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1 Introduction [1]

The primary objective of this lab is to experimentally determine the charge-to-mass ratio of an electron and to
explore the factors that influence the behaviour of charged particles inside a magnetic field. By considering a
variation of the J.J. Thompson’s original experiment, the charge-to-mass ratio can be determined by observing
the radius of the electron beam as electrons are emitted from a hot filament and move through a magnetic field
generated by a pair of Helmholtz coils.

An electron of charge e and mass m moving with velocity ¥ inside magnetic field B experiences magnetic

force F = e’ x B. The electron moves in circular orbit with radius r if B is constant and ¥ is perpendicular to

B. By Newton’s second law, this magnetic force provides centripetal acceleration ”7—2

2
evB = mv— (1)
r

The work done by the field on the electron moving through a potential difference AV is given by:
Lo 9
eAV = 5mv (2)
By rearranging Equational an(DZ and eliminating v2, the curvature of the electron orbit is determined.
1 e B (3)
r -\ 2m VAV
The total axial magnetic field B consists of two characteristic fields: the external magnetic field from the

surroundings given by B, and the magnetic field generated by the pair of Helmholtz coils B, such that this field
is uniformly approximated as B, = (%)% ““TZLI. Therefore:

B=B.+B.— B=DB.+B. (4)
4.5 ponl

B= ()22 4 B, 5

(5) 7 T B (5)

where 119 is the permeability of free space (ug = 47 -10~7 T-m- A1), and I and R is the current and radius of
the Helmholtz coil respectively.

Substituting equation 5 into equation 3 and defining the characteristic dimension of the coil, k, and Iy a
constant:

1 4 Lon
k= —(2)3/2H0" 6
T (6)
B
Iy = f (7)
The radius of curvature of an electron beam is:
1 e I+ %IO

VR A (®)
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Materials and Methods
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Figure 1: Annotated diagram of the experimental set-up and the apparatus.

Apparatus (refer to Figurle—'ll for a labelled diagram):

Electron Gun Power Box

Glass bulb Filled with Hydrogen Gas e Anode and Filament Power Supply

Helmbholtz Coils Coils Power Supply

Rheostat

Anode Voltage Meter (+ 0.0005 V)
e Self-Illuminated Measuring Scale with Plastic Re-
Coil Current Meter (£ 0.000005 A) flector (£ 0.05 cm)

The instrumental uncertainties quoted above of the anode voltage meter, coil current meter, and self-
illuminated measuring scale are not sufficient to describe the degree of uncertainty in the measured readings.
For the anode voltage and coil current meter, the readings were constantly fluctuating- therefore, the degree of
uncertainty is taken as the first digit that was not fluctuating to accommodate the largest source of uncertainty.
Hence, the uncertainty of the anode voltage meter and coil current meter is + 0.1 V and 4 0.001 A respectively.
Similarly, an uncertainty of + 0.1 cm was used for the self-illuminated scale because the electron path was quite
diffused, and the resolution of the scale readings on the plastic reflector was too small to record a more precise
reading.

2.2
1.

Method

The power supply of the electron gun was turned on and was left on for 30 s to allow the filament of the
electron gun to heat up.

. The anode voltage meter, the coil current meter and the power supply for the Helmholtz coil were turned

on, and the initial current and voltage were adjusted until a sharp electron beam was visible inside the
glass bulb.

. The glass bulb was rotated to ensure the electron trajectory had a smooth, vertically circular closed path,

not a helix shape.

The radius of the circular electron beam was recorded at different coil currents at a constant accelerating
potential. The radius was measured using the reflected self-illuminated measuring scale projected on the
plastic reflector.

. Step 4 was repeated with different accelerating potentials at a constant current.

The influence of ferromagnetic materials and other sources of magnetic fields was observed by placing such
materials (like cell phones) near the glass bulb.
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3 Data and Analysis !

The measured coil radius, R, is 16 0.1 cm = 0.16 4 0.001 m, and the number of turns in ﬁch coil, n, is 130.

The experimentally measured electron path radius and current were plotted in Figure 2. The fit was found
to have a slope of —2.740.05%" with an intercept of 7.8 £0.06cm. The R? of this fit was found to be 0.997, close
to the ideal value of 1. The reduced x2 was calculated to be 0.30, closer to 0 than the ideal value of 1, implying
an overfit. However, since the fit is linear (a polynomial of degree 1), it was not logical to assume that it is an
overﬂ since choosing a fit with a lower degree would be a constant value, so the produced fit is a good fit. From
Figure 3, it can be seen that all the residuals are within the uncertainty range of +0.1 cm of r. Therefore, the
produced fit for the relationship between electron path radius and coil current is good.

Electron Path Radius (r) vs. Coil Current (I) for

Helmholtz Coils
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Figure 2: Scatter plot of electron path radius, r, against coil current, I, at a constant acceleration potential of
150.449 £ 0.1 V, with a linear fit represented by the blue dotted line. The black error bars are barely visible but
are based on reading uncertainty, which is 0.001 A for I and 0.1 cm for 7.

Residuals of Electron Path Radius (r) vs. Coil

Current (I) for Helmholtz Coils
At Constant Accelerating Potential of 150.449 + 0.1 V
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Figure 3: Scatter plot of residual electron path radius, r, against coil current, I, at a constant acceleration
potential of 150.449 4+ 0.1 V. The vertical error bars, in black, represent the reading uncertainty of 0.1 cm for r.
The black horizontal error bars are barely visible but show the reading uncertainty of 0.001 A for I.

The experimentally measured electron path radius and accelerating potential were plotted in Figure 4. The
fit was found to have a slope of 0.01 4 0.30 x 10_3% with an intercept of 1.6 + 0.07cm. The R? of this fit[yas
found to be 0.995, close to the ideal value of 1. The reduced x2 was calculated to be 0.53, somewhat close to
the ideal value Of 1, implying a good fit. Figure 5 shows that nearly all the residuals, except for one data point

near 250 V, are within the uncertainty range ohﬁO.l cm of r. However, this 'outlier’ data point was near the

LRefer to Appendix A for experimental data in tabular format and information on plot and fit production, and calculation of
X2. Refer to Appendix B for details of error propagation and calculated data. Also note that the SI units for length are meters, m,
but most length-relatdd jmeasurements have mostly been presented in cm for clarity.




data range, so it was included in the analysis. Therefore, the produced fit for the relationship between electron
path radius and accelerating potential is good.

Electron Path Radius (r) vs. Accelerating Potential

(AV) for Helmholtz Coils
At Constant Coil Current of 1.301142 + 0.001 A
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Figure 4: Scatter plot of electron path radius, r, against accelerating potential, AV, at a constant coil current
of 1.301142 + 0.001 A, with a linear fit represented by the blue dotted line. The vertical error bars in black
represent the reading uncertainty of 0.1 cm for r. The black horizontal error bars are barely visible but are based
on a reading uncertainty of 0.1 V for AV.

Residuals of Electron Path Radius (r) vs. Accelerating

Potential (AV) for Helmholtz Coils
At Constant Coil Current of 1.301142 + 0.001 A
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Figure 5: Scatter plot of residual electron path radius, r, against coil current, AV, at a constant acceleration
potential of 150.449 + 0.1 V. The vertical error bars, in black, represent the reading uncertainty of 0.1 cm for r.
The black horizontal bars are barely visible but show the reading uncertainty of 0.1 V in AV.

4 Discussion and Conclusion

4.1 Reducing Impact of Parallax Errors

To minimize the impact of parallax errors on radius measurements, a self-illuminating measuring scale was
projected on a plastic reflector and, further, onto the glass bulb to take more accurate readings by aligning the
center of the reflected scale to the center of the circular trajectory formed by the electron beam. This instrument
helped eliminate parallax error by providing a fixed observer perspective, reducing error due to changes in the
angle between the observer and bulb. Additionally, since the scale was precisely aligned on the same plane as the
glass bulb, there was no ’shift” and minimal inaccuracy in the scale’s markings caused by the bulb’s curvature.

4.2 Behavior of Electron Trajectory in a Strong Magnetic Field

At subsequently high coil-currents and low accelerating potential differences, a strong magnetic field éc is
generated wherein an anomalous behaviour of the electron trajectory is observed.




4.2.1 Effect on Trajectory

At relatively large coil currents and low accelerating voltage, the magnetic field is high, which causes a deviation
in the typical circular path of the electron trajectory. As such, the trajectory becomes more diffused and less
uniform. More specifically, certain parts of the trajectory are more affected then others because the magnetic
field is not uniform, which means particular regions observe a stronger field while others observe a weaker field.
This introduces uneven deflections causing the electron trajectory to become more diffused in certain regions.

4.2.2 Reduction of Error

Irregularities and lack of uniformity in the circular electron path impact the accuracy of the radius readings and,
effectively, the calculated charge-to-mass ratio. This error can be minimized by optimizing the experimental
parameters. This can be done by measuring within an interval of the accelerating voltage and coil current
where the effect of this anomalous behaviour is negligible and measurable deflections are still observable, taking
repeated measurements, improving the uniformity of the magnetic field produced by the coils, and shielding the
setup from external magnetic influences.

4.2.3 Correction Factor [1]

Although the magnetic field produced by the coils is mostly constant along the axis, it does decrease away from
the axis such that for off-axis distances p, the z-component of the magnetic field, B(p), which is the only one
considered in this experiment:

o If p < 0.2R,
B(p) ~ 99.925% of B(0) (9)

e If 0.2R < p < 0.5R,
4
p
B(p)~1— B0 10
(v) R4(0.6583 + 0.292; )2 © (10)

In this experiment, since the electrons are produced at a fixed point, the path is not centred at the coil axis,
so the effect of distance on B must be accounted for. As the recorded radii are relatively large, using the radius,
r, as the value for p will appropriately consider the effect of distance.

4.3 Magnetic Field not Produced by Coils, B,
Equati@ 3 was substituted intﬂél and isolated for the coil-produced field, B, to find the external field, B,

B.=/2"avi_p, (11)
e T

Equati 1 was used with the measured values of coil current (Figure 2jto calculate B.., which were corrected
as per Sec .3. The B, values were plotted against the inverse of erimentally measured electron path
radii (Ta —resulting in Figurﬁ. The fit was found to have a slope of 5.2 x 1072 +0.30 x 10~3 T - cm, which
is the value of 4/ %AV and a y-infercept of —0.32 x 1072 £0.07 x 1073T, which is the value of the magnetic field
not produced by the coils, B., by Equatio . The R? of this fit was found to be 0.971, close to the ideal value
of 1. The reduced x?2 was calculated to be x 103, much larger than the ideal value of 1, meaning an underfit,

and the experimental data may be better fitted to a quadratic than a linear. From Figure 7, it can be seen
that most of the residuals are only marginally larger than the uncertainty range of B.. Therefortuthe fit for the
relationship between the coil-produced magnetic field and the inverse of the electron path radii is somewhat good.
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Figure 6: Scatter plot of coil-produced magnetic field, B, against inverse of electron path radius, %, at a
constant accelerating potential of 150.449 + 0.1 V, with a linear fit represented by the blue dotted line. The
black vertical error bars are barely visible but represent the palculated uncertainty for B.. The black horizontal
error bars represent the calculated uncertainty for % (Table E
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Figure 7: Scatter plot of residual coil-produced magnetic field B., against inverse of electron path radius, %,
at a constant acceleration potential of 150.449 £ 0.1 V. The black vertical error bars represent the calculated
uncertainty for B.. The black horizontal error bars represent the calculated uncertainty for % (Table 4)[]

The magnetic field of the Earth varies from 30 to 65 T [2], hence an average of approximately 47.5 uT, which
is significantly smaller (by a scale factor of %) than the calculated external magnetic field of —0.32 x 1073 &+
0.07 x 1073T). Because the external magnetic field is seven times larger than the Earth’s average magnetic field,
other sources contributed to the overall magnetic field acting on the electrons, which could affect the trajectory
and accuracy of the readings. These sources include the magnetic field generated by other apparatus in the

laboratory and electronic devices in the near vicinity.

4.4 Influence of Other Sources of Magnetic Fields

When ferromagnetic materials like cell phones and tablets were brought into the vicinity of the experimental
set-up (between the Helmholtz coils), the radius of the electron beam decreased slightly, and the circular path
became less uniform. This occurred because the presence of ferromagnetic materials distorted the uniformity of
the magnetic field generated by the coils and introduced localized magnetic fields, which could lead to variation
in the strength and direction of the field observed by the electrons.

However, this effect was only perceptible when the electronic devices were placed directly next to the glass
bulb. Hence, this effect was not significant enough to impact the measurements as all other ferromagnetic




products, such as personal devices and apparatus, should be a significant distance away when conducting the
experiment. Also, since the position of other ferromagnetic sources remained constant throughout the experiment,
if they contributed to the external magnetic field, they did so throughout the entire experiment, meaning the
measurements may not be accurate but were precise.

4.5 Chargp-tofMass Ratio, e/m

Using Equation 7 and 8 yields:
A
e av 2

T2 B2
Ijt r2(kl + %)
Where AV is the constant AV from Section 4.3 used to calculate the value of B,, I and r?2 is the average of all
measured currents and appropriate electron path radii squared, respectively, and k is giveD:y: |:|

b= ()2 Um0 T m A 050 59 % 1073 £3.3 x 107°T - A" (Table 3]

0.16£0.001m quation 6)

The charge-to-mass ratio of an electron is then:

e _ 150.449+0.1V

™ T (0.04640.001m)2[(0.52x 10~3£3.3x10-6T - A~1)(1.206962+0.001A)+ *0-32““‘3}5‘*“”10‘”1)2
£ —0.41 x 102 £0.19 x 1012 £
m kg

The literature value of £ is 1.759 x 10' C kg~' [3].

__ | Literature Value—Ezperimental Value _ (1.759><1011)7(0.41><1012) o
%57"'"0"" - Experimental Value x 100 _’ 0.41x1012 x 100 = 57.09 %

Comparing the calculated value of the charge-to-mass ratio to the literature value, a percentage error of
57.09% is obtained, meaning there is a significantly large discrepancy between the literature and the calculated
value of the charge-to-mass ratio, which could be a result of ferromagnetic interferences, variations in the external
magnetic field, imperfect uniformity, and highly diffused circular beams formed at large currents and low voltages.
These factors reduced the accuracy of the calculations.
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Appendices

A Experimental Data

The fit and associated uncertainties for the relationships between coil current and radius, as well as accelerating
pbfiential and electron path radius, were determined using Excel’s fitting progralﬁning s seen in Figures 77
and 2. The fit was then employed to determine the residuals, producing Figutes 5 and 3.

The reduced chi-squared values was calculated using the following equation [4]:

1 N (T —T )2
7 i,predicted
E 1
N—m = (Ar;)? (13)

where N is the number of data points, m is the number of fit parameters, r; is the experimentally measured
electron path radius, 7; predictea 1S the electron path radius as predicted by the fit, and Ar; is the uncertainty in
the electron path radius.

Table 1: Coil Current, I, vs. Electron Path Radius, r, at Constant Accelerating Potential of 150.449 + 0.1 V

Current, 7,+0.001 Radius, Fit-Predicted Residyls of
(A) r,£0.1 (cm) Value of r (cm) Fit 3‘@;111)
0.708617 5.9 5.90 -0.000
0.803370 5.6 5.64 -0.045
0.905003 5.4 5.37 0.030
1.003593 5.1 5.10 -0.004
1.113667 4.9 4.81 0.093
1.198239 4.6 4.58 0.022
1.301843 4.2 4.30 -0.098
1.409507 4.0 4.01 -0.008
1.505488 3.7 3.75 -0.048
1.615764 3.5 3.45 0.049
1.711487 3.2 3.19 0.008
1.206962 4.6 4.55 0.000

The bolded bottom row of Tablﬂ is the average of the above data.

Table 2: Accelerating Potential, AV, vs. Electron Path Radius, r, at Constant Current of 1.301142 + 0.001 A

Accelerating Potential, Radius, Fit-Predicted Residuals of
AV, £0.1 (V) r,£0.1 (cm) Value of rj(cm) Fit? tficm)
118.525 3.1 3.11 -0.006
140.009 3.3 3.38 -0.081
159.623 3.6 3.63 -0.032
180.974 3.9 3.91 -0.005
201.487 4.2 4.17 0.032
220.251 4.5 4.41 0.092
241.181 4.8 4.68 0.124
260.186 5.0 4.92 0.081
280.282 5.2 5.18 0.023
301.755 5.5 5.45 0.049
320.19 5.6 5.69 -0.087
341.367 5.9 5.96 -0.058

2With significant figure rules, this number should be reported to 1 decimal place. However, doing so would imply that the fit
was nearly perfect. Hence, these values have been rounded to 2 decimal places.
3For reasons similar to above, these values have been rounded to 3 decimal places.




B Error Propagation and Calculated Data 0

The necessary uncertainties, A, for the values were calculated as in Table 3, with sample calculations.

This

propagation was followed to produce the uncertainties of all the relevant calculated values.

Table 3: Uncertainty Propagation of Different Values

Values Uncertainty Formula Sample Propagation
For constant value of k:
__0.001/ 1 74\3/2 uon
i Ak — ARp Ak = 0.16 (E(E) / %)
- R Ak — 0.00l(L(é){;/Q (4rx107"T - m - A—l)(130))
= 0.16 \\/2\5 0.16£0.001m
Ak =+33x1075T - A~!
For constant value of Ij:
;- +3.3x107°T - A™1)(-0.30x10°T
1o Aly = G§E e = 8P Al = 2 (0452><10*3)g£1‘ ST :
Aly = £3.7 x 1073A
1 AL_ Arl_ Ar For71“=5.§)tocin:
r r - r or - r2 — Jdem o
Ars,g — (56.9cm)? +0.003cm
9 9 oAra? For average value of r = 0.046 m:
r Art =25 = Arer Ar? = £0.001m - 0.046m = £0.000046m?
ar2 | 852 : I
AB. =9+ 97 = (4t
c = For I =0.708617 A:
4y3/2m0m A V2 4 (_(4)3/20ny A R)2 43/20n ~1.17%x 1074T - m - A~}
5 R 5 R 5/ f
B. To calculate the uncertainty of B AB. =
the (?orrecti.on fa‘ctor from Section -2 \/(%(0.0011&))2 + (- (1.17x 10(14123(20-708617) (0.001m))2
is applied, simply multiply the AB, = +33x 106 T
uncertainty value by the appropriate
correction factor.
AL =
= \/ %2 + 83Af 2 %2%2 5 21;’ 27 Uncertainty shown in Section 4.E]
f= Equatiod_liz ’

For Soctio@.?), the formulae from Table

ratio

r
» R

were applied to calculate the uncertainties. The axial distance
where r = p, was calculated to determine what correction factor to use, as per Section 4.ms all of

the ratios were 0.2R < r < 0.5R, the correction factor from Equation ]Elwas applied.

Table 4: Uncertainty Propagation and Calculated Data for Section 4@

Electron Coil Axial
Path Inverse of Cur- Coil-Produced Dis- Correc- Corrected

Radius, Electron Path rent, I, Magnetic Field, B, tance tion Coil-Produced

r,+0.1 Radius, % (cm) +0.001 (T) Ratio, | Factor | Magnetic Field, B,
(cm) (A) %
5.9 0.17 £2.9x 1072 | 0.708617 | 5.2x10~*+3.3x10°% | 0.37 0.96 | 5.0x107%+£3.2x10~F
5.6 0.18 £3.2x 1072 | 0.803370 | 5.9x10~*+£3.7x10°% | 0.35 0.97 | 5.7x107%£3.6x107F°
5.4 0.19 + 3.4 x 1073 | 0.905003 | 6.6x10"%*+4.2x10°6 | 0.34 097 | 6.4x10*+4.1x10°°
5.1 0.20 + 3.8 x 1073 | 1.003593 | 7.3x10"*+£4.6x10"% | 0.32 098 [ 7.2x10"*+4.5x10°°
4.9 0.20 + 4.2 x 1073 | 1.113667 | 8.1x10~*£5.1x1076 | 0.31 0.98 | 8.0x10~*+5.0x10°6
4.6 022 £4.7x 1073 | 1.198239 | 8.8x10~*+£5.5x107% | 0.29 099 | 86x107%+5.4x107F
4.2 024 £5.7x 1073 | 1.301843 | 9.5x10~*+£6.0x107% | 0.26 099 | 9.4x107%£5.9x107
4.0 0.25 + 6.3 x 1073 | 1.409507 | 1.0x1073+6.5x107% | 0.25 0.99 | 1.0x1073+6.4x107
3.7 0.27 £ 7.3x 1072 | 1.505488 | 1.1x10~3+6.9x10°% | 0.23 099 | 1.1x1073+6.9x107
3.5 029 £+ 82x 1073 | 1.615764 | 1.2x1073+7.4x10°6 | 0.22 099 | 1.2x1073+7.4x1076
3.2 0.31 £ 9.8 x 1073 [ 1.711487 | 1.3x1073+7.8x10°% | 0.20 1.00 | 1.2x1073+7.8x10°°
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