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Positron Annihilation Spectroscopy utilizes Doppler shifts from positron annihilations to 

determine properties within a material. The areas of most concentration are the center and the 

outer edges of the annihilation peak. Calculations are performed by comparing these areas to the 

total number of counts within the peak. A major issue resides in the background signal, which is 

not constant across the peak. For center calculations, this does not result in many implications 

due to its relative magnitude compared to the background. However, for the outer regions, it 

becomes much more important to have an effective method for removing background counts. 

Numerical methods for background calculations are explored. These all use estimations and are 

based upon the points outside the peak with no guarantee that they follow the true shape of the 

background. Theoretical and experimental calculations are also performed to determine possible 

sources for the background signal which can be used to construct a more accurate model. 
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Chapter 1 

Introduction 

1.1 Purpose and Intent 

Within the Positron Annihilation Spectroscopy (PAS) group, spectral data is being 

analyzed in order to understand characteristics of a material. However, the region of interest 

around the 511 keV annihilation peak has a few awkward properties. Particularly, the peak is 

asymmetric, while many of the theories relating to the shape of the peak predicted a symmetric 

curve. Also, the background which occurs across the peak varies in magnitude, even though the 

background signal within this energy range is constant and possesses a lower count rate than 

when the sample is present. This implies that the source is interacting with the detector in such a 

way as to produce an alteration to the background. This small variation in the background signal 

did not cause a large problem for past calculations because the important channels contained 

hundreds of times more counts, allowing for reliable data even without a strong understanding of 

the background. However, as the group proceeds to understand all of the different aspects of the 
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peak, particularly the outer lying regions, it becomes more important to understand and 

characterize the background. This research intends to understand different aspects that affect the 

background in general as well as specifically at the 511 keV peak in Positron Annihilation 

Spectroscopy. 

1.2 Background 

The analysis described has two parts: understanding the outer regions in the positron 

annihilation peak, and characterizing and producing effective background interpretations and 

predictions. 

1.2.1 Positron Annihilation Spectroscopy 

1.2.1.1 Doppler Broadening 

During an electron-positron annihilation, two identical 511 keV photons are emitted in 

opposite directions in the center of mass frame. However, after boosting to the laboratory’s 

frame of reference, the energies of the two are different. This phenomenon results from the need 

to conserve momentum in the new frame of reference (see Figure 1). This result is known as a 

Doppler shift and is similar to the frequency of waves that are emitted by a source that is moving 

relative to the observer. The total momentum of the two photons is the same as the electron-

positron system that produced the annihilation. 
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Figure 1 – Gamma ray energy is dependent on the motion of the positron electron system at annihilation. If the 

system is stationary, no broadening will occur. However, during motion, one of the peaks will be more energetic 

while the other will be less. This broadening effect adjusts the distribution of the gamma spectrum off of a narrow 

peak centered at 511 keV. 

 

The Doppler shift results in a change of energy that can be calculated from the 

momentum of the original system. Through conservation of momentum, the energy shift is 

    
   

 
  

Using the Bohr model for single electron atoms as an estimate for the electron’s kinetic energy, 

the maximum energy shift can be approximated for annihilations with atomic electrons in the 

lowest orbital. However, this maximum shift has an extremely low probability of occurring, most 

annihilation will occur with less energetic electrons. 

  
 

 
           ⇒         

   

 
   

                             

When positrons enter a material, they thermalize quickly, within tens of picoseconds
1
, 

through their interaction with the material. After they have lost a sufficient amount of energy, 

they are attracted to nearby electrons and annihilate. During the annihilation, the momentum of 

the positron is assumed negligible. Therefore, the amount of Doppler shift that occurs during 

each event is directly related to the energy of the electron. 
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Generally, the electrons that are closest to the nucleus possess the greatest amount of 

kinetic energy. This can easily be demonstrated by treating it through Rutherford’s planetary 

model, which shows that they have the most momentum. Therefore, an annihilation event with 

an electron from an interior orbital will result in a larger amount of Doppler shift. 

Orbital patterns within solids are not nearly as easily observed.  However, it can still be 

reasoned that the further an electron is from a nucleus, the lower its momentum will be. This 

suggests that in locations where the nuclei density is reduced, fewer high momentum electrons 

will be present and less Doppler shift will be seen. A more detailed and accurate description of 

the momentum density of the electrons and positrons can be created through a quantum 

mechanical model.
2 

1.2.1.2 Defects 

 Metals are typically composed of an organized crystal lattice structure. This repeating 

pattern, while not always the densest construction possible, allows for the atoms to be tightly 

bound together with little room in-between. However, many times, there are errors in the pattern 

of the lattice. These errors can vary from a simple lattice boundary between domains as different 

crystals grow into each other, to missing one or multiple atoms. Whatever the case may be, these 

errors result in defects where there are fewer nuclei than the surrounding material. Because they 

are repelled by the positive nuclei, positrons will most likely enter into these defect regions (see 

Figure 2). Once in this region, they will most likely interact with low momentum electrons and 

less Doppler broadening will occur. This will result in the overall spectrum of the event to favor 

a more standard Gaussian decay peak centered at 511 keV since the only alterations off of the 

511 peak are decay width and detector resolution. Due to this dependence on the amount of 
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defects present in the material and the shape of the decay peak, this process can be used in 

evaluating the relative defect density by comparing the distribution of count intensities (see 

Figure 3). 

 

Figure 2 – Positrons will naturally collect in regions of low potential. These regions are directly correlated with 

locations where defects in the lattice structure are present. Once thermalized, the positron will annihilate with 

electrons that have similar wave functions and as such are in approximately the same location. 
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Figure 3 – A comparison of two 511 keV peaks from copper that was annealed at two different temperatures. 

Annealing is a process known to remove defects from crystalline structures. The difference between the two peaks 

is evident once one is subtracted from the other. The outer regions have drastically different count rates and it is 

this region that PAS utilizes. 
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1.2.1.3 Calculations 

PAS uses these results by measuring the 511 keV peak emitted by a sample that has been 

exposed to a positron source and compares various regions to determine how much Doppler 

broadening has occurred. This technique has been very effective at picking out locations with 

varying defect densities by comparing the Sharp-parameter, or S-parameter, at various locations. 

The S-parameter is a ratio that compares the total number of points within the center region of 

the peak to the total number of counts within the peak. This is used instead of a full width half 

max calculation because the peak is not Gaussian. 

Another characteristic that could be measured using PAS is the Wing-parameter, or W-

parameter, which compares the counts in the very outer regions of the peak to the total number of 

counts. However, due to the low number of counts, this region is highly affected by the 

background and causes difficulty in producing reliable results. Therefore, a large amount of data 

must be collected, or an effective way of dealing with the background must be made (see Figure 

4). 

 

Figure 4 – S- and W- Parameter calculation regions. 
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1.2.2 Detector 

While there are different types of Gamma ray detectors that use varying methods to 

determine the energy of a captured photon, they are all mostly comprised of the same basic 

elements - the detector itself, a preamplifier, amplifier, and a multichannel analyzer (MCA) (see 

Figure 5). 

 

Figure 5 – A detector schematic. 

 

The detector absorbs the incident photon and produces a very small current pulse. It is 

then promptly magnified by the preamplifier, which is situated very close to the detector so that 

it is powerful enough to be transmitted. The magnitude of the outgoing current is dependent on 

the amount of energy deposited in the detector. The current pulse then enters the amplifier, 

where it is shaped and converted into a voltage pulse (the shape and height of the pulse are 

dependent on the initial current). The pulses then enter the computer where the MCA registers, 

counts, and places them into bins, depending on their magnitudes. This is called Pulse Height 

Analysis (PHA). 

 While the above description is an idealized example, the signal is usually interpreted in 

this manner. This ideal case is not always accurate, particularly if the signal has not died out 

completely between one event and the next, which can result in signal doubling (discussed later 

in this thesis). One of the most difficult areas to consider, however, is the interaction of the 

photon with the detector. This can produce inherent background signals that cannot be reduced 

by the setup of the system. 
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1.2.2.1 Background Signals 

 A photon passing through matter can transfer energy to the material in a number of ways: 

Rayleigh scattering, the photoelectric effect, Compton scattering, and pair production. Each of 

these result in a different type of signal in the detector. Compton scattering and pair production 

are the leading causes of background due to the source. Rayleigh scattering is the elastic 

scattering of a photon off of a particle. It is similar to Compton scattering, described later in 

detail, but where the scattering particle has a rest energy much greater than the energy of the 

incident photon. The photoelectric effect is the complete absorption of the photon by a particle. 

This is the idealized case for determining the incident energy. Pair production results when a 

high energy photon, at least double the rest mass of the produced particles, undergoes the reverse 

effect of an annihilation and produces a matter-antimatter pair. 

1.2.2.1.1 Compton Scattering 

Compton scattering is the scattering of a photon off of a particle where energy transfer 

occurs (see Figure 6). In the process of the scattering event, part of the energy of the photon is 

imparted to the detector, while the rest remains with the photon. This photon then has a 

probability of interacting with the material once again and imparting more of its energy. Usually 

the probability of a subsequent interaction is extremely low, and in most cases, the photon will 

leave the material. In other cases, the photon may interact with matter before it enters into the 

detector and produce a variation on the Compton energy spectrum. 
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Figure 6 – Compton Scattered Photon: most calculations utilize the scattering angle  , the incident energy  , and 

the scattered energy   . 

 

Thanks to the processes of conservation of energy and momentum, the energy that the 

photon will impart is directly related to the angle with which it is scattered (see Figure 7), with a 

complete 180° event producing the greatest change. This results in a maximum energy loss 

occurring to a single Compton scattering event that will produce a noticeable signal starting at 

the greatest energy loss location, known as the Compton edge. 

 

     
 

   
(      ) 

   
    

 

     (      ) 
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Figure 7 – Scattering energy with respect to scattering angle. Units are normalized to percent of incident energy. 

At higher energies, a larger percent of the photon energy can be transferred within a single scattering event. 

 

 As mentioned earlier, the Compton scattering distribution has a maximum value when the 

scattered photon is at a 180° angle to the incident direction. This location, known as the 

Compton edge, is found for a particular incident photon through the following equation (see 

Figure 8). 
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Figure 8 – Correlation between the Compton Edge and the photon’s incident energy. 

 

Through reworking the Compton edge equation (see Figure 9), the incident photon 

energy that would produce a Compton edge at that energy can be determined. This proves 

invaluable when analyzing a spectrum for possible sources of Compton background that may be 

attributed to radiation sources near the detector.  

  
   √           
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Figure 9 – Correlation between incident photon energy and Compton edge energy. This connection links the value 

for a Compton edge that resides near the annihilation peak to be approximately 700 keV. 

 

While above it was shown that the energy of a Compton scattered photon is dependent on 

the energy of the photon and the angle at which it was scattered, the likelihood of a particular 

scattering event occurring is not the same. The differential cross section of a scattering event is 

dependent once again on the photon’s incident energy and the scattering angle. It is described by 

the Klein-Nishina equation
3
 (see Figure 10).

 

  

  
     

  (    )
 
  (    )   (    )

  
             

 (    )  
 

  (
  

    ) (      )

  

where   is the fine structure constant,   is the reduced Compton wavelength of the scattering 

particle,    
 

  
,    is the incident photon’s energy, and   is the scattering angle of the photon. 
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Figure 10 – The differential cross-section for various incident photon energies. As the energy increases, the cross 

section becomes highly forward peaked so that reverse trajectories are almost impossible. Units are absolute with 

a maximum value of     
 . 

 

 By combining this equation with the amount of energy absorbed by the electron during a 

scattering event, a plot of the theorized shape of the Compton edge and background can be 

produced (see Figure 11).  

 

Figure 11 – The combination of the energy transferred during a Compton scatter and the probability of such an 

event occurring for a 511 keV incident photon. 
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1.2.2.1.2 Escape Peaks and Pair Production 

 When high energy photons enter into a material, they experience a probability of 

undergoing pair-production, usually as an electron-positron pair. This pair then imparts its 

kinetic energy to the detector much the same as beta radiation. However, upon annihilation, the 

emitted photons can relatively easily leave the detector and not be recorded. This results in the 

signal from the original incident photon being reduced by the rest energy of an electron, if one of 

the photons escapes, and by twice that if both leave the system. 

1.2.2.1.3 Peak Doubling 

 One final element that can cause a spectrum to be altered solely by how the detector 

interacts with its surroundings is peak doubling. This particular phenomenon is a result of two 

photons entering the detector at the same time and being registered as a single event. This causes 

another peak to be detected at the sum of the two photon’s energies. This event is related to dead 

time, which is discussed later, because it is a result of too many incident photons. But while dead 

time can shift photons off of their original energies, this is a true combination.



 

 

 

Chapter 2 

Experimental Setup 

2.1 Detector Setup 

In the experiment, a High Purity Germanium (HPGe) detector was used to measure the 

positron annihilation spectrum. The positron source was sandwiched between two layers of 

similar copper plates in order for all gamma rays to annihilate in the same material. The distance 

from the source to the detector and the presence of other sources was dependent on the type of 

experiment being performed.
4 

2.2 Experiment types 

In order to analyze the data spectrum to determine all of the possible locations where 

background results may be introduced, two major types of analyses were performed. The first 

employed comparing the spectrum of a given measurement to a standard. The comparison was 
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performed using a difference method, where the spectrum of one was subtracted from the 

spectrum of the other. This allowed for ease of comparison for regions where the two did not 

match up. The other type was by matching the spectrum to theoretical expectations. This 

included regions belonging to Compton scattering and escape peaks and the region of the 

spectrum that was responsible for producing the signal. 

2.2.1 Background Signal 

The most important sources of background that were considered were the Compton 

scattering curve, including a comparison to the expected shape of the curve for the theoretical 

shape for a photon at that energy level, and identifying single, double, and doubled photon peaks. 

2.2.2 Dead Time 

“Dead time” refers to the amount of time where the detector is unable to make a 

measurement. If this value is high, it implies an increased likelihood of an additional photon 

entering into the system at the same time as another, resulting in a flawed measurement. This has 

the greatest impact on high count peaks and will result in the data being shifted to higher 

energies due to the signal from the previous count not fully decaying away. 

2.2.3 Lead Casing 

Pair production is more prevalent in dense materials with a high nuclear charge, such as 

lead. However, this same type of material is exactly what is used in order to shield external 

background signals. While in most cases this does not pose an issue, in this particular 
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experiment, where measurements are being taken in the 511 keV range, this can add additional 

counts that were not from the target material. In order to test how great an effect the shielding 

plays in both positron annihilation, as well as other issues like backscattering, measurements 

were taken both with and without lead shielding.



 

 

 

Chapter 3 

Program 

Another issue with analyzing the system and determining the effects that the background 

plays on the data is that the program used previously to calculate the S-parameter did not 

calculate the W-parameter. Therefore, a new program was written to perform these calculations 

and also allow for various methods to be used in predicting the background. This was also 

invaluable in making comparisons and combining multiple data sets. 

3.1 Background Calculation 

Various methods were used for estimating the background under the curve for 

calculations of the parameters. These were all compared to observe which provided the most 

accurate description of the curve. The main criteria that was employed in determining the overall 

effectiveness of the technique was by performing S-parameter calculations for a peak and 

comparing them to see which had the least separation between each other, as well as the lowest 
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error. All techniques utilized the same basic principle through using the background on either 

side of the peak and interpolating what the average value should be within the peak region. The 

main issue that arises however is that the background is not the same height on both sides of the 

peak, which implies that either there is something else at this location or the peak itself is altering 

the background value. The techniques used to estimate the background under the peak were a 

linear regression between the two backgrounds, a polynomial fit to the two sides, and finally a 

simple average between the two (see Figure 12). 

 

Figure 12 – Spectral Images with the calculated background placement used in analyzing the S- and W-parameters. 

 
Average Linear 10th 20th 

W 0.0086 0.0061 0.0069 0.007 

dW 0.002 0.0021 0.0021 0.0021 

S 0.545 0.5476 0.5469 0.5468 

dS 0.0123 0.0125 0.0125 0.0125 
      Table 1 – Parameter values for the graphs in Figure 12. 
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The S-parameter values for all four background methods produced similar results. There 

is a larger variation in the W-parameters. However, the uncertainties are similar. This suggests 

that while the background affects the calculated value for the W-parameter, most of the 

uncertainty is attributed to the total number of counts in the peak rather than the region of 

interest’s counts. As expected the S-parameter is not very sensitive to the background calculation 

as the signal is far greater than the background. From a brief glance, it appears the higher order 

polynomial functions performed the best due to its strong fit to the external regions. However, 

these terms can fit any shape and do not give any information about the true shape underneath 

the peak. In order to understand this region, a theoretical model must be applied. 

3.2 Error Analysis 

 For counting statistics, the standard error is the square root of the value.  However, what 

about the error associated with the calculated background counts from the previous section? In 

order to use and effectively make predictions with these values, they were treated as though they 

were a counted value at the location where the measurement was made. This permitted the 

information stored to be as accurate as possible under the proposed calculation. It also helped to 

determine which background calculations were the most effective by matching the uncertainty in 

the individual sides of the peak to each other. The error in the background could then be used 

through each point as though it was a measured value, aiding in the calculation of the error 

within the entire value. 

                 

 ∑                                                           
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These errors were calculated as a worst-case scenario. However, it may be reduced through a 

more detailed comparison of the relationships between adjacent channels.
5



 

 

Chapter 4 

Results 

4.1 Background Signal 

4.1.1 Compton Scattering 

Under our experimental conditions, Compton scattering within the detector did not seem 

to affect the data over the specified region. This is because no major peaks reside in the region 

that would create a Compton edge close to the region of interest (a prominent peak would be 

required in the vicinity of 700 keV). The annihilation peak itself also never reaches its original 

value, even after a high number of scattering events (see Figure 13). However, the analysis of the 

Compton background still poses important implications for other types of experiments that may 

be attempted with this detector, and the results for matching it to a theoretical model for 

computing are discussed below.  
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Figure 13 – Calculated curves for Compton scattering energy delivered to the detector. Each curve is a result of 

successively higher number of scattering events. The maximum value never reaches the magnitude of the incident 

photon, but lower energy peaks do appear in spectral analysis. 

 

 

Compton scattering outside the detector produced a very different result. The effects of 

scattering outside the detector allows for only a small fraction of the total energy of the incident 

photon to be lost during the event and still continue toward the detector at nearly the same 

direction. This results in producing counts within the detector that are only slightly less than the 

original photon energy. Thus, the peak itself alters the background signal for all energy values 

less than its own and can account directly for the drastic change in background counts when 

moving from one side to the other of a major peak (see Figure 14). 
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Figure 14 – Compton Scattering occurrence outside of detector. If the scatter occurs outside the detector at a 

small angle, a small fracture of energy is transferred to the material but the majority continues onward. This event 

allows for small reductions in photon energy and accounts for the large increase in background counts in energies 

slightly lower than the peak. 

 

 

Another effect that can be directly attributed to Compton scattering is the inclusion of 

additional broad peaks that are not attributed to any known peaks and only appear when a source 

is close to a material (see Figure 17). These are a result of multiple scattering events that produce 

astounding peaks in the higher order Compton curves. 

4.1.2 Escape and Photon Doubling Peaks 

Escape peaks do not result in any major signals that will correspond to the energy levels 

that are looked at within PAS. This is due to the other gamma rays associated with the decay of 

Sodium-22 not lying along a 511 keV interval within the region of interest. However, this can be 

an important feature when attempting to analyze other sets of data (see Figure 15). 
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Figure 15 – Full spectrum for 
22

Na, includes markers for major peaks associated with the source and detector 

anomalies. 

4.2 Dead Time 

One of the major effects that results from having a large dead time is an increase in the 

count intensity in all aspects of the spectrum that relate to the source of the high count rate. This 

is due to the influx of photons from this source being much greater than the other sources 

involved and is evident in the Compton peak formations being more pronounced in the high dead 

time calculation. This would be an important consideration when comparing relative intensities 

between multiple measurements. 

A greater effect is observed when a single peak is examined. The differences that arise 

between the two peaks mainly appear as a widening of the overall distribution of the peak. This 

can be attributed to the higher likelihood of counts arriving in close proximity, and either the first 

or the second is affected by the other. This contribution affects all peaks in a similar manner and 
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still allows for the S-parameter to be calculated; however there will be an overall shift to lower 

values for the calculations.
6
 The new peak will be shifted to higher energies and be even less 

symmetrical, requiring different channel windows for the parameter calculations (see Figure 16). 

 

Figure 16 – Spectrum for 
22

Na at various dead times, and a difference between them. The 511 keV peak is split in 

half and shifted, implying a need for different windows to calculate the parameters as a result of pulse pile up. 

4.3 Lead Casing 

Differences arising from the lead casing were interesting. The main difference occurred within 

the background region. While in the leaded case, there was a definite hump at lower energies. 

Without lead, this peak appeared at a much higher value. These two differences are easily 

observed in the two spectra. This can be attributed to the location in which Compton scattering is 

occurring. This is expected considering the large increase in material required for the photons to 
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penetrate in order to reach the detector. In addition, it is also the reason for such a reduced 

annihilation peak; most have attenuated in the lead before ever reaching the detector to be 

counted (see Figure 17). 

 

 

Figure 17 – Spectrum for 
22

Na with and without a lead shield, and an absolute difference between them. The 

difference demonstrates a high variation between the backgrounds lower than 511 keV. 

4.5 Gaussian Distribution 

One last aspect that was considered was the overall shape that the detector produces for a single 

energy. Theoretically, each individual peak should have a natural width based upon the life time 

of the decaying state. However, the overall width of the peak is much larger. This is due to 

statistical probabilities in the placement of an event into the correct bin. The theorized relation is 
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predicted to be a Gaussian distribution. This was tested and discovered to indeed be the case (see 

Figure 18). 

 

Figure 18 – Gaussian fit to the 
137

Ce peak, a peak with a short lifetime
7
,              . 

 

Χ2
ν Sigma Energy (keV) Error Sigma Energy (keV) 

75.4 0.656843 4 e-006 
         Table 2 – Fitted parameter values



 

 

 

Chapter 5 

Conclusion 

5.1 Background Compilation 

A single gamma ray can result in a spectral signal at multiple energies. This is due to the 

multiple ways in which it can interact with the detector and other matter. Some aspects are 

intrinsic to the photon emitter, while others are due to its surroundings and the detector. An ideal 

signal deposits the complete energy of the photon to the detector. Most of the background signal 

that occurs is a result of other pathways of interaction.  The major non-ideal method is Compton 

scattering. This may occur either within the detector or outside and results in a reduction to the 

measured photon energy. At high energies, Compton scattering within the detector begins to 

appear at the peak location; however, scattering outside the detector always results in counts at 

this location regardless of incident energy. Other areas that affect the background are peak 

doubling, which is the resolving of multiple photons as a single value and the measured energy is 
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the sum of their energies, and escape peaks which correspond to pair production events, where 

upon secondary annihilation, one or both of the new photons are not captured. 

5.2 Implications 

As far as PAS is concerned, the major implications are centered on low angle Compton 

scattering as well as the Gaussian distribution of the signal. The low angle Compton scattering 

produces a large amount of noise on the lower end of the peak and is one of the major factors 

resulting in the increased background count rate on the lower end of the peak. The Gaussian 

distribution of the detector is important in comparing the predicted theoretical results to the 

information picked up by the detector. For the most part, all of the other aspects play a minimal 

role in the spectrum creation at the annihilation peak. This is mostly due to their associated 

energy ranges lying in other locations of the spectrum. 

Another important factor relates to the S- and W-parameter calculations. The overall 

uncertainty in these values is directly related to the total number of counts in the peak. Because 

of this, it is important to not only take measurements for a sufficient amount of time in order to 

rise well above the background, but to also counteract the large difference in error values that 

arise from the sheer difference in magnitudes between the two. 

5.3 Future Research 

While this project has been able to identify some of the major sources within the 

background that are a result of the positron source, the exact curve that appears under the peak 

still needs to be modeled in order to produce an effective method for removing it from the data. 
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This would include combining the Compton scattering curves with the Gaussian response 

function that is a characteristic of the detector.  

Another area that should be considered is in relation to the presence of other materials. 

This can be included in two ways. First, in the experiments performed, lead bricks were placed 

in-between the source and the detector. This proved highly effective at watching the Compton 

effects but ignored elements that may result from reflection off of the bricks. In order to 

accomplish this, bricks should be placed either to the side or in front of the source with a hole 

drilled through it to act as a collimator. The source should not be a positron emitter so that all of 

the signal may be attributed directly to scattered signals from the lead. Second, the small angle 

Compton scattering could be measured through varying the amount of material in front of the 

source and comparing it to the relative size of the scattered spectrum. 

Another method that can be used to an extent in accounting for the background is to 

conduct the experiment under coincidence to remove a high amount of the number of 

background counts. However, the issues discussed regarding scattering may still be a major 

factor and should be explored more to conclude whether they would also be removed along with 

the standard random interference.
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