THE ZEEMAN EFFECT

'OBJECT: To measure how an applied magnetic field affects the optical
emission spectra of mercury vapor and neon. The results are compared with
the expectations derived from the vector model for the addition of atomic and
nuclear angular momenta. A value of the electron charge to mass ratio, e/m,
is derived from the data.

Required Reading: Melissinos & Napolitano Chapter 6

APPARATUS: Spex 1000M 1 meter grating spectrometer system including: 1800
lines/mm holographic grating, "Quickscan" thermoelectrically cooled linear
diode detector array, Hamamatsu R928P side-window photomultiplier photon
detector w/ high voltage supply and preamplifier-amplifier, Jabon Yvon-Spex
"Spectramax" control and data acquisition software and Dell 486 computer; Hg
and Ne discharge tubes; Gas discharge power supply; Penray miniature Hg
discharge tube and power supply; Iron core electromagnet, Varian 6121 30-
ampere Variac magnet power supply; RFL Industries model 904 Gaussmeter
with Hall probe; Fiber optic feed/collimator with rotatable polarizer.

Safety: Beware of the high voltage on gas discharge tube power supply. It can
give you a painful shock. Also, to avoid overheating the magnet coils, do not run
the electromagnet above 5 amperes for more than 20 minutes. [Occasionally feel
the coils. If they feel very warm, turn of the magnet and let them cool for 30
minutes.]

THEORY: The Zeeman effect is the name given to the splitting of the energy
levels of an atom when it is placed in an externally applied magnetic field. The
splitting occurs because of the interaction of the magnetic moment p of the atom
with the magnetic field B slightly shifts the energy of the atomic levels by an
amount

AE = - n.B. (1)

This energy shift depends on the relative orientation of the magnetic moment
and the magnetic field.

Nuclear magnetic resonance (NMR) and electron spin resonance (ESR) both
depend on the Zeeman splitting of a single energy level within the atom. In the
case of NMR, the splitting depends on the orientation of the nuclear moment
relative to a large static applied magnetic field, and NMR is induced by applying
a small alternating magnetic field of exactly the energy given by Eq. (1) (typically
with a frequency in the 20 MHz range for a conveniently sized static magnetic
field) to induce the nuclear moment to flip its orientation in the static field. ESR
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depends on the orientation of the electron magnetic moment and requires a
much more energetic alternating field (typically 10 GHz) to induce resonance.

In this experiment you will study the optical Zeeman effect, which is a little more
complicated than either NMR or ESR because it involves two energy levels
within the atom. In the optical Zeeman effect, atoms are excited to a level above
the ground state by, for example, collisions with electrons in an electrical
discharge (such as the commonly used fluorescent light bulb). When they return
to the ground state, they emit the extra energy as a visible photon whose energy
corresponds to the difference in energy between the excited and ground states. If
a magnetic field is applied, both the ground state and the excited state energies
experience Zeeman splitting. So photons of slightly different energies will be
emitted when various excited atoms return to the ground state. We discuss
below how to calculate the number of lines that a single spectral line is split into
by a magnetic field and how that splitting depends on the magnitude of B.

Zeeman discovered the effect in 1896 and subsequently explained it using the
Bohr picture of the atom. In the Zeeman-Lorentz explanation, the electron
moving in a magnetic field experiences a Lorentz force that slightly changes the
orbit of the electron and hence its energy. The change in energy depends on the
orientation of the orbit. If the plane of the orbit is perpendicular to the magnetic
field AE is either positive or negative depending upon whether the motion of the
electron is clockwise or counter-clockwise. If the field lies in the plane of the
orbit, the net Lorentz force is zero (averaged over one orbit) and AE = 0. This
reasoning thus predicts that the spectral emission line will split into three lines
when a field is applied. More detailed arguments predict the same result for an
arbitrary orientation of the plane of the orbit. A more modern argument, not
using forces, can be made by noting that the orbital motion of the electron
(angular momentum L) produces a magnetic moment y,. Equation 1 can then be
used to calculate how the Zeeman splitting will depend on the orientation of the
angular momentum relative to the magnetic field.

In practice this “normal” three-line Zeeman effect is not commonly observed; If a
spectrometer with high resolution is used, it is frequently found that the
magnetic field splits the spectral lines into more than three components and even
when the three line pattern is observed, the splitting increases more rapidly with
applied field than predicted by the Zeeman-Lorentz theory. This “anomalous”
Zeeman effect was not explained for a number of years until it was realized that,
in addition to orbital angular momentum, electrons possess spin angular
momentum S and an associated magnetic moment xg. The reason orbital and
spin angular momenta have different Zeeman splittings is that electron spin has
twice the magnetic moment than that due to orbital motion with the same
angular momentum. In particular, an electron (charge e, mass m) traveling in a

Zeeman 2



circular orbit in a plane perpendicular to the z axis has a magnetic moment
U, that is related to the orbital angular momentum L by the relation (see

Halliday, Resnick and Walkerl for a derivation)

(S
ﬂzzzﬁh° (2)

On the other hand, for electron spin S electron spin it is experimentally observed
(and theoretically predicted using quantum electrodynamics) that
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where g = 2.0023. For the purposes of this discussion we take the g-factor to be
exactly 2. For an electron that has both spin angular momentum S, orbital
angular momentum L, and total angular momentum J, we can write

e
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where J, is the z-component of the total angular momentum. g, is called the
Lande’” g-factor and is given by

N J(J+1)+S(S+1)-L(L+12)

2J(J+1) ©)

g, =1

The derivation of Egs. (4) and (5) is complicated but is generally covered in
introductory quantum mechanics. Lande’ first derived it semi-empirically.
Notice that whenS=0,] =L and g, =1 so that Eq. (4) reduces to Eq. (2). On the
other hand, when L =0, ] =S and g, =2 so that Eq. (4) reduces to Eq. (3). For
other values of S and L, Eq. (5) gives intermediate values for g, . For example, if L
=Sthen g, =3/ 2.

We can now combine Egs. (1) and (4) to obtain the Zeeman splitting. If the
magnetic field is in the z direction,

€
AE:—QL%JZB. (6)

Quantum mechanics tells us that the total angular momentum is quantized
according to J, =m;i where m; =0,1, 2, .... Thus

eh
AE:‘QL%ij:_gLﬂijB (7)
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where pu, =.9274x10J /T =5.788x10"°eV /T is called the Bohr magneton. The
light that is emitted from the gas in a discharge tube is generated when electrons
make transitions from exited states of the atom to the ground state. When an
electron makes such a transition, it emits a single photon which carries away an
angular momentum of 7, which means transitions can only occur between states
where ]z differs by only 0 or £ 1 7 (or Am=m; —m; =0,+1, where the prime
refers to the initial state). If the transition is between levels with the same m,
then the photon’s energy is unshifted by the magnetic field. But if the change in
m;is £1, then the change in photon energy is

Ahv=(g.m; —g/m/)gB =gy, B 8)

where Am=m, —-m/ =+1. g is the effective g-factor for the transition. The

resulting spectrum is shown in Fig. 1 for the case g, =g =1, the “normal”
Zeeman effect. (g, is the Lande’ g-factor for the upper level and g, for the lower.)
Note that transitions from the other Zeeman split excited states will give exactly
the same three line pattern since the magnitude of the splitting of the excited and
ground states is the same. In fact, you will get a three line pattern as long as
g, =0,. But g, will be different from the “normal” Zeeman effect. If g, #0,

you will observe more than three lines in the spectrum. To
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Figure 1 Optical spectrum for g, =g =1, the “normal” Zeeman Effect
help understand this “anomalous” pattern we will study in the next section the
spectrum of mercury. Before we do this, we need to discuss the polarization of
the emitted light. In the spectrographic jargon, photons emitted in a transition
where Am ==1 are labeled o lines and are circularly polarized when observed
parallel to the magnetic field and linearly polarized perpendicular to the field
when viewed at right angles to the field. While photons emitted when Am =0
are labeled © lines and plane polarized with the direction of polarization
parallel to the field. Thus the different components of the Zeeman spectrum
shown in Fig. 1 will have the indicated polarizations. To observe light emitted
parallel to the field would require a magnet with a hole through the pole pieces,
which we do not have. When the light is observed perpendicular to the field the
7 and o radiation will have the polarizations shown in the sketch in Fig. 2.

Fowles? gives an excellent theoretical explantion for this polarization behavior
(see especially Figs. 8-10 and 8-11).
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Figure 2. Polarization of n and ¢ radiation for the Zeeman Effect.

The Zeeman Effect in Mercury: For the ground state of mercury the two valence
electrons are in the (6s)2 configuration (two electrons in n=6, /=0 single particle
states). Because of their mutual electrical repulsion the two electrons do not
move independently and three quantities -- the total spin angular momentum S,
the total orbital angular momentum L, and the total angular momentum J -- are
constants of the motion designated by quantum numbers S, L, and ] respectively.
The electron states are labeled with the spectroscopic notation 25*1Lj. The value
of L is denoted by S for L = 0, P for L =1, etc. The ground state in mercury is
then 1Sy (This is a singlet state, S=0, because the 6s electrons are in identical
orbital states, the spins must be antiparallel according to the Pauli Exclusion
Principle.)

As shown in Fig. 2, the next levels above the ground state in mercury are a triplet
of levels -- 3Py, 3P1, and 3P -- corresponding to single electron states (6s6p)
where the electron spins are parallel. There is a higher singlet 1P state with spins
antiparallel and still higher a 6s7s state. In the Franck-Hertz experiment you
study transitions between the ground state and the 3Pj, which involves
ultraviolet energies. The visible light you see coming from a discharge tube rises
from an electron excited to the 7s state dropping down to a 6p state. Figure 3
shows the three most intense visible spectral lines.
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Figure 3: Energy Levels of Atomic Mercury
(not to scale)

To calculate the Zeeman spectrum of, for example, the blue line (435.8 nm) we
first use Eq. (5) to calculate the Lande’ g-factor for the 351 and 3P states:

351:J=1, L=0, and S=1 = ¢/ = 2 (as expected for a pure spin state)
3P1:J=1,L=1,and S=1 =g, = 3/2.
Then Eq. (8) tells us that we will see that the spectral line at hv, corresponding to
the wavelength 4 = 435.8 nm will be split into several lines by:

3m,
Ahv =0y 1B = (_ZL —2m)ugB,

where m; =0,£1, m} =0,%1, and Am = m; —-m; =0,+1. Table 1 lists all possibilities.

We see that the 435.8 nm line is split into seven lines as shown in Fig 4.
However, as discussed in the next section, if the spectrum is measured without
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adequate spectrometer resolution the pattern may appear as a three-line
spectrum whose lines broaden in width as well as shift position as the field

increases.
Table 1: Allowed Transitions 7s6s 351 to 6p6s 3P1
m my Ap polarization O = Ahv/ u B
1 1 0 m 1/2
0 1 1 o 3/2
-1 1 2
1 0 -1 c 2
0 0 0 0
1 0 1 >
1 -1 b))
0 -1 1 o 3/2
-1 -1 0 1/2
T T T f n 1'L T o
=
I
=
-z -1 4] 1 2
Enerqgy b

Figure 4. Zeeman splitting of the 7s6s 351 to 6p6s 3P1 transition in
mercury (in energy units of ;B).

Similar calculations for the 7s6s 351 — p6s 3P; transition show a nine line pattern,
while the 7s6s 351 — 6p6s 3P transition shows a triplet that might be interpreted
as the “normal” Zeeman effect except the splitting varies as +2u,B, while one
would expect it to vary as +x,B for the “normal” effect (g, =g =1).

A similar "normal" Zeeman triplet is obtained for the strong yellow transition at
585.3 nm in neon. This case is more difficult to calculate since the excitation
occurs when an electron moves from a filled p-shell to a higher excited state,
leaving behind a hole - 1s?2s?2p® —1s’2s*2p°nx*. L-S coupling does not occur
and the Lande’ g-factor, Eq. (5), does not apply.

Effect of instrument resolution: There are several factors that determine the

intrinsic width of the spectral lines such as the lifetime of the excited state and
the effect of collisions within the discharge tube. But with the apparatus
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available in our laboratory the observed linewidth is determined by the
resolution of the spectrometer. This resolution is determined by factors such as
the number of grooves per mm in the diffraction grating and the width of the
entrance and exit slits. The spectrometer you will be using has a resolution of
0.06 A = 0.006 nm, where the resolution is defined to be the full width of the
spectral line at the point where its intensity drops to one-half of its peak value.
To understand the effect of instrumental resolution, we calculate the wavelength
splitting for a Zeeman energy of Ahv=g,u,B. Using Av=c, where c is the

speed of light, we find
C
|AZ] = 7 Av. 9)
Thus

2
|A/1|:geﬁ%yBB:4.668x10SgeﬁlzB (10)

where wavelengths are in nm and B is in Tesla. The maximum value of B that
you will be able to produce in the lab is about 1 T. So for the 435.8 nm 7s6s 357

to 6pbs 3P1 transition we find |AA|=0. 0089¢,; nm which is only moderately
larger than the resolution. Figure 5 shows a simulation of the spectrum of the
due to the o components of the 7s6s 351 to 6p6s 3P1 transition. In the figure the
intensity of the ¢ four components given in Table 1 (g, = -2, -3/2, +3/2, and 2)
are added assuming a Lorentzian line shape for the individual lines:

1 1
I(/1)= 2
7oA 1+ (ﬂ“_ﬂ“o)

SA?

(11)

where 4, is the wavelength of the unsplit line and d4is the width caused by
instrumental resolution (the resolution equals 264 ). [The factor 764 normalizes

the intensity so that j _O:O I(A1)dA =1.] The simulation shows that the resolution will

not be good enough to resolve the predicted four line o pattern for the available
magnetic field. Note that the peak intensity drops by a factor of more than three
and the line width increases, which will affect the signal-to-noise. Also note that
the unresolved peak of the two lines falls between their splitting for g, =2 and

0. = 3/2. Thus the measured effective g-factor should fall at about 1.75 and you

will be able to clearly recognize that this is an example of anomalous Zeeman
effect even though you will not be able to resolve the predicted spectrum.
Likewise the 7 lines will not be resolved, but you should observe the line to
broaden as the magnetic field is increased. In contrast the pattern for the 7s6s

351 to 6p6s 3Py transition, which involves only two o lines will be fully resolved
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and should agree with the theoretical prediction, g = 2.
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Figure 5. Dependence upon spectrometer resolution of the predicted Zeeman

spectrum of the 7s6s 351 to 6p6s 3Pq transition in mercury for an applied
magnetic field of 1 Tesla (s polarization)
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APPARATUS: The spectrograph that you will be using is fully computer
controlled and easy to operate. Although you can usually get good results
without understanding how it works, it is important to understand the principle
of operation:

The Czerny-Turner scanning spectrometer, which you will be using in this
experiment, uses a holographic 1800 groves/cm diffraction grating to disperse
incoming light by wavelength into a spectrum. The direction of incidence of the
light and the direction of observation, Fig. 6, are both fixed. Incident light

curved refocusing mirror curved collimating mirror

gxit slit HHHHRREH entrance slit
L o & o =
grating

detectar

Figure 6. Czerny-Turner Scanning Spectrometer

Zeeman 11



containing a mixture of wavelengths passes through the entrance slit and strikes
the first (collimating) mirror which makes the rays parallel and directs them
toward the grating. The grating disperses the light over a range of angles
depending on the wavelength. Rays of a specific wavelength, which depends on
the angle between the grating and the incoming rays, travel to the second mirror
and are refocused through the exit slit onto the detector. The spectrum is
scanned by rotating the grating to sweep light of a particular wavelength onto
the detector.

The spectrometer has two detectors. If the dispersed light is allowed to pass
through the exit slit as shown in Fig., then it strikes a linear array of 1024
detectors (each one micron wide). The array allows you to simultaneously
observe the spectrum over a range of wavelengths, which greatly increases the
speed of data taking but at the expense of lower efficiency.

There is a mirror that can be swung into the exiting beam to divert the rays
toward a photomultiplier photon detector on the side of the instrument. The
phototube can measure only one wavelength at a time but has much lower
background noise and is more useful for precision or for low light intensities.

The width of the entrance slits can be individually adjusted using the dial knobs
at the entrance and exit ports of the machine. The wider the slits the more light
reaches the detector, but on the other hand the resolution is improved by
narrowing the slits. Widths of 10um generally give good results : coarse setting
to 0 and find setting to ~ 20. You should use the same setting for the entrance and
exit slits. The slit settings would usually be at the correct values if previous runs
gave good results.

The entire apparatus is computer controlled. A stepper motor rotates the mirror
the grating in adjustable steps (e.g. 0.005 nm/step). The dwell (integration) time
at each wavelength is also adjustable (e.g. 2 s/step). During this time the
photomultiplier output is integrated (averaged) to improve signal-to-noise. Data
analysis options are available for determining peak areas, channel counts, peak
wavelengths etc.

The electromagnet consists of a soft iron core which taper to a small (~ 1 cm)
gap. The core is wound with two coils which generate a field in the gap of about
1.5 T when a current of 10 amperes (max) is applied to the coils. Care must be
taken not to overheat the coils which should be allowed to cool whenever they
feel moderately warm to the touch.

The magnetic field is measured with a calibrated Hall probe. Because of the iron
core, the magnet exhibits hysteresis and you cannot count on a given current
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producing a specific field. You either need to establish a hysteresis curve as
described in the appendix or use the Hall for every spectrum you measure.
When inserting the Hall probe in the gap be sure to place it at the very center of
the gap with the face of the probe parallel to the gap faces.

To measure a spectrum a discharge tube is placed in the gap. Its light is collected
from the portion of the tube in the very center of the gap and is transferred to the
spectrometer with a fiber optic feed. A Polaroid filter is mounted in the front
end of the fiber optic. The orientation of the filter is read from the graduated

wheel: 240 corresponds to polarization perpendicular to the field and 1149 to
parallel.

PROCEDURE: Before starting the experiment, calculate the predicted Zeeman
splitting of the 7s6s 351 to 6p6s 3Py transition in mercury -- i.e. calculate g, .

[Combine Egs. (8) and (10). You will need to use that portion of Table 1 that is
appropriate for the transition.] Include this calculation in your final report.

1. Establish the hysteresis curve for the magnet (see appendix 1). This step may
be skipped if you chose to measure the magnetic field for each value of the
applied current in the magnet. (Note that you will have to share the Hall probe
with the Faraday group. Also it may be difficult to position the Hall probe in the
center of the magnet with the discharge tube In place ) .

2. Insert the Penray miniature Hg discharge tube into the magnet gap and center
the tube. Carefully center the collimating tube for the fiber optic feed and
polarizer on the portion of the Hg tube that is in the center of the magnet gap. Set

the Polaroid to 114°. Connect the discharge tube to its power source (Cenco high
voltage transformer), with a rheostat in series with the primary. (Be sure the
supply is switched off.) Start the discharge in the tube. (Always be careful of the

high voltage).

3. Instructions for starting and operating the spectrometer are given in appendix
2. Record the spectrum of the 404.7 nm mercury line. Use a narrow sweep range
with long integration time so that the line is spread out with good signal-to-
noise. Scan at several wavelength step sizes and integration times to familiarize
yourself with the effect of these parameters on the signal to noise and peak
shape. Measure the line width (full width at half maximum intensity) to
determine the resolution of the spectrometer. [There will be a residual field of
about 0.03 T in the gap, which will produce a small Zeeman splitting. But by
setting the Polaroid to parallel polarization, you are eliminating the o lines and
any Zeeman broadening they might contribute to the line.] Scan at different
wavelength step sizes and integration tims to optimize the signal to noise and
peak shape. Practice recording peak wavelengths and peak areas (counts per
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second x A calculated by acquisition program from counts and accumulation
time - not counts) and background levels.

Warning: The quartz glass permits ultraviolet lines to pass. Do not look directly
into the lamp.

4. Turn on the magnet and increase the current to 10 amperes. Measure the o

and 7 spectra (Polaroid at 24° and 1149, respectively) of the 404.7 nm line. Use
the Hall probe to measure the magnetic field. For the 7z line repeat the
measurement for several lower values of the magnetic field intensity, taking care
to maintain the hysteresis curve you have established. [Pay careful attention to
the temperature of the magnet coils and let them cool if they become very warm.]

3. Record the zero field and o and 7 spectra at 1.5 T of the Hg 435.8 nm and
546.1 nm lines.

4. Replace the Hg tube with the neon discharge tube in the magnet gap. Start the
discharge in the neon tube and adjust the rheostat in series with the high
voltage transformer to the maximum value which assures reliable starting and
discharge operation. The discharge is affected by the applied magnetic field and
you will need to adjust the rheostat so that the discharge is stable when the
magnetic field power supply is turned up to 5 amperes.

There are a number of nearby lines in the Ne spectrum: 588.2 nm (5), 587.3 nm
(5), 587.2 nm (4), 586.8 nm (3), 585.3 nm (10) , 582.9 nm (2), where the figures in
parentheses are relative strengths. Measure the spectrum for the 585.3 nm line
for zero magnetic field and for the o and = polarizations when the magnet
current is 5 amps. Repeat for several other magnetic fields. Carefully measure
the magnetic field for each spectrum. [You may find it more convenient to
establish a hysteresis curve as described in Appendix 1 and calibrate the field
after you have taken your spectra.]

IF TIME PERMITS

Hg spectrum. Set the spectrometer to observe the other prominent Hg lines using
the phototube (PMT setting on SPEX MSD 2). The lines at 546.1nm and 435. 8
nm. should be easily visible with an integration time of 0.1 second (try and see).
The line at 312.6 nm may be invisible at 0.1 second, but clear at 10 seconds; you
may not be able to see the very strong line at 2536.5, even at 100 seconds, due to
the source tube-glass ultraviolet cutoff and decreasing grating reflectivity.

You should be able to see the 3125.7 line at 0.01 second integration time.
However, you may still be unable to see the 2536.5 A "resonance" (ground state)
line. The Handbook of Physics and Chemistry gives the following relative UV
line intensities:
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Wavelength (A) Relative Intensity

3131.84 320
3131.55 320
3125.67 400
2536.52 15,000

Alkali doublets in sodium

Observe the sodium D doublets, 5890 - 5896, as the lamp heats up. You will
observe how the relative peaks of the two lines change. Set Trace Mode to
Overlayed. Do not touch the mouse during scanning. Take 4 spectra
sequentially that demonstrate the change in the relative peaks of the two lines.

Balmer transitions in hydrogen

Here accurate determination of wavelengths is paramount, for comparison with
theory. Calculate the expected wavelengths for the first 5 or 6 Balmer transitions
in hydrogen. Scan these lines at high resolution (e.g. 0.05 A step size or less)
using phototube detection (switch on the SPEX MSD 2 is set to PMT) .

REPORT:

1. The three visible mercury spectral lines that you have studied represent
examples of the anomalous Zeeman effect. In your report calculate the predicted
Zeeman spectra for all three cases (Table 1 and Fig. 4 give the results for the blue
line).

2. The 7s6s 351 to 6p6s 3P transition is least affected by resolution problems,

Plot the Zeeman splitting versus B for the o lines and make a linear fit to
determine the experimental value of g, and your errors. Estimate your error

and compare with the prediction. Discuss the sources of any discrepancy.

3. For the 7s6s 351 to 6p6s 3P transition compare your spectrum for the o lines
with the simulation in Fig. 5. Determine g, for these lines and compare with the

value predicted in the simulation. For the 7 line prepare a simulation similar to
Fig. 5 and compare with your data.

4. For the 7s6s 357 to 6p6s 3P, transition qualitatively compare your data with
the predicted spectrum.

5. For Neon use a linear fit of your data for the Zeeman splitting versus field
dependence and determine g, and errors. What can you say about the g-factors

of the initial and final states?
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6. If the measured shifts of the ¢ and mcomponents are consistent with
expectations derived from the vector model and selection rules, then determine a
best value for e/m for the entire data set. Compare with the accepted value.
Discuss possible origins of discrepancy.

REFERENCES:
1. A. Melissinos, Experiments in Modern Physics (AcademicPress, 2003).

2. McGraw hill Encyclopedia of Science and Technology, 7th ed, NY 1992, pp
615-617.

3 Halliday, Resnick, and Walker: Fundamentals of Physics, pp 791-792
(derviation of magnetic moment of a circular loop of current)

4 Serway, Moses and Moyer: Modern Physics, pp. 216-226 (normal and
anomalous Zeeman effects) (theoretical discussion of Zeeman Effect)

5 G.R. Fowles: Introduction to Modern Optics, p. 247 Figure 8.11 (discussion
of polarization characteristics of the Zeeman spectrum)
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APPENDIX 1: Establishing the hysteresis curve Do not leave the magnet
current on for long periods of time above 5 amperes. The magnet will get hot.

Turn on the magnet power supply (be sure to set the output to zero!). Turn on
the gaussmeter and calibrate it, following the instructions on top of the
instrument

Remove any residual magnetism in the Zeeman magnet ("degauss") as follows:
Raise the current to +9 amperes (which current direction is + is arbitrary) and
back to zero, switch off the power supply and reverse polarity; raise current to -8
amperes and back to zero, switch off and reverse polarity; raise current to +7
amperes and back to zero, switch off and reverse polarity, etc. Continue until
you reach 1/2 ampere.

Hereafter you will maintain a definite magnetic hysteresis curve by always
increasing the current up to 8 amperes in the same sense, and by always
decreasing the current back down to zero before raising it again. Turn current
down to zero (from 8 amperes)before switching off-do not switch off with
current flowing. This is good practice with any magnetic circuit, to avoid
inductively generated high voltages and possible arcing. Cycle a few times
between 0 and 8 amperes (no polarity reversals) to establish your hysteresis loop
before beginning observations of Zeeman splitting.
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APPENDIX 2 Spectrometer operation

Startup Procedure: The SPEX system is run using a UPS (Uninterruptable Power
Supply) that is always left on. This conditions the line voltage and gives you a 2
minute window to shutdown things if there is a power failure (it has a battery in
it). It should be "on" at all times. The SPEX MSD 2 is the stepper motor
controller and should normally be "on". To the left of the SPEX MSD 2 is the
Spectraco computer. This, too, should be always left "on". If not, turn it on and
WALIT. One of the two red lights will come on the SPEX MSD 2. (The upper light
indicates setting for PDA accumulation; lower , for PMT scan .) PDA is fast but
less accurate, PMT measures one wavelength at a time and is slower but more
accurate. This computer will beep and start reading the bootable floppy (green
light on floppy drive.) When the Spectraco computer is done reading, it will beep
a second time: now you can proceed to the next step.

To the left of the Spectraco is a second computer, a DELL PC. TURN IT ON.
Push the center button. If the monitor is not "on", turn it on too.

A menu pops up. Hit "enter" to accept the first (1) mode: Spectramax for
Windows.

Once in Windows select Spectramax and select YES for all questions.

A new window opens: Instrument Control Center. Select the first button: Run
Experiment. Again, say YES to any questions. A new window pops open.
Familiarize yourself with it. Go under COLLECT and select Experiment. There
are a number of "canned" experiments that you can select. This will set the
wavelengths and integration times automatically. Alternatively, you can change
the starting and ending spectral positions to what you need. The start must be
less than the end. MAKE SURE THESE ARE CORRECT. - A mistake can make
you lose calibration of the instrument. Example: you want a line at 4861A. So,
start at 4850.0A and end at 4870.0A and use 0.1A steps at the default integration
time (might be 0.01 s).

Select RUN. DO NOT TOUCH ANYTHING (KEYBOARD OR MOUSE) WHILE
THE SPECTROMETER IS SCANNING.

Under FILE select PRINT.

QUIT: Do not save anything.

Exit Spectramax.

Exit Windows.

Turn off ONLY the DELL PC
DO NOT TURN OFF THE SPECTRACO OR UPS!
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