experiment schedule, you may 

choose either one or both of the image reconstruction methods. 
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