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Zeeman effect experiment with high-resolution spectroscopy

for advanced physics laboratory

Andrew S. Taylor, Alexander R. Hyde, and Oleg V. Batishchev
Department of Physics, Northeastern University, Boston, Massachusetts 02115

(Received 20 September 2016; accepted 18 May 2017)

An experiment studying the physics underlying the Zeeman effect and the Paschen-Back effect is
developed for an advanced physics laboratory. We have improved upon the standard Zeeman effect
experiment by eliminating the Fabry-Perot etalon, so that virtually any emission line in the visible
spectrum can be analyzed. The magnetic field is provided by neodymium magnets. Light emitted
in the ~1 T field is analyzed by a Czerny-Turner spectrograph equipped with medium-dispersion
grating and small-pixel imaging CCD. A spectral resolution under 1pm/pixel is achieved. The
splitting of argon and helium lines is measured as a function of field strength. The proportionality
of the splitting magnitude to the B-field strength and to 4* is demonstrated. The Bohr magneton is
calculated and compared to the theoretical value. © 2017 American Association of Physics Teachers.

[http://dx.doi.org/10.1119/1.4984809]

I. INTRODUCTION

In 1896, Pieter Zeeman observed a widening of the
sodium D line in the presence of a magnetic field and found
that the degeneracy of the energy levels in the atom had
lifted.' He was later able to resolve the widening into three
peaks.”” This new phenomenon was first explained classi-
cally by Zeeman and Lorentz as a change in the precessional
frequency of an electron in an atom.* In the years following
his discovery of the “normal” Zeeman effect, triplet splitting
was observed in other elements as well as “anomalous” split-
ting into four, six, or nine peaks.””’ The anomalous effect
could not be explained until the advent of quantum theory.
The discovery of electron spin®® was a direct consequence
of solving the problem of the anomalous splitting,'®"'* which
led to the formation and subsequent validation of quantum
mechanics.

Measurement of the Zeeman effect in atoms has continued
to be an important tool for many active fields of research.
The splitting of lines is used as a measure of impurity trans-
port in magnetically confined fusion'*' as well as a method
to measure the magnetic field strength.'® Zeeman spectros-
copy has been used to study the symmetry and crystal struc-
ture of doped GaAs,'” a material useful in designing X-ray
detectors,'® and it is the only technique available to remotely
measure the strength of a magnetic field in stellar or solar
objects, for example, in sunspots'® or rotating stars.”** The
splitting of molecular band peaks allows for the identification
of the chemical composition of distant stars.”®> Numerical
modeling of the Zeeman effect of atoms in a magnetic field is
used to calculate hyperfine energy level changes.**

Despite its importance in spectroscopic measurements, the
effect is difficult to observe due to the size of the perturba-
tion to the energy level. Indeed, an external magnetic field B
exerts a torque on the electron’s magnetic dipole u, and the
change in energy of an atomic level from its non-perturbed
energy is

AEp = —p-B = —uggrm;B, (D

where i =~ 5.79 x 107> eV/T is the Bohr magneton, g, is
the Landé g-factor, and mi; is the projection of the total angu-
lar momentum J = L + S (orbital plus spin) in the direction
of the magnetic field.
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An electron dipole transition between two perturbed levels
is governed by the selection rules: Am; = 0, =1. The energy
lost due to a transition from upper level p to lower level ¢
will be emitted as a photon of wavelength 4 as

_hc

E, —E, T 2)
A small change in energy E, or E, will produce a small

change in wavelength,

he he

and by equating Egs. (1) and (3), the magnitude of the wave-
length shift is found to be

AJ = %A’”’ J2B. 4)
.

In the normal Zeeman effect, S=0, J =L, and g, =1 for
every energy transition. The central peak remains at . (since
Amy = 0) and the two side peaks are shifted by

Hp 12
AL =*"21B
(nm) e , 5)

which, for practical settings, is in the 5-20 pm range.

For his research on the effects of magnetism on radiative
phenomena, Zeeman was awarded the Nobel prize in 1902.
Because of its historic importance to the formulation of
quantum mechanics and its widespread application in phys-
ics research, experiments introducing the Zeeman effect
have been widely used in physics laboratory curricula.
Initially, such experiments use predominantly interferome-
ters> or very-high-resolution spectrometers such as an Ebert
spectrograph.?® The detection was initially done by direct
visual observations or with photographic plates or films.
Detailed instructions are readily available from experimental
physics textbooks.>’*® The experimental technique has been
enriched by the availability of photomultipliers and more
recently by CCD cameras.*

A common laboratory approach®’~" for the Zeeman effect
utilizes a tunable Fabry-Perot interferometer and an iron-
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core electromagnet. The experiment is assembled with a
monatomic spectral source, such as Hg or Na, positioned
between two poles of a water-cooled electromagnet. Emitted
light is passed through a narrow-band filter and focused on
the etalon through a collecting lens. The interference fringes
are sent through a telescope to increase the size of the image,
and projected onto a CCD imaging camera or viewing plate.

The effectiveness of the etalon for Zeeman spectroscopy
greatly depends on the reflectivity of the mirrors, quantified
as the idealized finesse F of the etalon

2n\/E
F=T"% (©)

where R is the reflectivity of the mirrors for the wavelength
observed. The greater the reflectivity, the greater the finesse
and the higher the resolution, which relates to the finesse as
oL =12 /sF, where s is the spacing between the mirrors. If
04 < AJ from Eq. (5), the peaks can be resolved. As an
example, an etalon with high reflectivity of R ~ 0.9 and mir-
ror spacing s =5-12mm can resolve Zeeman splittings of
0.5-1.2 pm for a 600-nm line.

While this resolution is sufficient to resolve the Zeeman
splitting of similar lines due to a magnetic field, there are a
few limitations to this approach. A piezoelectric controller is
required for um spacing adjustments to maintain a mirror tilt
less than 0.5 arcsec. The mirrors themselves must be proc-
essed with multiple layers of dielectric coatings for high
reflectivity of the wavelengths of interest, and the required R
is only available in a narrow spectral region. The etalon,
then, cannot be used to study the Zeeman effect over
the broad visible spectrum. High sensitivity to temperature
fluctuations also diminishes the parallelism of the mirrors. In
the IR region, this necessitates liquid-nitrogen-cooling for
adequate results.*?

To overcome these shortcomings, we propose to measure
the Zeeman effect using a permanent magnet system, with
variable B-field strength, and a medium-resolution spectrom-
eter with a modern small-pixel-size CCD imaging camera.
The spectrometer provides the resolution necessary to cap-
ture the Zeeman splitting and can be applied to virtually any
line in the visible region. This approach is based on the high-
resolution spectroscopic system that we have developed for
diagnostics of Doppler and isotopic shifts of spectral lines in
moving plasmas and gas discharges.”’34

II. INITIAL PROOF OF CONCEPT

The initial setup consisted of 50-W gas discharge Geissler
spectral tubes and a 125V model SP200 Spectrum Tube
Power Supply made by Pasco Scientific.*> The glass tubes
are 26 cm long, composed of two chambers with electrodes
connected by a 10-cm capillary cylinder. The cylinder
has an inner gas-filled bore of diameter 1.85mm and an
outer diameter of 7.8 mm. The tubes are available with vari-
ous monatomic and diatomic gases, and metal vapors.
Monatomic gases are commonly used in Zeeman effect
physics labs.”’ 23!

The magnetic field was produced by two cylindrical neo-
dymium (NdFeB) magnets with axial magnetization, grade
N50, measuring 25.4mm in both diameter and height.*
Figure 1(a) shows the magnets attached to the power supply
on either side of the tube. This arrangement produced a
B-field of ~0.8 T at the center of the spectral tube, measured
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Fig. 1. (a) Initial experimental setup used to observe the Zeeman effect with
minimal equipment. Two N50 grade neodymium magnets create a ~0.8-T
field through a helium spectral tube, both attached to a Pasco Scientific
Spectral Tube Power Supply. (b) Spectrum of the helium 706.519-nm line in
a 0.8-T magnetic field split into three peaks via the Paschen-Back effect, as
seen in the Labview VI to visualize the CCD image.

with a Hall-effect sensor. Initial tests were performed with
hydrogen, because it produces a well-studied spectrum across
the visible region with very bright lines. Unfortunately, the
discharge was unstable in this configuration. Our second
choice, helium, emitted a stable discharge.

One end of an optical fiber was pointed into the excited
source while the other was attached to the entrance slit of a
McPherson M216 spectrometer.”’ A 14-megapixel CCD
camera® was placed at the exit focal plane and was con-
trolled using a custom LabVIEW VI. The VI was pro-
grammed to view the entire 2D CCD image and to integrate
a subset of pixels, creating a 1D plot of intensity vs pixel
number. Figure 1(b) shows the He I 706.5-nm line taken
with this initial configuration. The three peaks of the
Zeeman splitting are clearly seen and spaced 20-21 pixels
apart, corresponding to 19.6-20.3nm and approximately
equal to the AA =20 nm calculated from Eq. (5). Thus, it
was determined that a simple experiment could be created
using just this equipment to study the Zeeman effect.
Encouraged by these findings, we began to design a magnet
holder with a variable and overall stronger B-field, and
improved light collection capabilities.

III. EXPERIMENTAL APPARATUS

While a demonstration of the Zeeman effect can be com-
pleted with very simple parts as shown above, a more
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elaborate setup is required for a versatile advanced labora-
tory experiment. The apparatus we propose consists of three
main components: (A) the tunable magnet holder, (B) the
light source and collection optics, and (C) the monochroma-
tor with small-pixel-size CCD camera.

A. Magnet holder for variable B-field

Figure 2 shows the custom magnet holder we designed
and the frame built to secure it for experiments. The holder
consists of two hollow arms and the main body, shown in
Fig. 2(a), all milled out of aerospace-grade aluminum alloy
7075. The arms were machined specifically to hold two
50.8-mm cylindrical neodymium magnets with axial magne-
tization, grade N52. The stated remanence is ~1.48 T, while
the actual field at the center of each magnet face varies
between 0.602 and 0.608 T.

The magnets are loaded with opposite polarity and secured
with stainless steel set screws inside the arms. The grip of
the screws is sufficient to oppose the pulling force of ~1.5
kN when the magnets are brought close together. The outer
surface of the arms are threaded for 1 mm per rotation and
screw into either side of the body. The inside cavity of the
body is threaded from either end, which meet in the center

Fig. 2. The magnet holder for the Zeeman effect experiment. (a) Magnet
holder body and an arm. The body is designed to house a spectral tube, two
magnet arms, and collimating optics via the side extension. The magnet
arms are loaded with the N52 magnets. (b) Magnet holder is secured in the
solid frame. The body is between the two wooden walls and the side exten-
sion is sticking out the back. The arms are screwed into the body. The tube
stopper is visible on the top.

567 Am. J. Phys., Vol. 85, No. 8, August 2017

with a phase discontinuity. To account for this the magnets
protrude from the edge of the arms. The protrusion also
allows the field in the capillary of a spectral tube to be maxi-
mized without causing damage to the wider end chambers.
Handles were added to the arms for controlled turning.

The body has two 38 mm-diameter openings on the top
and bottom, through which a spectral tube can be placed. A
44 mm-long slot was cut on the front side and notched with a
scale of 1 mm markings; it provides access to view the light
source and facilitates measurements of the spacing between
magnets. Opposite to this opening, an aluminum side exten-
sion is welded to the body to house the collimation optics.

A sturdy frame was built around the holder and is shown
in Fig. 2(b). The body was radially secured to the frame
using four mounting bolts to provide the necessary support
when rotating the magnet arms. The side frame pieces are
attached to the base using stainless steel screws. A plastic
top was added for further structural support. The frame was
anchored to an optical Table with socket bolts. Lastly, prior
to inserting the arms into the body, we lubricated the alumi-
num threads. We found that marine propeller grease was the
most effective at reducing friction and erosion of the threads.

By changing the distance d between magnets, we can vary
the B-field at the center of the spectral tube, facilitating a
robust experiment that allows students to study the B depen-
dence of the Zeeman splitting via Eq. (4). Figure 3(a) shows
a plot of the B-field at the center of the holder as a function
of d. The field was measured using a gaussmeter equipped
with a Hall-effect sensor and was found to peak at 1.19T
with d=4mm. The field is also very uniform across the
radial distance r from the center of the holder, shown in Fig.
3(b). Only absolute radial values are reported. The magnet
holder provides a near-constant field in a 25 mm-diameter
circle and allows for light collection from a large section of
the source without significantly affecting the resultant
Zeeman splitting.

B. Light source and focusing optics

We continued to use the Pasco spectral tubes as emission
sources. We also designed and 3D-printed a custom stopper
for the upper opening of the magnet holder, which secures a
spectral tube in the center of the holder. The stopper consists
of two half-moon pieces, with an 8 mm-diameter bore
through the center and a countersink at the top to hold the
tube’s upper chamber. The pieces clamp around the tube and
sit inside the top opening, shown in Fig. 2(b). To keep the
stopper from falling through the holder, it was built with an
overhang that sits flush with the curvature of the holder
body. The stopper is made out of ABS plastic, which can
withstand temperatures up to 105 °C. Note that the tubes can
reach 90-95°C during continuous operation, as measured
with an infrared thermometer.

Using standard optical holders and lens tubes, we built
double-lens collimators for collecting light and focusing it
on the entrance slit of our M216 spectrometer. The front lens
is a 75 mm-focal-length plano-convex lens, chosen so that
the light collection cone is not blocked by the magnets when
they are screwed in to d =8 mm. The collimated beam is
then focused onto an optical fiber using a 60 mm-focal-
length lens, chosen to match the numerical aperture of 0.22
for a 450 um-core Ocean Optics fiber. The collimator is
placed into the side tube of the magnet holder. The symmetry
of the holder, stoppers, and spectral tubes removes all but
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Fig. 3. (a) Magnetic field strength at =0 in the center of the magnet holder
as a function of the magnet separation distance d, measured with a Hall-effect
sensor. The maximum field measured is 1.17 T at d =4 mm. (b) Magnetic field
strength in the center of the magnet holder as a function of the radial displace-
ment r from the axis of the holder, for different values of d.

one degree of freedom, which simplifies the focusing of the
optics for the students. Once focused, the collimator is
locked in place with two nylon screws on the top and bottom
of the side tube.

C. Spectrometers and imaging sensor

Two spectrometers were employed. First, a hand-held
UV-VIS Ocean Optics USB4000 spectrometer”” was used to
collect broad spectra from 194 to 909 nm, allowing us to ver-
ify that there is no emission <380 nm during spectral tube
operation. Certain manufactured tubes brightly emit the
helium 318 nm line, so UV safety must be taken into account
if using similar tubes. The optical fiber from the collimator is
plugged directly into the USB4000 and controlled by
SpectraSuite software by Ocean Optics.*® We can quickly
re-position the collimator for maximum signal intensity.

Afterwards, the fiber is connected to the second two-lens
collimator and focused on the 5-um entrance slit of the high-
resolution spectrometer, a McPherson Model M216 1m-
focal-length Czerny-Turner monochromator. It was designed
as an asymmetric-optical-path spectrograph with coma-free
spectral lines and is equipped with a 1200-g/mm grating,
resulting in a spectral range of ﬁmin ~ 200 nm to Apax
= 1000 nm, and dispersion of 6.6 A/mm. On the exit side,
we removed the original 35 mm photographic film housing
and installed a mount to position the AmScope MU1403
camera’® at the focal plane. The camera has a 4096 x 3286
CCD array of square pixels with size Ap = 1.4 um, giving a
viewable wavelength range of 3.8 x 3.0 nm across.

568 Am. J. Phys., Vol. 85, No. 8, August 2017

IV. CHOICE OF GASES AND RESOLUTION
CALIBRATION

While sodium would be necessary to recreate Zeeman’s
original experiment, compatible Na tubes are hard to obtain
and operate. Helium and argon were ultimately chosen as the
light sources used for the Zeeman effect experiment. The spec-
tral tubes of these elements are readily available from many
scientific suppliers. Both are monatomic gases, which elimi-
nate the possibility of molecular bands in the spectra. Helium
and argon are single-isotope elements with >99.6% purity,*"**
unlike all other noble gases and many elements used in com-
mon spectral tubes such as mercury. This alleviates concerns
regarding hyperfine isotopic shifts* in the spectra.
Importantly, both have a rich spectrum of strong lines: helium
across the entire visible region of 380—750 nm, argon across
the upper-visible to near-infrared regions of 700-900nm.
Incidentally, the He I 706.5-nm and Ar I 706.7-nm lines nearly
overlap, so the spectra can be stitched together into one
VIS-NIR range. First, we identified suitable lines for the
experiment using the Ocean Optics USB4000 spectrometer.

A. Helium

Figure 4(a) shows a typical spectrum produced by the
helium tube, taken with the USB4000 spectrometer. Any line
greater than 0.4 intensity can be viewed by the M216, with
higher-count lines producing better signal-to-noise ratio
(SNR). The strongest He I lines*! usable for this experiment
are shown in Table I. The triplet transitions (388 nm,
447 nm, 587nm, and 706nm) are composed of closely
spaced emission lines, some of which can be identified as
separate lines with the M216. These lines can then be used
for self-calibration of the CCD and M216 per-pixel
resolution.

Both the 587- and 706-nm lines have secondary peaks
that are bright enough and spaced far enough apart to be
resolved by the spectrometer. The 706 transition is shown in
Fig. 5(a), which consists of two closely spaced lines at
706.517nm and 706.521 nm (with an approximately 2:1
intensity ratio), interpreted as one main 706.519-nm line,
and a separate 706.571-nm line. The separate line is hard to
resolve due to the overall low intensity, but is still visible.
Maximum peak location was determined by the maximum
intensity pixel. The peaks are displaced by 58 pixels, yield-
ing Ar, ~ 0.90 pm/pixel.

B. Argon

Figure 4(b) shows the spectrum produced by the argon tube;
it has strong VIS-NIR lines between 696nm and 842nm.
The strongest Ar I lines used are: 696.54nm, 750.39 nm,
751.46nm, 763.51 nm, 810.37nm, and 811.53nm. Since all
argon lines represent singlet transitions, a different method
must be employed for calibration. Luckily, there are closely
spaced lines that can be used. The tight and bright “doublets”
of Ar I, 750/751 nm and 810/811 nm, are close enough to fit
within the spectral range of the CCD array.

The 810/811 nm pair is shown in Fig. 5(b). The 811-nm
line is the brighter of the two and displaced from 8§10 nm by
1356 pixels, yielding Ar, = 0.857 pm/pixel. The increasing
pixel resolution of the spectrometer at longer wavelengths,
coupled with the 4> dependency in Eq. (4), shall result in
greater magnitude of the Zeeman splitting.
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Fig. 4. (a) Helium spectrum obtained with the Ocean Optics USB4000 spec-

trometer for the Pasco spectral tube, with 10-ms exposure time and B=1T.
(b) Argon spectrum obtained under the same conditions.

V. RESULTS FOR HELIUM
A. Paschen-Back effect

While increasing the B-field does increase the wavelength
separation of the Zeeman effect peaks, it also changes the
pattern of lines that can be observed. Friedrich Paschen and
Ernst Back found that the anomalous Zeeman effect changed

into the characteristic normal splitting when the magnetic
field is increased above a certain limit.*> In the Paschen-
Back effect, the energy perturbation AEg from the magnetic
field is on the order of the perturbation from the spin-orbit
coupling, so that the total angular momentum is decoupled
into its respective orbital and spin components. In the strong-
field limit Eq. (1) becomes

AEB = —,uB(mL + 2mS)B, (7)

where m; and mg are the projection of L. and S, respectively,
along the direction of B. A dipole transition obeys the selec-
tion rules: Amy = 0, =1 and Amg = 0. The latter is required
to preserve the polarization of a line.* Accordingly, the
change in wavelength in the Paschen-Back limit is given by

AJ(nm) ~ 4.665 x 10°8)?B, 8)

with values substituted for constants, B in Tesla, and A in
nm. This result is equivalent to the normal Zeeman effect
splitting of Eq. (5).

Due to the relatively small internal field in a helium atom,
the transition between Zeeman splitting and the Paschen-
Back approximation occurs in the 0.1-0.4T region.** In
higher fields, the complex Zeeman patterns should converge
into triplets. With this in mind, we measured the Zeeman
effect for each of the six brightest helium lines in Fig. 4(a).
The spectral tube was secured in the center of the holder
using the stopper, and the magnet arms were screwed in until
d =8 mm, resulting in a starting B = 1.07 T field in the center
of the tube.

The normal Zeeman effect dependence on magnetic field
strength and wavelength are shown in Fig. 6. With wavelength
held constant, an increasing B-field increases the triplet split-
ting. This is demonstrated in Fig. 6(a) for the He I 706-nm
line. At B=1.07T (solid line), the peaks are spaced ~27 pix-
els apart, while at B =0.8 T (dashed line) the peaks are spaced
apart by ~20 pixels. Figure 6(b) shows the He I 447-nm line at
B =1.07T. Here, the peaks are spaced ~10 pixels apart. This
demonstrates that in our experimental setup, both types of
dependencies on B and A can be investigated.

B. Measurement of the Bohr magneton

Since the magnetic field strength can be easily varied
inside the magnet holder without disrupting the optical
collection, we devised an experiment to measure the Bohr
magneton. The linear dependence of B allows for a simple
calculation of up and comparison with the theoretical value
of ~5.79 x 107 eV/T.

Table I. Prominent VIS and NIR spectral lines for helium and argon transitions. The average pixel spacing between peaks at B = 1.07 T is recorded along with
the corresponding A Zeeman split value. From the linear regression analysis of lines > 400 nm, a value for ypz and uncertainty is calculated.

Element Transition / (nm) Average pixel spacing A (pm) up (x1073 eV/T) dpg (1073 eV/T)
He I 235-3%p 388.9 7.2 7.6 — —

He I 2P-43D 447.1 9.7 10.0 7.88 2.5

Hel 21s-3'p 501.6 12.5 12.4 7.74 2.0

He I 23P-3°D 587.6 17.6 17.0 6.10 0.72

He I 2'p-3'D 667.8 22.8 21.0 5.44 0.74

He I 2’p-33§ 706.5 27 24.2 5.25 0.54

Arl 2[3/2]2-2[5/2]3 811.5 41.5 35.6 5.56 0.19

569 Am. J. Phys., Vol. 85, No. 8, August 2017
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Fig. 5. Intensity vs pixel number at B =0 used for per-pixel resolution calcu-
lations for helium and argon, displayed in the LabVIEW VI. Peak position
was determined as maximum intensity pixel. (a) He I 706-nm line. The
706.519-nm strong peak and 706.571-nm peak to the left are spaced
0.052nm and 58 pixels apart, yielding Ar = 0.90 pm/pixel resolution. (b) Ar
I 810/811-nm “doublet.” The weaker 810.37-nm peak and stronger 811.53-
nm lines are spaced 1.1618 nm and 1356 pixels apart, yielding Ar = 0.857
pm/pixel resolution.

For each bright wavelength, we collected five spectral data
sets at each of six different values of B. We unscrewed the
magnet arms in whole number rotations for each B-field value
based on the data in Fig. 3(a), so that field strengths of 1.07,
0.9, 0.8, 0.7, 0.6, and 0.5 T corresponded to magnet separations
of d=38, 14, 18, 22, 26, and 34 mm, respectively. As a check,
the field was measured through the bottom hole or the side slot
of the holder. This introduced experimental uncertainty in the
B-field value, as the field could not be measured directly in the
center of the magnets with the spectral tube suspended there.

Using the collected data, we found the spacing between
the five left and five right peaks for each data set, again
determined by maximum intensity. We averaged the ten
spacings and calculated the standard deviation to quantify
the uncertainties. The average spacing was converted into
A/. We graphed A vs B and calculated a line of best fit
using linear regression. The slope and y-intercept uncertainty
were found using the Northeastern University Introductory
Physics Laboratory (IPL) Straight-Line Fit website.*’

570 Am. J. Phys., Vol. 85, No. 8, August 2017

Figure 7 shows plots of AL vs B for the He I 587.6-nm
and He T 667.1-nm lines. Setting the slope equal to A1/B in
Eq. (8), we calculated up for each. This regression analysis has
been done for the He I 447-nm, 501-nm, and 706-nm lines as
well, with results shown in Table 1. In our apparatus, wave-
lengths > 400nm can be used to study the linear B-field
dependency of the Zeeman effect and calculate a value for yp.
The calculated value agrees with the known value, and the y-
intercept crosses the origin, within error for each wavelength.

C. Analysis of 4> dependence

Because the spectrometer can resolve the splitting for
practically any line in the visible spectrum, we can also use
our experiment to demonstrate the linear dependence of A4
on /2 in Eq. (4). This is a unique feature of our system, as
this analysis cannot be performed using a Fabry-Perot etalon.
The etalon does not have the necessary finesse to resolve the
Zeeman splitting over a broad spectral range. Using the
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Fig. 6. Magnetic field and wavelength dependencies on the Zeeman effect.
(a) Intensity vs pixel number showing B-field variation in triplet splitting of
He 1 706-nm line for B=1.07 T (solid) and B=0.8 T (dashed). The pixel
spacing decreases with B. (b) Intensity vs pixel number of He I 447-nm line
at B=1.07T. Compared to the 706-nm line, the 447-nm line has much
smaller triplet splitting for the same field strength, showing wavelength
dependence.
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Fig. 7. Linearity of the triplet splitting in the Paschen-Back effect as a func-
tion of B-field. (a) The He I 587-nm line gives a Bohr magneton value of

(6.10+0.72) x 1073 eV/T using the IPL Calculator (Ref. 45). (b) The He I
667 nm calculated Bohr magneton value is (5.44+0.74) x 107 eV/T.

B =1.07-T data for each of the six bright lines in helium,
we plotted A vs 42 in Fig. 8. In order to demonstrate that
the relationship is consistent with Eq. (8) as expected, we
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once again used regression analysis to calculate pg. The
resulting value is 5.69%+0.19 x 107 eV/T, which agrees
with the expected value within error. We believe this is a
better method for calculating p5 than the B-field dependency.
The magnet spacing d is kept constant, reducing the uncer-
tainty from rotating the arms, and the B =1.07-T data have
smaller A/ uncertainty due to more defined peaks than
lower-field strengths.

D. Resolution limit and sources of errors

The resolution limit of the M216 spectrometer for the
Zeeman effect occurs around 400nm. The splitting for the
388-nm wavelength is too small to completely split into three
peaks with this system. The line shows a definite second peak
on the lower wavelength side of the image with a spacing of
8 pixels, and an unresolved bump on the higher wavelength
side with a spacing of ~7 pixels. From this, the minimum
practical resolution can be estimated as 7-8 pixels. Because
the splitting could not be measured for B < 1.07 T, no value
for pp is recorded in Table I. But the 388-nm line can be used
to demonstrate Zeeman’s original finding that the line widens
in the magnetic field.! When it is measured at B = 0, the line is
three times thinner than in the 1-T field.

Other systematic errors can be identified by analyzing
the He I 706-nm spectra in Fig. 6(a). First, wavelengths
too closely spaced to be resolved by the apparatus must be
interpreted as a single wavelength. Also, the spectrometer
distorts line shapes, in particular on the lower wavelength
side. The B=0 line in Fig. 5(a) has a small step, which is
still visible in the two B >0 cases. The triplets themselves
are asymmetric, with less intensity on the upper wavelength
side and a long attenuated “tail” on the lower side. In addi-
tion, the CCD has extraneous frozen pixels that manifest
themselves as false features in the spectra. There are associ-
ated statistical fluctuations as well in reproducing the posi-
tion of the spectral lines for multiple data sets, which is why
we took an average of the five trials.

VI. RESULTS FOR ARGON
A. Zeeman effect in argon

To study the Zeeman effect in longer wavelengths, we
used an argon spectral tube and continued probing beyond

T T T T
100° 200>  300° 400°

T T T
5007 6007 700°
A? (nm?)

Fig. 8. Linearity of the Zeeman splitting due to the Paschen-Back effect as a function of 2%, All six bright He I lines measured with B=1.07T are used. The

Bohr magneton value calculated with the slope is (5.56+0.19) x 107> eV/T.
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706 nm. Figure 9 shows the spectrum at B=1.07T and
results for the Ar I 811-nm line. In Fig. 5(b), the transition is
split into three peaks according to Eq. (5) and is spaced 42
and 40 pixels apart. Figure 9(b) shows the B-field depen-
dence of AL measured for six magnetic field strengths, which
has the same width proportionality factor in argon as it did in
helium. Using the value of the slope, we calculated p to be
5.61+0.58 x 107> eV/T. Once again the relative error is
<10% and the calculated value matches the theoretical
within uncertainty.

B. Anomalous Zeeman effect

As it turns out, there are bright emission lines beyond the
909-nm limit of the USB4000 spectrometer. For instance,
strong Ar I 912.3-nm and 965.8-nm lines are practically
viewable in the M216 spectrometer range. However, the
quantum efficiency of the MU1403 camera in the NIR range
was not high enough to observe the 965-nm line. The 912-
nm line, on the other hand, was observed successfully. To
students’ surprise, it splits into an anomalous sextet pat-
tern,*® as shown in Fig. 10. While the background noise sig-
nal is larger compared to VIS lines, six approximately
equally spaced peaks are clearly defined. Other lines in argon
could be used to demonstrate the anomalous Zeeman effect
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Fig. 9. Ar I 811.5-nm Paschen-Back measurements and calculations. (a)
Intensity vs pixel number at B=1.07 T. The average spacing between peaks
is 41.5 pixels, resulting in A/ ~ 0.036 nm. (b) Linearity of the triplet split-
ting as a function of B-field. The Bohr magneton value calculated from the
slope is (5.61=0.58) x 107° eV/T.
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Fig. 10. Intensity vs pixel number of Ar I 912-nm line at B=1.07 T, split
into an anomalous sextet pattern. The strong line appears weak with a large
background noise due to poor quantum efficiency of the CCD in IR.

as well, which may allow students to calculate g; along with
up for anomalous transitions.

VII. POSSIBLE IMPROVEMENTS AND
CONSTRAINTS

The current setup can be modified by improving magnetic
field strength, image sensor sensitivity, or wavelength range.
The current magnets have an operational temperature of
80°C, which is close to the spectral tube temperature of
90-95 °C that is achieved during continuous use. Using other
rare-earth magnets with a higher Curie point would decrease
the possibility of inadvertent demagnetization but would also
likely decrease the B-field, as these typically have a lower
remanence than the N52-grade NdFeB magnets. In principle,
the field strength could be increased by approximately 20%
by using larger magnets, but this would elevate safety con-
cerns over possible injuries if the holder broke and the mag-
nets came together.

Spectral resolution could be increased with a different
grating or longer spectrograph. The 1200 -g/mm grating in
the M216 could be switched out for a higher 1800 -g/mm
grating. This change would increase resolution by 50% and
would allow one to resolve all three peaks of the He I 388-
nm Zeeman splitting. For instance, using a high-resolution
75-cm spectrometer’> equipped with 3600-g/mm grating
would more than double the current spectral resolution of the
He I 388-nm line.

However, the increase in resolution would come at the
cost of a smaller range of observable wavelengths. For
example, the M216 with a 1200 -g/mm grating allows for a
maximum viewable wavelength of A;,x = 1000 nm, while
equipping it with a 2400-g/mm grating would decrease it
to A . =500 nm. The decrease in Ama would remove
the possibility of measuring any Ar I lines and all but the
388-nm and 447-nm He I lines. This would eliminate the
unique ability to analyze the 2 dependency as demon-
strated in Fig. 8.

It is easy to show that switching to a higher grating does
not increase the maximum achievable pixel separation for
Zeeman splitting, but rather does the exact opposite. If n is
the ratio of the higher groove density to lower, the higher
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groove density will improve the per-pixel resolution by
Ar;, = Ar,/n but will decrease proportionally the maximum
viewable wavelength: 2| = Ay, /n. The new maximum
Zeeman splitting in terms of number of pixels is p’ = AL’/
Ary, ~ imaxlz/Ar[’,. Then p' is ~nil_ /n*Ar, = Al/nAr,
= p/n. Thus, the maximum achievable Zeeman split magni-
tude in pixels is reduced by a factor of n.

The previous analysis, though, presents an intriguing
possibility of going into the NIR region with medium-
dispersion equipment to improve the peak resolution. With
better NIR capabilities, the strong Ar I 965-nm line would
provide an approximate 41% increase in AL over the Ar |
811-nm line, and the He I 1083-nm lines would provide an
approximate 135% increase over the He I 706-nm line. The
bright 1083-nm triplet*' consists of a separate 1082.91-nm
line and two closely spaced lines at 1083.02nm and
1083.03 nmnm, with an approximately 1:5:10 intensity
ratio. The ~0.12-nm separation makes this another candi-
date for pixel calibration and should show wide Zeeman
splitting.

To test, we observed the 1083-nm line using a Princeton
Instruments IsoPlane 320,%” a 32 cm-focal-length spectrome-
ter with a similar 1200-g/mm grating. The CCD can detect
NIR light, but the Ap =20 um pixels are 14 times larger
than those in the MUI1403. Figure 11 shows two peaks
spaced 0.135 nm apart at B=0. At B=1.07 T, the two peaks
are split into four approximately equally spaced peaks. The
expected six peaks from the Paschen-Back effect are not
fully resolved, but the spectrum still demonstrates a change
due to the magnetic field. This demonstrates that a spectrom-
eter with a smaller focal length, medium grating, and larger
pixel size imaging camera can be used for Zeeman effect
measurements in the NIR region.

Much higher resolution than ours can be achieved with spe-
cialized instruments such as long Ebert spectrographs or
Echelle gratings in high orders. In the latter case, the spectral
range will be limited but would provide an opportunity to study
other systems with fine energy level structures. However, such
study is beyond the scope of our work, which is focused on
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Fig. 11. Roughly calibrated He I 1083-nm line taken with the Princeton
Instruments IsoPlane 320 spectrometer with B=1.07T (solid) and B=0
(dashed). The He I 1082.91-nm and 1083.03-nm doublet is resolved at
B=0. At B=1.07T, four approximately equally spaced peaks can be distin-
guished. The splitting AL ~ 0.12 nm is more than twice the splitting seen in
the He I 706-nm line.
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the B and /* dependencies of the Zeeman and Paschen-Back
effects, and calculating pp.

VIII. CONCLUSION

We have developed an advanced laboratory experiment
for studying the Zeeman and Paschen-Back effects using a
1 m Czerny-Turner spectrometer equipped with a small pixel
size imaging CCD, eliminating the need for a Fabry-Perot
etalon. A tunable magnet holder was built and loaded with
neodymium magnets, replacing the electromagnet commonly
used in these types of experiments. The use of helium and
argon spectral tubes as light sources provides a dense cover-
age of bright lines across the VIS-NIR region. With this
setup, we were able to validate that the Zeeman splitting of a
line increases proportionally to the magnetic field strength.
The Paschen-Back effect was demonstrated using helium
lines in the VIS region. The normal and anomalous Zeeman
effects were measured in Ar I lines as well.

The Bohr magneton was calculated from the measured
Zeeman split in He I 447, 502, 587, 667, and 706-nm lines,
and in the Ar I 811-nm line. The experimentally obtained val-
ues agree with the theoretical value within experimental error.
The spectrometer has the advantage of resolving the Zeeman
splitting in any detectable line in its spectral range. This pro-
vides the unique ability to investigate the 22 dependence,
which cannot be done with a single etalon. This dependency
was studied and allowed us to determine the Bohr magneton
value with a second, more accurate experimental method.

Current limitations and possible improvements have been
discussed. In particular, we have identified and measured the
promising NIR He I 1083-nm line for demonstrating the
Zeeman effect using a shorter spectrometer and common
imaging camera. In summary, our new experiment can be
implemented using available equipment while allowing the
normal and anomalous Zeeman effects and the Paschen-
Back effect to be studied in several new ways.
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