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ABSTRACT

POSITRON ANNIHILATION AND THE W-PARAMETER

Dallin Pincock

Department of Physics

Bachelor of Science

Previous research into positron annihilation has shown that the S-parameter can be 

used to help find defects in metals. The S-parameter is the ratio of peak counts to total counts 

in a curve of detected gamma radiation, representing low momentum positrons. This research 

looks into different circumstances, such as different materials and materials with different 

amounts of defects, and whether the S-parameter's counterpart, the W-parameter, could prove 

more useful in any of these situations. The W-parameter is the ratio of the counts in the wings 

of the curve to the total, representing high momentum positrons.
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Chapter 1

Background

1.1  Introduction

Every elementary particle has an anti-particle, with an opposite charge. These will 

annihilate when they come together. The positron is the anti-particle to the electron. When 

they annihilate, two gamma rays are usually produced, of approximate energy 511 keV each. 

Gamma ray energy can be affected by the relative momentum of the particles.

One application of this principle is to direct positrons at a material, using a radiation 

source, and detecting the gamma rays that are created from it. Using this method, a 

distribution of energies is obtained, allowing us to see a curve of gamma ray energies, from 

which we can infer what momentum the annihilations happened. This can be done across a 

piece of material to see its properties, a process called 'positron annihilation spectroscopy'.

We are continuing off of recent research done at Idaho State University and at 

Brigham Young University – Idaho. The first previous research is by Marcus Gagliardi, at 

1



Idaho State University. [1] His research on Positron Defect Mapping and the S-Parameter, 

which will be discussed shortly, is the basis of our analysis. Jonathon Monson's research used 

this technique to examine the amount of defects in shot peened and annealed copper, and this 

research is where much of the data used for analysis came from. [2] Jacopo Lafranceschina's 

paper covered using this technique to find differences in materials over a 1-D or 2-D plane, 

meaning mapping, say, a sheet of material for changes or defects. [3] In this paper, we will be 

analyzing previous data to find out if looking at the data in a different way could yield 

different or more accurate results, using a parameter called the W-Parameter.

1.2 Positron Annihilation Description

When a positron annihilates with an electron, it produces two gamma rays, of 

approximately 511 keV each, which go in opposite directions.  The energy of each gamma 

ray is determined by conservation of momentum. Due to this, the gamma ray in the direction 

of the relative momentum will have a higher energy. The gamma ray in the opposite direction 

will have a lower energy. This effect that momentum has on the energies of the gamma rays 

is called doppler broadening.
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Figure 1.1: A positron-electron pair annihilating, producing two 511 keV gamma rays.

To use an example from previous research, we'll take the case where we direct 

positrons at copper. When we direct a positron into a solid like copper, it goes through into 

the solid. Since the nuclei of the atoms repel the positron, the positron is carried through this 

lattice of atoms until it hits an electron. The ultimate path of the positron can be affected by 

the presence of defects, in that positrons tend to get trapped in defects:

Figure 1.2: A high momentum annihilation (no defect) and low momentum annihilation (trapped in defect)

This affects momentum, the positron trapped in a defect giving a much lower mean 

momentum upon collision than when it is traveling through the lattice of atoms. The 

positrons are often drawn towards defects, since there is nothing to repel them inside of it. 

When in a defect, the positron-electron annihilation is much more likely to happen with a 

lower momentum valence electron, thus reducing the momentum of the annihilation.
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Our equipment for testing consists of a positron source, a gamma ray detector, and an 

apparatus to hold and move the item that's being tested. The detector is cooled by liquid 

nitrogen and uses a radioisotope, such as 22Na or 68Ge as a positron source. More detailed 

information can be found in Marcus Gagliardi's thesis Positron Defect Mapping (2008) [1].

Figure 1.3: The HPGe detector schematic. Figure from Marcus Gagliardi's thesis [1].
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Chapter 2

The S and W Parameters

2.1  The S Parameter

As mentioned before, we're using a parameter called the S parameter to measure the 

amount of low momentum annihilations. We will now go over how the S parameter is 

obtained. When we take a reading, we get a spectrum of gamma ray energies. Each sample is 

a spectrum, divided into channels. A channel is a certain range of energies, and putting the 

energies of the detected gamma rays into channels allows us to graph the spectrum. As an 

example from Monson's data [2]:
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Figure 2.1: A gamma energy spectrum from Monson's shot-peened copper data [2]. The biggest peak, in this 

example, is the 511 keV peak. The 511 keV peak is not always the biggest peak, so it is important to use data 

like this to find the 511 keV point.

Figure 2.2: A gamma energy spectrum from Jacopo Lafranceschina's data [3]. The right-most peak in this data 

is the 511 keV peak. Of notice is that it is very near the same spot as Monson's data, and it is not the biggest 

peak.

While there are several peaks in this data, we are interested in one particular peak, the 

peak at 511 keV, the energy of the positron-electron pair annihilation gamma rays. To find a 

starting S parameter, we use copper with little or no defects as a reference. We take the 

highest point, which is at or very near 511 keV, and surrounding points, adding up, until we 

get half the points in that section of the peak. This will allow us to divide the peak into 

regions.
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Figure 2.3: A peak from Monson's data [2] showing the S region, the center of the peak, the W1 region, the 

lower region, and the W2 region, the upper region. The W1 and W2 regions are the 'wings' of the peak.

Then, we continue to use that section for subsequent points, the S parameter being the 

number of counts inside of the previously determined channels. In other words, when we 

look at different peaks in the same set of data, the channels we use for our regions stay the 

same, since we are looking for differences in the same energy levels.

For S, our equations are:

S=
S b

T b
Δ S=√∑W10

W2 f

y i Δ S 2=∑
W10

W2 f

y i

S is the S Parameter, Sb and Tb are the counts in the central region and total counts in the 
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peak. W10 and W2f are the first and last channels of the peak, making the sum the number of 

the total counts in the peak.

2.2  Data Analysis

When we analyze the data, we start with our first data file. When I say first, I mean 

the first we decide to analyze. When finding the channels to use, sometimes it is better to 

start with data with a more well-defined peak, rather than the first file of the set. In our files, 

there are 8192 channels, each representing different energy ranges. The first thing we do is 

put these numbers into a program where they can be useful. I used OpenOffice Calc, but 

Excel would work in a very similar manner. A full data file for a point looks something like 

Figure 2.1 or 2.2.

We then narrow the data down to the peak and the background around it. The 

background around the peak is needed so we can subtract background from the channels in 

the peak. For our data, I included a hundred channels of background on each side.

When we narrow down our data, we get something like this:
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Figure 2.4: The 511 keV peak in Monson's data [2] of shot-peened copper at force of 10 N, annealed at 200 

degrees Celsius, including background.

Now, we find the center, and expand the center outwards, until around half the counts 

are in the center, then find where our peak ends and the background begins. We basically 

divide up our peak, like so:
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Figure 2.5: Peak divided into the lower background, B1, the lower wing, W1, the center, S, the upper wing, 

W2, and the upper background, B2.

We then record the ranges of channels for each section. For lower background, left 

wing, center, right wing, and upper background. For an example, in my analysis with this 

data set, I had the following values:

B1 = 4808 to 4908, W1 = 4909 to 4955, S = 4956 to 4972, W2 = 4973 to 5010, B2 = 5011 to 

5111

This gives us a peak, though still with background, like so:
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Figure 2.6: The peak, without the background channels, but still including the background counts inside the 

peak.

We then use our background channels to create a background line, finding the average of the 

background counts in the lower background and the upper background. We then make a 

linear background line, with an equation like so:

bn=[(bl−bu)∗(
n−W10

W2 f −W10
)]+bl (2.1)

bn is the background counts at the specified channel. bl and bu are the average counts 

of the upper and lower background, respectively. n is the channel we are calculating 

background for. W10 is the first channel of the lower wing. W2f is the last channel of the 

upper wing. In other words, they are the first and last channels of the peak. We subtract this 
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background from each channel, and now we're ready to find our S and W parameters, along 

with other useful data.

To find our S parameter, we divide the counts inside the center by the total counts 

under the peak. Similarly, to find our W-Parameter, we divide the counts inside the left and 

right wings by the total counts.

S-Parameter: 
Sb

T b
(2.2)

W-Parameter: 
W1b+W2b

T b
(2.3)

The subscript b means the background subtracted counts in that region. S is the number of 

counts in the center region, W1 and W2 are the number of counts in the lower and upper 

wings, respectively, and T is the number of counts in the entire peak.

For the other points in the same set of data, the process is simpler. We use the same 

channel ranges we found earlier with the next data point, letting the spreadsheet handle 

recalculating everything. We can also calculate error in S and W. Details on the equations for 

both are in the next section.

A hardware upgrade and technique could also be added to make the background, and 

therefore the error, much lower. We get a second detector, and set it up opposite to our 

original detector, like so:
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Figure 2.7: A simple diagram of the two detector setup. The detectors are placed on opposite sides of the 

sample, at equal distances from it.

The reason for this is, as explained earlier, two gamma rays are created when a 

positron-electron pair is annihilated. So, when we get a gamma ray in one direction, we 

should get one in the opposite direction. So, by setting up a detector on the other side, we can 

confirm whether a detected gamma ray has a matching, opposite ray, or if it is just 

background radiation. This technique is called 'coincidence counting', and can bring up the 

ratio of signal to background by orders of magnitude. [4]

On the subject of background, there is another interesting phenomena. If a closer look 

is taken at one of the 511 keV peaks:
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Figure 2.8: A peak from Monson's data [2] with less counts, so the background is more apparent.

The background on the left side of the peak, or the lower energy side, is higher than on the 

right side, or higher energy side. This is consistent with all the data that was analyzed for this 

project. The reason for this is uncertain, whether it is something in the environment or if this 

happens with all positron annihilation spectroscopy (possibly a Bremsstrahlung effect). The 

method I used in calculations assumes that the background is linear, like so:
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Figure 2.9: The peak from Figure 4.5, zoomed in on the y-axis. The vertical lines show the beginning and end 

of the peak, the line along the bottom showing the background line.

However, there's another method of doing this, that we believe could be more 

accurate. Finding out what the background line under the peak looks like could help make 

calculations more accurate. Instead of being linear, the background line could have a relation 

to the sum of all the counts at or higher than that channel's energy, in the entire data set, not 

just the peak we're interested in.

The equation for the value of the background in a channel should look something like 

this, if we use this method:

b=
∑

x

P f

y i

c
(2.4)

Where b is the background counts, x is the current channel, Pf is the final channel in the data 

set, and yi is the counts in the channel, c is a constant.

The constant c is unknown, but should make the line fit to the peak's background, 

rather than being way above it from summing all those counts, so it will be large. Another 

important question is whether this constant differs with different data.

Using point 9 of Monson's data (copper coupon shot peened at 10 N intensity, 

annealed at 350 degrees C), we'll take a closer look at this method. Using a constant c of 
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2750, which I found out works well for all of Monson's data, we get a background line like 

this:

Figure 2.10: Alternative background line for point 9 of Monson's data.

There is a little oddity with this method. You may notice that the background line 

goes slightly above the background on the left side, and slightly below the background on the 

right side. However, our main concern is accuracy with background inside the peak, so this 

isn't a large concern. In the below graphs, we compare the 511-keV peak on point 9 of 

Monson's data, first using the linear background method, then using the alternative method. 

In both graphs, the x-axis is the channel number, the y-axis is the number of counts.

However, using this method gives us almost the exact same peak as the linear method. 

We also run into the problem of having to find a way to calculate new background error 

terms. Since there's no clear advantage to this method, there's no reason to do so.
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2.3  Results from Data Analysis

The first data set I analyzed is from Monson's data [2]. This data represents a 

copper coupon (sheet of copper) peened with an intensity of 10 N, then annealed, from 150 to 

450 degrees Celsius.

Figure 2.11: S Parameter graph for the above mentioned set of Monson's data [2], with error bars.
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Figure 2.12: W Parameter graph for the same set of data.

The second set of data I analyzed is a linescan from Lafranceschina's data [3], consisting of 

50 points. This linescan is of a piece of copper with tape in the middle of it.
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Figure 2.13: S Parameter graph for a linescan of Lafranceschina's data [3], with error bars.

Figure 2.14: W Parameter for the same set of data.
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Chapter 3

Mathematical Derivation

3.1  Equations for W and uncertainty

As we determined before, our W parameter is:

W =
W1b+W2b

T b
(3.1)

Our uncertainty in W is:

ΔW =√∑i
( dW

dyi
)

2

Δ yi
2+( dW

dbu
)

2

Δbu
2+( dW

dbl
)

2

Δbl
2 (3.2)

The Δy term, the error in counts in a channel, is easy to figure out, since this 

experiment is dealing with counts:

Δ yi=√ yi Δ yi
2= y i (3.3)

The background terms aren't too hard to figure out, either. They are the error of the sum of 

the background counts, over the number of channels, or the error of the average counts of the 
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background. In equation form:

bu=
∑
bu0

buf

y i

buf −buo+1 Δ bu=
√∑buo

buf

y i

buf −buo+1
Δ bu

2=
∑
buo

buf

y i

(buf −buo+1)2

(3.4)

bl=
∑
bl0

blf

y i

blf −blo+1 Δ bl=
√∑blo

blf

y i

blf −b lo+1
Δ bl

2=
∑

blo

blf

y i

(blf −b lo+1)2

(3.5)

Now to work out the rest of the first piece:

dW
dy i

= d
dyi [W1b+W2b

T b ]= 1
T b

dW1b

dy i
+ 1

T b

dW2b

dyi
− 1

T b
2

dT b

dyi
(W1+W2) (3.6)

If i is in W1 or W2, the wings:

dW
dy i

= 1
T b

−
W1b+W2b

T b
2 (3.7)

If i is in S, the center:

dW
dy i

=−(W1b+W2b

T b
2 ) (3.8)

Now, the rest of the second term:

dW
dbu

= d
dbu [W1b+W2b

T b ]= 1
T b

dW1
dbu

+ 1
T b

dW2
dbu

−
W1b+W2b

T b
2

dT b

dbu
(3.9)

dW
dbu

= 1
T b

(W1 f −W10+1)(−2W2 f +W10+W1 f )
2(W2 f −W10)

+ 1
T b

(2W10−W20−W2 f )(W2 f −W20+1)
2(W2 f −W10)
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−[ (W1b+W2b)

T b
2

−(W2 f −W10+1)
2 ] (3.10)

And, the rest of the third term:

dW
dbl

= d
dbl [W1b+W2b

T b ]= 1
T b

dW1b

dbl
+ 1

T b

dW2b

bl
+W

T b

dT b

db l
(3.11)

dW
dbl

= 1
T b

(W1 f −W10+1)(−2W2 f +W10+W1 f )
2(W2 f −W10)

+ 1
T b

−(W2 f −W20+1)(−W2 f +W20)
2(W2 f −W20)

−[ (W1b+W2b)

T b
2

−(W2 f −W10+1)
2 ] (3.12)

3.2  Reasons for similarities

Now that we have our equations for S and W, and we've analyzed the data, we find 

something about our parameters. They sum to one (S+W=1, which is what we expected) and 

their errors are the same or similar, according to the math we worked out above.

If you look back at Figure 2.3, this shows that our results should, in theory, sum to 

one, so the fact that our results and equations say the same thing is good. This is because we 

used all the channels, one possibility of something to do in the future is to adjust the channel 

ranges, so that they do not sum to unity, experimenting with using different ranges in analysis 

of S and W, seeing if this results in anything more accurate or interesting.
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Chapter 4

Conclusion

After this, we conclude that S and W add to unity. This seems like an uninteresting 

conclusion, though this means we have two parameters, describing two different kinds of 

annihilations. The S parameter shows differences in low momentum annihilations, so is 

better for finding levels of defects in one type of material. The W parameter shows 

differences in high momentum annihilations, so it fits better when describing differences in 

material. However, they both sum to unity and seem to have the same or very similar error. 

We cannot say that one is better over the other, only that they describe different annihilation 

events.

Going through this and confirming that W fits with S so well gives more strength and 

credence to the credibility of positron annihilation spectroscopy. We have also found ways 

that this method of spectroscopy could potentially be improved upon, such as coincidence 

counting, alternative background calculation, and potentially changing the S and W regions 

so that they don't sum to unity, seeing if any interesting results come of that.
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