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Abstract

The goal of this experiment is to measure the mass of a neutrino via the study of beta decay.

The motivation for this is to see how well a crude laboratory set up can determine the mass

of a neutrino in comparison with the million dollar experiments that also seek to answer the

same question. To find the mass of the neutrino, the intensity of the beta radiation is measured

over 0 to 90 degrees using the radiation monitor. This data can then be transformed into a beta

decay spectrum plot for the Sodium 22 source. The data from the spectrum is used to make a

Kurie plot through the application of various functions such as the Fermi function. The mass of

the neutrino was found by taking the difference between the ”massless” neutrino, which is the

hypothetical calculation and results obtained within the experiment. Comparisons were made

between different elements for beta decay, as well as with other published experiments. Due to

time constraints and unexpected errors, it was not possible to find a close estimate of the upper

limit value for the neutrino.

1. Introduction and History

Despite being a relatively new area in physics, neutrinos have already captivated the

attention of many physicists, and new research focused on neutrinos is popping up as time goes

on, highlighting the high level of interest and enthusiasm for them. While ideas of a particle with a

certain mass was used to explain angular momentum and energy conservation by Wolfgang Pauli

(1900-1958), it was not until 1956 that neutrinos were officially discovered, and there is still much

to learn about this elusive particle[5].

Throughout the history of neutrinos, many observations and theories have been developed.

Pauli was the first who proposed the existence of neutrinos after studying beta decay[5]. Beta

decay must conserve angular momentum and energy, but Pauli noticed that some energy was

unaccounted for in his calculations. This missing energy belonged to the neutrino, which is a

particle that is also emitted during beta decay. Furthermore, as shown in the theory below

(equation 1), one can see the proposed positive beta decay, which will yield our particle of

interest[6].

Further down the line, Wang Gancheng (1907-1988) proposed that neutrinos could be

detected via beta capture, which is similar to what this lab entails[4]. Physicists Clyde Cowan

and Frederick Reines, alongwithmany other collaborators, conducted the Cowan-Reines neutrino
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experiment (1956). This experiment utilised the beta decay ideas discussed, and showed physical

proof of the existence of neutrinos. The discovery of neutrinos in nature eventually occurred in

1965, when Jacques Pierre Friederich (1930-2002) performed an experiment in an abandoned

gold mine 3 km below sea level, chosen to isolate background radiation and cosmic rays[4].

However, there are still many unknownswith regards to this new particle, including its mass.

While there have been attempts to estimate and refine the value of mass, there still hasn’t been a

definite answer with regards to neutrino mass[7]. The motivation then, is to see how close a sub-

thousand dollar experiment compares to million dollar ones, such as KATRIN, a German neutrino

laboratory that involves a 200 ton spectrometer.

2. Theory and Prediction

The type of beta decay that we are interested in is positive beta decay. This can also be

considered as a proton decaying within a nucleus, and this form of decay will yield the following:

P → n+ e+ + ve (1)

Where P is the proton, and after decay, results in a neutron n, positron e+, and the the part
we are interested in, the neutrino ve

[6].

Kurie plots show the decay energy spectrum of the beta particles. This energy includes

that of the emitted electron, neutrino and daughter nucleus. We can separate the energy of

the electron and the neutrino on the plot by looking at the cross section near the endpoint of

the spectrum[13]. We will be using Kurie plots to study the beta decay and thus determine the

neutrino’s mass from the energy. The neutrino’s energy can be calculated as follows[13]:

Ev = E − Ee (2)

WhereEv is the total energy of the neutrino,Ee is the total relativistic energy of the electron, and

E is the total energy released[13].

Fermi-Kurie plots are plotted as a function of omega (ω) on the y axis, which is a unitless

variable that can be used to determine energy differences easily. The x axis can be plotted in units

of energy or omega (ω). It is defined in the results section. In one case, if themass of the neutrino

is assumed to be 0, this will plot a straight line with an intercept of E. However, in the case of the

neutrino having mass, the line on the plot will curve to meet the x axis at a lower energy value[13].

The missing energy corresponds to the mass of the neutrino. To calculate the mass, we take the

difference between the energy for a massless neutrino and the energy of the curved line. This net

energy is shown in the Figure 1.

In 2019, scientists began taking measurements in the KATRIN experiment with the purpose

of determining the mass scale of the neutrino. A gaseous tritium source was being used to

measure the energy of beta electrons with the 200-ton KATRIN spectrometer[12]. The most recent
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Figure 1: A sample Kurie Plot Diagram, with the neutrino mass distinguished. Image based on Figure 7.12

in reference 21.

measurements taken in February 2022 allowed them to determine that the upper limit of the

neutrino mass is 0.8eV[7]. The estimated total cost of this experiment is 85 million dollars (CAD).

The KATRIN experiment is essentially a large scale version of our experiment, using tritium

instead of sodium-22. As we only have a semester to complete our experiment, we will not be

able to collect as many counts with our radiation monitor. We are also using a much smaller

spectrometer for budgetary reasons, which will affect the quality of our data. With limited time

and resources, ourmeasurements will likely not allow us to narrow down themass of the neutrino

to below 0.8eV as the KATRIN experiment did.

3. Laboratory Set-Up

A list of all the components are listed below, with more detail about each component in the

following pages:

• Sodium-22, 10 µC

• Vernier Go Direct Radiation Monitor

• 1
2
inch Neodymium Magnets

• 3D-Printed Deflector

• 3D-Printed Collimator

• Protractor

• 3 mm Aluminum Foil

For this experiment, the emitter of choice was sodium-22 that undergoes positive beta

decay. Sodium-22 produces less gamma radiation compared to other emitters, which means a

reduction in noise and interference[8]. A 3mm aluminum sheet was used to block low energy beta

particles from passing through the aluminum sheet. In order to collect asmany counts as possible,

a 10µC source was used as the 1µC source did not emit enough beta and gamma radiation.
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Another crucial piece of equipment that was required for this experiment is a radiation

monitor. This device measures the total number of particles emitted in the form of counts during

a period of data collection. As this equipment required no calibration, background radiation was

measured. However, due to time constraints, sufficient background radiation data was not used

as it was negligible. This apparatus was connected via Bluetooth for data collection.

In order to set up the entire experiment, 3D printed components are also needed. The

deflector contained magnets used for deflection and current induction. This contained our

radioactive source, which is containedwithin a plastic disc that fits within. In addition, a collimator

is used to hold the radiationmonitor, and also guide the protractor, as the beta decay is measured

in angular increments.

Once all of these parts are obtained, the beta spectrometer is attached to the red printed

pieces of the deflector together. Then the ½” magnets are inserted into the deflector-collimator

device as shown in the figure 2. Next the radiation monitor and protractor are attached to the

deflector. Then the sodium-22 source is inserted into the deflector as shown in Figure 2[1]:

Figure 2: The completed setup with the 3D printed collimator and deflector, protractor, radioactive

source, and radiation monitor

The setup ensures that the apparatus can be adjusted in angular increments. This means

that the deflection angle gives the energy of the beta particle, and by collecting measurements

over incremental angles, the energy spectrum versus counts is obtained[13]. Beta particles with

higher energy and gamma particles have a smaller angle of deflection and are thus directed away

from the detector. Only the beta particles with lower energy will make it into the detector. Beta

particles are sent through a small hole at the center of the collimator and pass through a gap

between the neodymium magnets to reach the detector, or otherwise be deflected[1].
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Given more time, a stepper motor would have been used in conjunction with the Arduino

controller. This is to give a continuous spectrum of angles, rather than manually adjusting the

set-up in discrete angular measurements. In addition, Strontium-90 was another source that was

planned for usage; however, it was not sufficiently strong enough for the purposes of this lab. It

did not give off sufficient counts when compared to background radiation, which would make it

difficult to approximate the mass of the neutrino from the plot.

The last part of the setup was measuring the magnetic flux density in the space between

the twomagnets. This was found by running a current-carrying wire through the gap between the

magnets and measuring the force exerted on the wire[11]. To do this, the collimator was balanced

vertically on a scale, with a copper wire, connected to a power source running in between the

magnets without touching them. The scale was then set to zero. 3 Amps were run through the

wire, and the mass reading on the scale was recorded. It was also observed that after turning off

the power source, there would always be a reading of 0.0039 g, despite zeroing the scale before

each trial. We repeated this procedure twice to see if therewas a difference between trials, though

we found the difference was negligible. The difference in the mass would give us the magnetic

flux density in the following equation[6]:

B =
(m2 −m1)g

IL
(3)

In whichm2 andm1 are the recorded mass when the power source to the wire when it was

turned on, and after it was turned off respectively. g is the gravitational constant, I is the the

current through the wire and L being the length of wire directly passing between the magnets,

giving us the following equation for B[11]:

B =
(1.4313g − 0.0039g)9.8N/g

3A× 1.194 ∗ 10−2m
= 0.3915(T ) (4)

We discovered that the magnetic flux density in the space between the neodymium magnets is

0.3915 Teslas.
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Figure 3: A photo of the set up required to measure the magnetic field produced by our neodymium

magnets

4. Results and Discussion

For the gamma spectrum, the counts were detected using a 2.97± 0.05mm aluminum

sheet to prevent betas from being detected by the radiation monitor and allowing high energy

gamma particles to pass through. The counts were measured at increments of 5 degrees from 0◦

to 90◦ and averaged over a period of 5 minutes. Given more time, the counts would have been

collected from 0◦ to 180◦ for a longer period. In figure 4, we have a plot of our gamma spectrum

in blue and the beta and gamma spectrum in red as a function of counts versus angle. The

gamma particles measured at θ = 0± 1◦ averaged to 320.3 and at θ = 90± 1◦ the counts
averaged were 203.4. In the same figure, the beta and gamma spectrum is plotted in red. The

counts averaged at θ = 0± 1◦ was 388.4 and when θ = 90± 1◦ the counts were 177.3. As
measurements were in increments of 5◦, the uncertainty is±1◦. It was predicted the counts

would be higher at 90◦ due to no deflection angle of the gamma and beta particles, however, the
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opposite is observed[17]. This is attributed to the magnetic field the beta particles need to pass

through. At 90◦, although there is no deflection angle, the beta particles are still deflected and

thus, less are detected by the radiation monitor when measured straight to the source. The

higher the deflection angle, the more counts are measured by the radiation monitor. That is why

more counts are observed when the deflector is set to 90◦ and less are observed when the

deflector is at 0◦.

The gamma spectrum was then subtracted to produce our beta spectrum in figure 5. It can

be observed in this diagram that the counts become negative near 90 degrees. Though this

makes little physical sense as one cannot detect a negative quantity of particles, it can be

attributed to the possibility of a poor aluminum partition. It is possible that some betas had

enough energy to pass through the aluminum sheet used. It could also be due to another source

of error and provided time were not a concern, this data collection would have been repeated.

Figure 4: Plot of beta and gamma spectrum.

7



Figure 5: Plot of beta spectrum subtracting gamma counts from beta and gamma spectrum.

Figure 6: Plot of the beta spectrum as a function of counts per second versus Energy in Giga electronvolts.
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Figure 7: Beta spectrum fit

Figure 8: Scaled Kurie plot of the Beta spectrum

In figure 6 the beta spectrum of Sodium-22 was plotted. This was done in python using the

data that was collected using the radiation monitor. The average counts of particles emitted by

the source was collected at 5 degree increments from 0 degrees to 90 degrees. Due to time

constraints, symmetry was assumed instead of collecting data from 90 degrees to 180 degrees.

The average counts per second at each angle were plotted on the y axis as the intensity. The

energies of the beta particles at each angle were calculated in python and plotted along the x
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axis. Together they produced the beta particle energy spectrum. The general shape of the

spectrum matches the expectations for the experiment[20]. As it is unclear whether the

aluminum blocked the beta particles, the blue points on the graph includes counts of both beta

and gamma particles. The red points were produced from the data that was collected when the

aluminum partition was in place. It does not appear as though the beta particles were blocked

by the barrier. The two data sets are nearly identical for lower energies, with higher variation as

the energy of the particles increases after 10 GeV. It is unclear why more counts were detected

at some angles when the aluminum plate was in place. Based on predictions, It was assumed

that less counts would be detected with the aluminum because the beta particles should not

have been able to pass though it to reach the detector. The assumption was made that all low

energy beta particles would be deflected and detected by the radiation monitor. However, due

to scattering, not all beta particles could have been detected.

Using the data from the beta spectrum, a Kurie plot was constructed in python which is

displayed as figure 8. The Kurie plot is often used in the study of beta decay as they can be used

to determine the upper bound of the mass of the neutrino. It is essentially a linear

representation of the beta spectrum[17]. The y axis on this plot is plotted as a function of ω where

N(ω) is the number of beta particles with energies that line within a certain range described by

ω, and F (Z, ω) is the Fermi function which tends to approximate to 1 for high energy beta

particles[15]. The blue line is the theoretical spectrum that agrees with Fermi beta decay theory.

The orange line was produced from the data we collected from our sodium-22 source. The

deviation at low energies is attributed to the scattering of low energy particles. The deviation

can also be used to approximate the mass of the neutrino, since the we have the following

relation described by Fermi in equation 5[18]:√
N(ω)

ω
√
ω2 − 1 · F (Z, ω)

=
ω0 − ω√
F (Z, ω)

(5)

√
F (Z, ω) ≈ 0.9 (6)

By observing the two curves on the plot, the difference in energy appears to be

approximately equal to 0.6 · 1020 ± 0.1 · 1020 which means E = 3.0 · 1025 electronvolts which is

quite large compared to the upper bound determined most recently by the KATRIN experiment

with a value of 0.1 electronvolts. The energy computation is shown below:

ω

0.9
=

E

m0c2
(7)

E =
ω · (m0c

2)

0.9
(8)

E = (0.6 · 1020)(9.10 · 10−31kg)(299792458m/s)2 (9)

E = 4.91 · 106J = 3.0 · 1025eV (10)
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5. Analysis

Using the Lorentz force equation[19], the equation for the momentum of the particle p is
calculated based on the radius of the magnets rmagnet, the magnetic field B, and the angle of

deflection θ as shown in figure 8.

p = γmv = qBrmagnetcot(θ/2) (11)

Using equation 11 in the energy momentum relation, the energy spectrum of the deflected

particle was calculated using equation 12[11].

E2 = (qBrmagnetcot(θ/2))
2c2 + (melectronc

2)2 (12)

Figure 9: Deflection path of low energy beta particles. Image based on Figure 3 from vernier radiation

deflector instructions manual found in reference 1.

A method also had to be deployed to ensure that the laser was calibrated correctly to yield

sufficient results. As discussed earlier, the particles were assumed to travel perpendicularly from

the surface of the disk-shaped source. To guarantee that the line perpendicular to the surface of

the disk is parallel with the direction of the pointer on the collimator arm, a test was created

using a laser pointer a mirror, and a 90 degree triangle ruler.

The test began with the laser and collimator mounted onto graphing paper parallel to a

distinct line on the graphing paper. The angle on the collimator was set to 30 degrees, with the

laser positioned to hit the end of the collimator arm. The triangle ruler helped ensure this was

the result, and gave another line perpendicular to the surface of the table. Dots were recorded

directly onto the graph paper (BDFH) with a total of 4 measurements total per collimator degree.

After measuring and calculating the marked dots with respect to the pre-mounted positions, an

angle θ was found. The Laser would be calibrated correctly if the found angle θ was twice that of
the protractor angle φ.

This process was completed twice, with an angle of 30◦ and and angle of 60◦ for φ. After
completing the test, the θ angles were θ

2
of 29.35◦ and 60.7◦ respectively, giving us an error of

0.7◦.

We found that the hands on aspects of the course contributed most to our learning as we

have had sparse lab time in our degree this year and the previous due to the pandemic. It

allowed us to get a feel for what it’s like to work independently in the lab without a lab manual

11



as a guide. The parts that contributed to our learning the least were the tedious troubleshooting

and systematic data collection by manually adjusting the spectrometer for each angle.

A potential laser calibration source of error could have come from the 3D printed

collimator, precisely the piece from which the particles travel through. With the travel space

being approximately 2mm wide and 1.5cm long, if the the particle source was placed in the

center there could be a minimum error in the angles dependant on the source being infinitely

small. This estimated error would be about tan( 1mm
20mm

) = 2.9◦.

Figure 10: Diagram of angle calibration process using a laser to determine correct angle of measurement.

Due to the angle error on the deflector totalling to about 3.6◦, we were unable to set the

angle to be more precise than in 5-degree increments. This resulted in a low-definition rendering

of the tail-end of the spectrum when the particle energies were higher and the difference in

deflection angles were smaller per each unit of energy. This can be seen in 14, where the points

indicating count number are more spaced out as we increase in energy. An external graph of

Sodium-22’s energy spectrum, it did look similar in shape to the graph that we got, especially the

tall peak, a plateau, followed by a smaller hump. However, since the tail-end of the beta particle

spectrum is what allows us to accurately measure the mass of the neutrino, the data that we

were able to collect was not detailed enough to do so.
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Figure 11: Gamma spectrum for Sodium-22. This plot is based on an image from Reference 21

6. Conclusions

It was predicted that the estimation of the neutrino mass from this experiment would not

be as close to the value determined by KATRIN. Due to the unforeseen obstacles that were

presented this semester, the quality of the data collected did not reflect what was expected in

the project’s original design. It was predicted that there would be an increase in counts when

measuring the source at 90◦. Instead, a decrease in counts was observed when the protractor

moved from 0◦ to 90◦ due to the beta particles deflection in the magnetic field. Priority was

placed on efficiency over quality of data collection. Regardless of the complications, the

experiment laid the foundation for future beta spectroscopy study with potential for the analysis

and comparison of different radioactive sources. In future experiments the counts for each

individual angle should be collected from 0 degrees to 180 degrees instead of assuming

symmetry. The radiation monitor should collect counts for longer than 5 minutes at each angle

to further reduce the uncertainty. One could suggest building a stepper motor to facilitate data

collection. It would also be advisable to ensure the background radiation was accounted for, or

perhaps choosing a strong enough source, such as strontium-90, that emits fewer particles

besides high energy betas would be ideal. Collecting the data in a consistent environment could

ensure the background radiation remains the same.
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Figure 12: Data from gamma spectrum.
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Figure 13: Data from beta and gamma spectrum
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Figure 14: Kurie plot data
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