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Abstract In this report, we study the Zeeman fine structure of mercury and neon through high resolution
spectroscopy using a Czerny-Turner scanning spectrometer. We use the 546.1 nm green line, 435.8 nm blue
line, and 404.7 nm violet line of mercury, as well as the 585.3 nm green line of neon, each in magnetic fields
of up to 1.5 T. By comparing our measurements against the theoretical values of g.¢, we determine the

electron charge to mass ratio, €/, to be as good as (1.68 + 0.05) x 10*! é, which is in agreement with the

widely accepted value of 1.76 x 10! é. In addition, we also present a study of the Hydrogen Balmer lines

compared with theoretical expectations.

I. INTRODUCTION AND THEORY

The broadening of atomic energy levels in the presence
of an external magnetic field was first observed by Pieter
Zeeman in 1896, 10 years before the invention of quantum
mechanics. By measuring the spectral line broadening of a
sodium discharge tube in a magnetic field, Zeeman was able
to determine the charge to mass ratio, €/, of electron. The
following theoretical discussion is a simplified version of the
ones presented in [1] and [2].

1.1. The Zeeman Effect

An electron of mass m, and charge e orbiting a nucleus
produces a magnetic dipole moment i, which is proportional

to its angular momentum L. If an external magnetic field B
is applied to the system, it will induce a shift in the electron’s
orbital energy levels:
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Extending this relation to quantum theory, an electron
with angular momentum quantum number [, magnetic
guantum number m=-[,—l+1,..l, and angular
momentum along the direction of the magnetic field L, =
mh, has its energy levels shifted by:

AE,, = — 2:; mhB = ugmB 2)

Where pp is the Bohr magneton. This results in each nl
energy level splitting into 214+ 1 sub-levels with equal
spacing of ugpB. This effect results in spectral line

! The real value of g is closer to 2.0023, however for the
purposes of this report it is good enough to approximate to 2.

broadening of a gas in a discharge tube, where electrons
make electron-dipole transitions from an initial state to a
lower energy state. In this transition, a photon is released
which carries away the difference in energy between the two
states. Since photons always carry an angular momentum of
f, this also limits the allowed electron transitions to occur
between states where Al = +1 and Am = 0, 1. Therefore,
regardless of the [ values involved in a given transition, only
three lines are produced.

1.2. The Anomalous Zeeman Effect

In practice, however, this normal three-line Zeeman
effect is not observed. What is commonly found is that the
applied magnetic field splits the energy levels into more than
three lines. This effect can be understood due to the presence
of the electron’s spin, S, contributing to its dipole moment.
As aresult, the total magnetic moment of an electron is given
by:
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Where g is the g-factor of the electron, taken here to be

2, and the last step uses the relationship / = L + S.! The
resulting shift in the electron’s energy states is then:

AE = —sz(f+ §)-B = —g,usm;B 4)

Where g, is the Landé g-factor, determined through
operator algebra [2]. For an electron with angular momenta
numbers [, s, and j, the Landé g-factor can be found as:

JU+1D+s(s+1)-1(1+1)
2jG+1)

g=1+ (®)



If the transition takes place between levels with the same
m;, then the photon’s energy is unshifted by the applied
magnetic field. However, if the change in m; is +1 between
levels, then the shift in photon energy is given by:

AE = (mng - mj'gL')#BB = JerrUpB (6)

Where g IS the effective g-factor for the transition.
Note that the normal three-line Zeeman effect will appear if
g. = g1, otherwise there will be more than three lines,
resulting in the so-called anomalous Zeeman effect.

1.3. Zeeman Effect in Mercury

The Zeeman effect is more complicated for atoms with
several electrons, however, since full shells and subshells
have zero contributions to the overall state, the net S, L, and
f are due solely to the presence of the valence electrons. In
the example of mercury, a single atom contains 80 electrons,
and the ground state is 'S, in LS notation. The first excited
levels above the ground state in mercury are the triplet levels,

3Py, 3Py, and 3P,, which will be studied in this experiment.

Only specific transitions are allowed between Zeeman
shifted states. These allowed transitions form ¢ lines when
photons are emitted in a transition where Am; = 1, and
lines when Am; = 0. o lines can only be observed when
polarized perpendicular to the magnetic field, and = lines
need to be polarized parallel to the magnetic field to be seen.
The theoretical Zeeman splitting of the 404.7 nm violet line,
435.8 nm blue line, and 546.1 nm green line can be seen in
Figure 1, Figure 2, and Figure 3 respectively.
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Figure 1: Energy level diagram for the 404.7 nm violet line of
mercury, due to the 35, — 3P, transition.
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Figure 2: Energy level diagram for the 435.8 nm blue line of
mercury, due to the 35, — 3P, transition.
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Figure 3: Energy level diagram for the 546.1 nm green line of
mercury, due to the 3S; — 3P, transition. The numbers above the
o and 7 lines represent the relative strengths of each transition.

1.4. Zeeman Effect in Neon

Neon contains 10 electrons which completely fill the n =
1 and n =2 shells, leaving S=L=]=0 and an LS
notation of 1S,. The strong orange line at 585.3 nm that will
be studied in this report is caused by an excited electron in a
3P level moving to a 3S level, which corresponds to the
transition 1S, — P, in LS notation. Since both initial and
final states are close to pure states, the LS coupling that was
assumed in the derivation of the Landé g-factor is a good
enough approximation for this study. The theoretical
Zeeman splitting of the 585.3 nm orange line can be seen in
Figure 4.
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Figure 4: Energy level diagram for the 585.3 nm orange line of
neon, due to the 1S, — P, transition.

1.5. Balmer Transitions in Hydrogen

Spectral emission occurs when an electron in a higher
energy state jumps to a lower energy state and emits a
photon. The series of transitions where this final state is the
energy state with quantum number n = 2 is known as the
Balmer series. The hydrogen Balmer series is notable
because the first four transitions of the series emit photons
that appear with wavelengths in the spectrum of visible light.
Any atomic electron transition can be described using the
Rydberg formula, where A is the wavelength of the emitted
photon, Z is the atomic number, n; is the initial energy level,
ny is the final energy level, and Ry, is the Rydberg constant.
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1. APPARATUS AND PROCEDURE

11.1. The Czerny-Turner Spectrometer

The apparatus used in the experiment is a Spex 1000M
Czerny-Turner scanning spectrometer, which can be seen in
Figure 5. The device uses a holographic diffraction grating
with 1800 grooves/cm to disperse the measured light by
wavelength into a spectrum. The spectrum is scanned by
rotating the grating to capture light of a particular
wavelength onto the detector. The size of the entrance and
exit slits can be increased to allow for more light to reach the
detector, but also decreased to improve the resolution. The
entire apparatus is controlled remotely from the laboratory
computer, allowing for an adjustable step size (e.g., 0.005
nm/step) and integration time (e.g., 0.1 s/step).
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Figure 5: A schematic of Spex 1000M Czerny-Turner Scanning
Spectrometer

A small enough spectrometer resolution is necessary to
see each of the lines of the Zeeman splitting. The instrument
resolution used in this experiment is set to 0.006 nm. This
resolution value is determined by the full width of the
spectral line at half its full intensity. In order for a well
resolved spectrum to be seen, the linewidth of the instrument
must be smaller than the Zeeman splitting:

Al =g B (8)
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Otherwise, a peak broadening occurs, disguising multiple
peaks as one line. In this experiment the resolution is only
slightly smaller than the Zeeman splitting of each line
studied. For example, the 435.8 nm line yields |AA| =~ 0.009
nm, which means that the resolution isn’t small enough to
clearly resolve the individual peaks. Simulation plots are
later included to see how a smaller instrument resolution
would affect the resolution of individual peaks that can be
seen for each wavelength. These plots were made using a
summation of Lorentzian functions:

1 1
I(A) = E * —1+(l—10)2 (9)
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Where A is the wavelength, 1, is the center of the peak,
and 64 is the half-width caused by instrument resolution. In
addition to studying the effect of instrument resolution, we
examined the effect of the Doppler broadening on the natural
linewidth. We found that the largest Doppler broadening
came from the 546.8 nm line. Assuming a working
temperature of 500K, the distribution of velocities in the gas
cause the Doppler broadening to be approximately 0.0006
nm. As this is smaller than the instrument resolution of 0.006
nm by a factor of 10, we determined this effect to be
negligible for the experiment.

11.2. Zeeman Splitting Predictions

Before starting the experiment, the predicted Zeeman
splitting for the three mercury lines and the neon orange line
were calculated. A linear polarizer was used to filter out the
two different types of transitions, corresponding to the so-
called 7 and o lines. Transitions with Am = 0 are labeled ©



lines and can be observed when the polaroid filter is aligned
parallel to the magnetic field. Conversely, transitions with
Am = +1 are labeled o lines and can be seen when the
polaroid filter is aligned perpendicular to the magnetic field.
The values for g.e were calculated using the equations
detailed in section 1.2, and can be seen in Table 1 - Table 4
below. For each situation, m; corresponds to the magnetic

quantum numbers of the 3S, state, and m; corresponds to

the magnetic quantum numbers of the 3P states.

Allowed Transitions of 3S; — 3P, in Mercury
m; m; Am | polarization | g.¢s = m; — 2m;
-1 0 1 9 2
0 0 0 T 0
1 0 -1 c -2

Table 1: Table of theoretically allowed transitions for Zeeman
splitting of 35, —» 3P,.

Allowed Transitions of 3S; - 3P, in Mercury
m} m; Am | polarization 3 ,
Bert = 5 M — 2m;
-1 0 1 o 2
0 1 1 c 3/2
-1 -1 0 e 1/2
0 0 0 T 0
1 1 0 e -1/2
0 -1 -1 o -3/2
1 0 -1 ) -2

Table 2: Table of theoretically allowed transitions for Zeeman
splitting of 35, —» 3P,.

Allowed Transitions of 3S; —» 3P, in Mercury

m; | m; Am | polarization ,
Beff = 5 M) — 2m;
-1 0 1 9 2
0 1 1 9 3/2
1 2 1 9 1
-1 -1 0 I 1/2
0 0 0 I 0
1 1 0 I -1/2
-1 -2 -1 G -1
0| 1 | 1 o 302
1 0 -1 G -2

Table 3: Table of theoretically allowed transitions for Zeeman
splitting of 3S; —» 3P,.

Allowed Transitions of 'S, — P, in Neon

m; m; Am | polarization | g = m; —m;
0 1 1 o 1
0 0 0 T 0
0 -1 -1 c -1

Table 4: Table of theoretically allowed transitions for Zeeman
splitting of S, — ®P,. This transition behaves just like the
‘normal” Zeeman effect.

11.3. Experimental Procedure

Before collecting data, it was necessary to establish the
hysteresis curve for the electromagnet used throughout the
experiment. This is an important process as it helps to
prevent lag between the set current and the produced
magnetic field. To do this, the current in the magnet was
raised to 9 amperes, then lowered back to 0 amperes. The
magnet was then turned off, the polarity was switched, and
the current was raised to 8 amperes and then lowered back to
0 amperes. This process of switching the polarity and
lowering the current was continued until the current reached
% an ampere. Throughout the experiment, it was important
to ensure that each time the current needed to be raised or the
magnet needed to be turned off, the current was first
decreased back to 0.

Once the magnet and computer system were ready for
data collection, the mercury discharge tube was placed and
centered in the magnet gap. With the magnet off, a few scans
were performed to determine the best range of wavelengths,
integration times, and step sizes needed to clearly resolve the
404.7 nm mercury line. The magnet was then turned up to 10
amperes, and optimal angular positions of the polaroid filter
were determined to be used throughout the experiment. We
found that values of 110° and 20° gave the best results for
the m and o spectra, respectively. In addition to taking scans
for the o and = lines with the current at 10 amperes, the ¢
lines were measured at other current values to get a range of
data points to calculate g.¢. The scans were all taken with an
integration time of 0.03 seconds. At each point that the
current for the magnetic field was adjusted, a Hall probe was
used to measure the magnetic field value. The Zeeman
splitting was plotted as a function of the applied magnetic
field, where the slope of the linear fit was used to find g.
We determined g to be half the value of the slope, since
we were plotting the distance between peaks, rather than the
distance of each peak from the center 7 line.

A similar procedure was used to find g.¢; for the mercury
435.8 nm and 546.1 nm lines. The 7 line was measured at 10
amperes, and the o lines were measured at a range of
magnetic field values. The ¢ spectra splitting values were
again plotted as a function of magnetic field, and the slope
was extracted to find g.¢. For these two lines, it is important
to note that the resolution of the spectrometer is not high
enough to see each individual ¢ or « line. Thus, only one
peak is seen where two or three lines actually exist. While
the anomalous Zeeman effect is not directly seen, its effect
can be observed in the resulting g.¢ values.

Finally, the mercury sample was then replaced with a
neon discharge tube in order to study the 585.3 nm line of
the neon spectrum. This time, the « line was measured at 5
amperes, and the o lines were measured at a range of
magnetic field values around 5 amps. Again, the Zeeman
splitting was plotted as a function of the magnetic field to
find g for this line.



11.4. Electron Charge to Mass Ratio

The charge to mass ratio can be easily extracted from the
Zeeman effect. Given gqs, the magnetic field, and the
Zeeman splitting, all the components are available to find the
charge to mass ratio of the electron. By rearranging Equation
6, and using the definition of ugz from Equation 2, the charge
to mass ratio % can be represented as the slope of a linear

equation:

4TTAV

e
et =B x ; (10)

For this part of the experiment, we used the given g
and values for Zeeman splitting that we extracted from data,
and the values for magnetic field found using the Hall probe.
Once all the data points were plotted, we drew a line of best
fit through them, and compared the slope to the accepted
value of the electron charge to mass ratio.

11.5. The Balmer Lines of Hydrogen

In addition to studying Zeeman splitting in mercury and
neon, we analyzed the first few Balmer transitions in
Hydrogen to compare with theoretical predictions. The
predicted wavelengths were calculated using the Rydberg
formula described above. The theoretical values can be seen
in Table 5.

n; ng Wavelength (nm) (calculated)
3 2 656.47
4 2 486.28
5 2 434.18
6 2 410.30
I 2 397.13
8 2 389.02

Table 5: Calculated theoretical values for wavelengths of
hydrogen Balmer lines.

11.6. Errors

To account for error, we first included a +0.03 T error for
each of our magnetic field values. This was determined by
deviation in the displayed values on the Hall probe, and to
account for imprecise positioning of the probe between the
magnet. In addition, we incorporated error in the intensity
from the data. The values for intensity are proportional to the
number of counts per second at each wavelength, which we
calculated by using:

5 = —”;t (11)

Where n is the counts per second, and t is the integration

time. This was necessary to get the raw counts the machine
took, to find the standard error of the sample.

I11. DATA AND ANALYSIS

111.1. Mercury 35, —» 3P, Transition

The Zeeman effect in the 404.7 nm mercury line was
recorded at various magnetic field values, and the resulting
can be seen in Figure 6. The individual spectra can be seen
in the Appendix along with their fits.
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Figure 6: Zeeman splitting as a function of the magnetic field for
the mercury 404.7 nm line.

From the fit, it can be seen that the g.¢ was found to be
1.91 + 0.05, which is in good agreement with the expected
value of g = 2. The 404.7 nm line has the simplest
splitting of the three measured mercury lines for this
experiment, with only two ¢ lines and one = line.

111.2. Mercury 35, —» 3P, Transition

The Zeeman splitting of the mercury 435.8 nm line was
recorded various magnetic field values in order to determine
ger- This splitting was calculated in a similar manner as
before and can be seen plotted against the magnetic field
below. The individual spectra can be seen in the Appendix
along with their fits.
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Figure 7: Zeeman splitting as a function of the magnetic field for
the mercury 435.8 nm line.



For the mercury 435.8 nm line, although only two o
peaks can be seen in each scan the instrument took (see the
Appendix), each of those peaks actually contains two o
peaks each, which is exactly what we expect theoretically
(see Figure 2). According to Table 2, the ¢ peaks should
show up at £1.5 and +2 with equal intensities, so we expect
the peak broadening to cause g.; to be around 1.75, the
average of the individual peak splitting. The slope of the fit
on the collected Zeeman splitting data gives a gq¢s = 1.86 +
0.10 This value is close to the expected gqsr = 1.75.

As discussed in 1.1, the individual ¢ peaks cannot be
directly seen due to the instrument resolution not being small
enough. To look at this more closely, the simulation in
Figure 8 depicts the spectra at instrument resolutions of 0.06
A,0.03 A, and 0.012 A. As seen, a resolution of around 0.012
A allows for a clear resolution of the individual ¢ peaks.

435.8 nm Simulation

LR £ & . 5A=006A
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Figure 8: Simulation of mercury 435.8 nm line transition at
different resolutions.

111.3. Mercury 3S; » 3P, Transition

The 3S, to 3P, transition again uses various magnetic
field values to draw a fit through the plot of Zeeman splitting
as a function of magnetic field. The individual spectra can be
seen in the Appendix along with their fits.

g_eff of 546.10 nm Line
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Figure 9: Zeeman splitting as a function of the magnetic field for
the mercury 546.1 nm line.

The 546.1 nm mercury line produces six o lines which
are resolved into two peaks in our data. These six lines split

with values of +1, £1.5, and 2, so we originally expected
gorr t0 be about 1.5. However, these transitions actually
occur at different strengths, as depicted in Figure 3, shifting
the expected value of g to be 1.25. As can be seen in Figure
9 above, the extracted value of gq¢ = 1.23 + 0.03, which is
within error of the expected value of 1.25.

Again, an analysis of the effect of different instrument
resolutions is done below. The simulation below shows how
a resolution of about 0.003 A is needed to effectively show
all six sigma peaks and their varying strengths. It can also be
seen, however, that the overall shape of the lower resolution
captures the behavior of the split peaks. Because of this, even
at lower resolutions, such as the one used in the experiment,
an accurate determination of g.¢r can be achieved.

546.1 nm Simulation
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Figure 10: Simulation of mercury 546.1 nm line transition at
different resolutions.

111.4. Neon 'S, » 'P; Transition

The same analysis that was used for the mercury lines
was performed on the neon 'S, = P, transition. The plot
of Zeeman splitting as a function of magnetic field can be
seen below.

g_eff of Neon 585.3 nm Line
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Figure 11: Zeeman splitting as a function of the magnetic field
for the neon 585.3 nm line.

The fit on the neon data produces a ge¢ = 1.12 £ 0.05,
which is similar to the predicted value of g.¢ = 1. This line
does not require a smaller resolution, as there are only two ¢
peaks, which are split at +1. In addition, the g-factors of both
the initial and final states of this transition are 1.



111.5. Calculation of €/,,

The accepted value for the charge to mass ratio of the
electron is 1.76 x 101! ki Below are the plots used to

extract the charge to mass ratio using our data of the mercury
404.7 nm and 435.8 nm lines.

e/m of 404.7 nm Line
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« data

W ,,| + ermor ——
2
L —e
b= T
El}l
‘? 16 e
<
[
<t 14

12 —

08 09 10 11 12 13 14
B-field (T)

Figure 12: Charge to mass ratio extraction using linear fit on the
mercury 404.7 nm line.
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Figure 13: Charge to mass ratio extraction using linear fit on the
mercury 435.8 nm line.

The value extracted from the fit for the 404.7 nm mercury
line shown above is (1.68 + 0.05) x 10! é, while the
extracted value from the fit of the 435.8 nm line is (1.87 +
0.10) x 1011 é. Both of these calculated values are in good

agreement with the accepted value of the charge to mass
ratio.

111.6. Hydrogen Balmer Lines

Using the predicted values from Table 5 for where the
Balmer series transitions will appear, data was taken at the
corresponding wavelengths. As can be seen in Table 6, the
experimentally determined wavelengths appear very close to
the accepted values.

n; | ny | Wavelength Wavelength (nm) | Difference
(nm) (from fit) (theoretical)

3] 2 656.77 656.47 0.298

41 2 486.62 486.28 0.347

512 434.53 434.18 0.355

6| 2 410.65 410.30 0.354

7| 2 397.47 397.13 0.344

Table 6: Difference between experimentally determined and
accepted values of Balmer transition wavelengths.

IV. CONCLUSION

By using a high-resolution Czerny-Turner scanning
spectrometer, we were able to effectively observe the
Zeeman structure of mercury and neon discharge tubes when
they were placed in an external magnetic field. While the
anomalous Zeeman effect was difficult to directly observe,
its effects could be measured when calculating the effective
splitting of each line.

Based off of our measurements of the mercury 404.7 nm
line and 435.8 nm line, we determined the charge to mass

ratio of the electron to be (1.68 + 0.05) X 1011% and
(1.87 £ 0.10) x 1011 é, respectively. These values are

within about 5% of the accepted value of 1.76 x 1011 é.
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V1. APPENDIX

Displayed below are the individual plots of the data
gathered throughout the experiment used in the calculation
of g.sf for each line. Each set of data was fit with Lorentzian
functions to capture the overall profile of the Zeeman
splitting used in the calculation of g.¢ and the charge to mass
ratio of the electron.
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Figure 14 (a-b): Raw data with Lorentzian fit of mercury 404.7
nm 7 line at different magnetic field values.
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Figure 15 (a-f): Raw data with Lorentzian fits of mercury 404.7
nm o lines at different magnetic field values.



VI.2. Mercury 3S; — 3P, Transition 435.8 nm o Line (1.27 T)
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Figure 21 (a-g): Raw data with Lorentzian fits of neon 585.3 nm

o lines at different magnetic field values.



