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  【专家荐语】
 

塞曼效应是一个基础的原子物理现象,也是原子物理

或者量子力学教学中的重要内容。该论文设计了一个简单的实验装置

来展示塞曼效应,而且通过简单的测量可以定量研究塞曼效应的规律。
该工作对物理基础教学有很好的指导意义,即复杂的量子现象其实可

以用一些简单仪器展示出来,让学生对量子物理有切身的体验,帮助学

生进入物理学前沿领域。不只是对教学,对前沿科学研究来说,这种探索会给一定的启发作用。
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Abstract The
 

Zeeman
 

effect,
 

a
 

fundamental
 

quantum
 

phenomenon,
 

demonstrates
 

the
 

inter-
action

 

between
 

magnetic
 

fields
 

and
 

atomic
 

systems.
 

While
 

precise
 

spectroscopic
 

measure-
ments

 

of
 

this
 

effect
 

have
 

advanced
 

significantly,
 

there
 

remains
 

a
 

lack
 

of
 

simple,
 

visually
 

ac-
cessible

 

demonstration
 

for
 

educational
 

purposes.
 

Here,
 

we
 

present
 

a
 

low-cost
 

experiment
 

that
 

allows
 

for
 

direct
 

visual
 

observation
 

of
 

the
 

Zeeman
 

effect.
 

Our
 

setup
 

involves
 

a
 

flame
 

containing
 

sodium
 

(from
 

table
 

salt)
 

placed
 

in
 

front
 

of
 

a
 

sodium
 

vapor
 

lamp.
 

When
 

a
 

magnetic
 

field
 

is
 

applied
 

to
 

the
 

flame,
 

the
 

shadow
 

cast
 

by
 

the
 

flame
 

noticeably
 

lightens,
 

providing
 

a
 

clear,
 

naked-eye
 

demonstration
 

of
 

the
 

Zeeman
 

effect.
 

Furthermore,
 

we
 

conduct
 

two
 

quanti-
tative

 

experiments
 

using
 

this
 

setup,
 

examining
 

the
 

effects
 

of
 

varying
 

magnetic
 

field
 

strength
 

and
 

sodium
 

concentration.
 

This
 

innovative
 

approach
 

not
 

only
 

enriches
 

the
 

experimental
 

demonstra-
tion

 

for
 

teaching
 

atomic
 

physics
 

at
 

undergraduate
 

and
 

high
 

school
 

levels
 

but
 

also
 

provides
 

an
 

open
 

platform
 

for
 

students
 

to
 

explore
 

the
 

Zeeman
 

effect
 

through
 

hands-on
 

experience.
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  Quantum
 

mechanics
 

predicts
 

that
 

external
 

fields
 

can
 

alter
 

quantum
 

states.
 

This
 

fundamen-
tal

 

concept
 

is
 

exemplified
 

by
 

phenomena
 

such
 

as
 

the
 

Zeeman
 

effect
 

and
 

Stark
 

effect,
 

which
 

dem-
onstrate

 

the
 

splitting
 

of
 

atomic
 

energy
 

levels
 

un-
der

 

magnetic
 

and
 

electric
 

fields,
 

respectively.
 

The
 

Zeeman
 

effect,
 

in
 

particular,
 

plays
 

a
 

crucial
 

role
 

in
 

our
 

understanding
 

of
 

atomic
 

structure
 

and
 

interactions.
 

The
 

Zeeman
 

effect,
 

first
 

observed
 

by
 

Pieter
 

Zeeman
 

in
 

1896[1],
 

marked
 

a
 

significant
 

milestone
 

in
 

physics.
 

Using
 

a
 

high-precision
 

Rowland
 

grating,
 

Zeeman
 

observed
 

the
 

splitting
 

of
 

spectral
 

lines
 

in
 

a
 

strong
 

magnetic
 

field,
 

provi-

ding
 

crucial
 

empirical
 

evidence
 

of
 

the
 

quantization
 

of
 

angular
 

momentum
 

and
 

the
 

intrinsic
 

magnetic
 

12
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properties
 

of
 

particles.
 

TheZeeman
 

effect
 

has
 

since
 

become
 

a
 

cornerstone
 

in
 

various
 

branches
 

of
 

physics,
 

such
 

as
 

condensed
 

matter
 

physics[2,3]
 

and
 

astrophysics[4,5].
 

Modern
 

measurement
 

techniques,
 

including
 

high-resolution
 

optical
 

spectroscopy
 

and
 

advanced
 

in-
terferometry,

 

have
 

enabled
 

increasingly
 

precise
 

observations
 

of
 

how
 

magnetic
 

fields
 

influence
 

atomic
 

energy
 

levels[6].
 

vealed
 

subtle
 

details
 

of
 

Zeeman
 

effect,
 

deepening
 

our
 

understanding
 

of
 

atomic
 

and
 

molecular
 

systems.
 

Despite
 

these
 

ad-
vances

 

in
 

precision
 

measurement,
 

there
 

remains
 

a
 

significant
 

gap
 

in
 

the
 

pedagogical
 

approach
 

to
 

the
 

Zeeman
 

effect.
 

Simple
 

and
 

accessible
 

visual-
izations

 

of
 

this
 

phenomenon
 

are
 

scarce[7],
 

crea-
ting

 

a
 

substantial
 

barrier
 

in
 

physics
 

education.
 

This
 

disconnect
 

between
 

advanced
 

research
 

tech-
niques

 

and
 

basic
 

educational
 

tools
 

highlights
 

the
 

need
 

for
 

innovative
 

approaches
 

in
 

physics
 

educa-
tion.

 

To
 

bridge
 

this
 

gap,
 

we
 

present
 

a
 

straightfor-
ward

 

and
 

low-cost
 

method
 

to
 

demonstrate
 

the
 

Zeeman
 

effect,
 

designed
 

specifically
 

for
 

educa-
tional

 

settings.
 

Remarkably,
 

this
 

experiment
 

al-
lows

 

the
 

phenomenon
 

to
 

be
 

visually
 

observed
 

with
 

human
 

eye,
 

making
 

the
 

Zeeman
 

effect
 

more
 

accessible
 

and
 

comprehensible
 

to
 

students.
 

In
 

our
 

set-up,
 

we
 

have
 

table
 

salt
 

added
 

to
 

flame
 

and
 

a
 

sodium
 

vapor
 

lamp
 

in
 

front
 

of
 

the
 

flame.
 

Due
 

to
 

atomic
 

absorption,
 

there
 

will
 

be
 

a
 

shadow
 

cast
 

behind
 

the
 

flame.
 

When
 

a
 

strong
 

enough
 

mag-
netic

 

field
 

is
 

applied
 

around
 

the
 

flame,
 

one
 

can
 

observe
 

the
 

shadow
 

becoming
 

lighter.
 

Such
 

a
 

demonstration
 

is
 

more
 

convenient
 

and
 

direct
 

and
 

would
 

not
 

only
 

enhance
 

students􀆳
 

understanding
 

of
 

the
 

complex
 

interactions
 

between
 

matter
 

and
 

electromagnetic
 

fields
 

but
 

also
 

provide
 

a
 

crucial
 

hands-on
 

learning
 

experience.
 

1 Setup
 

and
 

phenomenon

To
 

significantly
 

change
 

the
 

intensity
 

of
 

the
 

shadow,
 

we
 

build
 

an
 

electromagnet
 

to
 

generate
 

strong
 

magnetic
 

field
 

in
 

the
 

order
 

of
 

1
 

Tesla.
 

As
 

shown
 

in
 

Fig.1(a),
 

the
 

electromagnet
 

consists
 

of
 

Fig.1 Electromagnet
 

setup,
 

with
 

close-up
 

views
 

of
 

different
 

segments
 

(a)
 

On
 

both
 

sides
 

are
 

the
 

power
 

supply,
 

generating
 

current
 

in
 

the
 

electromagnet;
 

the
 

electromagnet
 

is
 

built
 

with
 

a
 

silicon
 

steel
 

core,
 

a
 

focusing
 

point
 

at
 

the
 

front,
 

and
 

coils
 

woundaround
 

it.
 

Its
 

position
 

is
 

fixed
 

vertically
 

and
 

horizontally,
 

and
 

the
 

front
 

and
 

top
 

view
 

of
 

the
 

electromagnet
 

are
 

also
 

magnified;
 

(b)
 

Close-up
 

views
 

of
 

the
 

lighter
 

from
 

front
 

and
 

below
 

show
 

how
 

it
 

is
 

located
 

and
 

controlled.
 

The
 

lighter
 

uses
 

butane,
 

whichhas
 

low
 

ionization
 

and
 

minimal
 

reaction
 

to
 

a
 

magnetic
 

field.
 

This
 

controls
 

the
 

setting
 

for
 

the
 

experiment

two
 

symmetrical
 

parts,
 

with
 

cores
 

made
 

of
 

sili-
con

 

steel,
 

and
 

approximately
 

1000
 

turns
 

of
 

cop-
per

 

wire
 

wrapped
 

around
 

the
 

cores
 

in
 

5
 

layers.
 

Current
 

through
 

the
 

wire
 

will
 

create
 

a
 

magnetic
 

field
 

that
 

leads
 

to
 

the
 

large
 

magnetization
 

of
 

the
 

silicon
 

steel
 

inside
 

the
 

coils,
 

which
 

generates
 

a
 

much
 

larger
 

magnetic
 

flux
 

density.
 

Silicon
 

steel
 

is
 

applied
 

because
 

of
 

its
 

high
 

permeability
 

com-
pared

 

with
 

other
 

accessible
 

material.
 

Two
 

conical
 

focuses
 

made
 

of
 

iron
 

are
 

added
 

to
 

either
 

ends,
 

with
 

their
 

tips
 

facing
 

each
 

other,
 

concentrating
 

the
 

magnetic
 

field
 

lines
 

and
 

thus
 

increasing
 

the
 

magnetic
 

flux
 

density
 

in
 

the
 

space
 

between
 

the
 

tips.
 

A
 

current
 

output
 

with
 

maximum
 

magnitude
 

of
 

10.2
 

A
 

is
 

connected
 

to
 

the
 

electromagnet,
 

producing
 

a
 

magnetic
 

field
 

of
 

around
 

2
 

Tesla.
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The
 

magnetic
 

field
 

produced
 

by
 

the
 

electromag-
net

 

is
 

not
 

evenly
 

distributed
 

in
 

space.
 

Simulation
 

in
 

Appendix
 

5
 

shows
 

that
 

the
 

magnetic
 

field
 

is
 

strongest
 

in
 

the
 

middle,
 

which
 

is
 

also
 

the
 

geo-
metric

 

center
 

of
 

the
 

flame
 

vertically.
 

In
 

the
 

center
 

between
 

the
 

two
 

electromag-
nets

 

is
 

the
 

place
 

for
 

the
 

flame,
 

created
 

by
 

a
 

light-
er

 

below.
 

In
 

a
 

close-up
 

view
 

in
 

Fig.1(b),
 

the
 

lighter
 

is
 

firmly
 

located,
 

carefully
 

controlling
 

the
 

position
 

of
 

the
 

flame.
 

By
 

adjusting
 

the
 

knob
 

be-
side

 

the
 

lighter,
 

we
 

can
 

turn
 

on
 

the
 

lighter
 

and
 

adjust
 

the
 

size
 

of
 

the
 

flame.
 

A
 

glass
 

stick
 

is
 

also
 

fixed
 

beside
 

the
 

lighter
 

and
 

the
 

stick
 

is
 

dipped
 

in
 

salt
 

water
 

before
 

every
 

measurement
 

so
 

as
 

to
 

control
 

the
 

concentration
 

of
 

table
 

salt
 

in
 

the
 

flame.
 

By
 

putting
 

the
 

top
 

of
 

the
 

stick
 

directly
 

above
 

the
 

mouth
 

of
 

the
 

lighter,
 

we
 

can
 

ensure
 

that
 

the
 

fire
 

contains
 

table
 

salt.
 

To
 

change
 

the
 

sodium
 

concentration
 

in
 

the
 

fire,
 

we
 

change
 

the
 

concentration
 

of
 

the
 

salt
 

water.
 

Although
 

water
 

evaporates
 

at
 

such
 

high
 

temperatures
 

inside
 

the
 

flame,
 

the
 

amount
 

of
 

sodium
 

in
 

the
 

fire
 

can
 

be
 

controlled
 

by
 

the
 

initial
 

concentration
 

of
 

salt
 

wa-
ter.

 

As
 

we
 

can
 

see
 

in
 

the
 

left
 

plane
 

of
 

Fig.2(a),
 

when
 

the
 

magnetic
 

field
 

is
 

turned
 

off,
 

there
 

is
 

an
 

obvious
 

shadow
 

of
 

the
 

fire,
 

which
 

is
 

directly
 

cap-
tured

 

by
 

the
 

camera
 

behind
 

the
 

flame.
 

Basically,
 

the
 

shadow
 

is
 

produced
 

by
 

the
 

resonant
 

absorp-
tionof

 

sodium
 

vapor
 

(generated
 

by
 

heating
 

table
 

salt
 

in
 

the
 

flame)
 

in
 

the
 

light
 

emitted
 

by
 

the
 

sodi-
um

 

lamp.
 

The
 

right
 

plane
 

of
 

Fig.2(a)
 

shows
 

a
 

drastic
 

lifting
 

of
 

shadow
 

after
 

magnetic
 

field
 

is
 

applied.
 

This
 

is
 

because
 

when
 

an
 

external
 

mag-
netic

 

field
 

is
 

applied,
 

the
 

energy
 

levels
 

of
 

elec-
trons

 

in
 

the
 

sodium
 

atom
 

split
 

due
 

to
 

the
 

Zeeman
 

effect[8,9].
 

Because
 

earth􀆳s
 

magnetic
 

field
 

is
 

in
 

the
 

order
 

of
 

10-5T,
 

which
 

is
 

negligible
 

to
 

the
 

ap-
plied

 

magnetic
 

field
 

in
 

the
 

order
 

of
 

1T.
 

So
 

the
 

applied
 

field
 

is
 

large
 

enough
 

to
 

split
 

the
 

energy
 

levels
 

off-resonance
 

with
 

that
 

of
 

the
 

sodium
 

in
 

the
 

lamp.
 

This
 

causes
 

the
 

emission
 

spectra
 

of
 

the
 

lamp
 

to
 

shift
 

away
 

from
 

the
 

peaks
 

of
 

the
 

absorp-

Fig.2 Shadow
 

cast
 

by
 

the
 

fire
 

with
 

table
 

salt
(a)

 

Left
 

panel:
 

shadow
 

without
 

magnetic
 

field.
 

Right
 

panel:
 

shadow
 

becomes
 

much
 

lighter
 

with
 

magnetic
 

field
 

being
 

applied;
 

(b)
 

For
 

a
 

given
 

magnetic
 

field,
 

shadow
 

becomes
 

darker
 

as
 

salt
 

concentration
 

increases
 

from
 

left
 

to
 

right,
 

from
 

5%
 

to
 

15%
 

to
 

25%

tion
 

spectra
 

ofsodium
 

in
 

the
 

flame,
 

which,
 

after
 

calculation,
 

leads
 

to
 

less
 

photons
 

being
 

absorbed
 

and
 

points
 

to
 

a
 

lighter
 

shadow.
 

We
 

can
 

observe
 

that
 

the
 

shadow
 

is
 

unevenly
 

distributed
 

spatially,
 

being
 

lighter
 

in
 

the
 

area
 

be-
tween

 

the
 

two
 

ends
 

of
 

the
 

electromagnet
 

than
 

the
 

area
 

above
 

or
 

below
 

it.
 

This
 

is
 

due
 

to
 

the
 

uneven
 

magnetic
 

field
 

produced
 

by
 

the
 

electromagnet
 

(See
 

Appendix
 

A
 

for
 

details).
 

In
 

our
 

quantitative
 

measurements
 

later
 

on,
 

we
 

will
 

measure
 

the
 

shadow
 

intensity
 

of
 

only
 

the
 

area
 

between
 

the
 

electromagnet􀆳s
 

conical
 

ends.
 

This
 

can
 

reduce
 

the
 

inaccuracies
 

caused
 

by
 

the
 

shadow􀆳s
 

unevenness.
 

Besides,
 

it
 

is
 

shown
 

in
 

Fig.2(b)
 

that
 

as
 

the
 

con-
centration

 

of
 

salt
 

increases,
 

the
 

shadow
 

becomes
 

darker.
 

The
 

reason
 

for
 

this
 

is
 

very
 

evident.
 

With
 

a
 

higher
 

concentration
 

and
 

greater
 

amount
 

of
 

so-
dium

 

atoms
 

in
 

the
 

fire,
 

photons
 

will
 

more
 

likely
 

be
 

absorbed,
 

creating
 

a
 

darker
 

shadow.
 

2 Quantitative
 

experiments

In
 

addition
 

to
 

the
 

demonstrative
 

experiments
 

with
 

clear
 

phenomena
 

shown
 

above,
 

our
 

setup
 

can
 

also
 

be
 

used
 

for
 

quantitatively
 

investigating
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the
 

Zeeman
 

effect.
 

As
 

shown
 

in
 

Fig.3,
 

we
 

setup
 

our
 

device
 

to
 

measure
 

the
 

light
 

intensity
 

Ks(B,

η)
 

as
 

a
 

function
 

of
 

both
 

magnetic
 

field
 

strength
 

B
 

and
 

salt
 

concentration
 

η
 

in
 

detail.
 

The
 

photons
 

emitted
 

from
 

the
 

low-pressure
 

sodium
 

vapor
 

lamp
 

goes
 

through
 

the
 

flame
 

of
 

the
 

lighter
 

and
 

then
 

reaches
 

the
 

spectrometer,
 

where
 

the
 

inten-
sity

 

of
 

different
 

wavelengths
 

of
 

light
 

are
 

recor-
ded.

 

The
 

lighter
 

produces
 

a
 

small
 

but
 

very
 

stead-
y

 

flame,
 

also
 

narrow
 

enough
 

to
 

fit
 

into
 

separa-
tion

 

of
 

the
 

two
 

electromagnets.
 

Also,
 

the
 

dim
 

source
 

of
 

light
 

would
 

decrease
 

the
 

influence
 

of
 

the
 

fire􀆳s
 

light
 

on
 

the
 

shadow
 

brightness
 

meas-
urement.

 

It
 

is
 

worth
 

mentioning
 

that
 

we
 

select
 

the
 

range
 

of
 

light
 

wavelength
 

in
 

the
 

spectrometer
 

closest
 

to
 

590
 

nm,
 

which
 

is
 

the
 

sodium􀆳s
 

absorp-
tion

 

and
 

emission
 

spectrum.
 

Background
 

lighting
 

and
 

other
 

wavelengths
 

take
 

up
 

around
 

5%
 

of
 

the
 

total
 

spectrum,
 

and
 

by
 

cutting
 

that
 

out
 

from
 

the
 

measurement,
 

potential
 

errors
 

can
 

be
 

elimina-
ted.

 

Then,
 

after
 

getting
 

the
 

full
 

spectrum
 

of
 

the
 

light
 

measured
 

by
 

the
 

spectrometer,
 

we
 

did
 

an
 

integration
 

of
 

light
 

in
 

the
 

fixed
 

range
 

of
 

wave-
length

 

to
 

get
 

the
 

total
 

light
 

intensity.
 

Fig.3 A
 

spectrometer
 

is
 

placed
 

behind
 

the
 

lighter
 

to
 

measure
 

the
 

shadow
 

intensity

We
 

first
 

measure
 

the
 

light
 

intensity
 

of
 

the
 

shadow
 

as
 

a
 

function
 

of
 

magnetic
 

field
 

strength,
 

which
 

is
 

tuned
 

by
 

changing
 

the
 

current
 

I
 

sup-
plied

 

to
 

the
 

electromagnet.
 

The
 

measured
 

I-B
 

curve
 

is
 

given
 

in
 

Appendix
 

B,
 

and
 

the
 

concentra-
tion

 

of
 

salt
 

water
 

is
 

kept
 

at
 

3%
 

in
 

the
 

measure-
ment

 

shown
 

in
 

Fig.4(a),
 

where
 

we
 

plot
 

the
 

shadow
 

brightness
 

factor
 

κ≡Ks(B,η)/Ks(0,0)
(black

 

dots)
 

at
 

different
 

magnetic
 

field
 

strength
 

Fig.4 Shadow
 

intensity
 

varies
 

with
 

the
 

magnetic
 

field
 

strength
 

(a)
 

and
 

the
 

salt
 

concentration
 

(b).
 

The
 

black
 

dots
 

are
 

experimental
 

data
 

with
 

errorbar
 

and
 

the
 

blue
 

curve
 

represents
 

the
 

fitting
 

curve,
 

the
 

form
 

of
 

which
 

is
 

given
 

by
 

Eq.(1)

B.
 

Here,
 

Ks(0,0)
 

is
 

light
 

intensity
 

of
 

the
 

shad-
ow

 

without
 

adding
 

salt
 

and
 

at
 

zero
 

magnetic
 

field.
 

In
 

our
 

experiment,
 

each
 

dot
 

is
 

the
 

average
 

of
 

six
 

independent
 

replicates,
 

and
 

the
 

corre-
sponding

 

error
 

bar
 

represent
 

the
 

variance
 

of
 

these
 

replicates.
 

It
 

is
 

seen
 

in
 

this
 

figure
 

that
 

the
 

brightness
 

of
 

the
 

shadow
 

increases
 

with
 

magnetic
 

field,
 

which
 

means
 

the
 

shadow
 

becomes
 

lighter
 

as
 

magnetic
 

field
 

increases,
 

explaining
 

the
 

phe-
nomena

 

observed.
 

The
 

experimental
 

results
 

fit
 

well
 

with
 

the
 

theoretical
 

prediction
 

(See
 

Appen-
dix

 

C
 

for
 

details)
 

κ(B,η)=1-Aηe-λB2 (1)

where
 

A
 

and
 

λ
 

is
 

the
 

fitting
 

parameters.
 

In
 

addition,
 

we
 

change
 

the
 

concentration
 

of
 

salt
 

while
 

fixing
 

the
 

magnetic
 

field
 

at
 

1.5T.
 

For
 

each
 

of
 

the
 

concentrations
 

measured,
 

we
 

use
 

the
 

scale
 

to
 

weigh
 

the
 

amount
 

of
 

salt,
 

then
 

add
 

the
 

salt
 

into
 

a
 

fixed
 

amount
 

of
 

water,
 

creating
 

an
 

ac-
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curate
 

mix
 

of
 

salt
 

water.
 

The
 

salt
 

water
 

is
 

then
 

trickled
 

onto
 

the
 

glass
 

stick
 

above
 

the
 

flame.
 

It
 

is
 

illustrated
 

in
 

Fig.4(b)
 

that
 

the
 

shadow
 

darkens
 

linearly
 

with
 

the
 

salt
 

concentration.
 

We
 

would
 

like
 

to
 

mention
 

that
 

the
 

concentration
 

of
 

salt
 

in-
side

 

the
 

flameisn􀆳t
 

precisely
 

constant
 

over
 

time,
 

thus
 

limiting
 

our
 

measurement
 

accuracy.
 

This
 

is
 

reflected
 

in
 

the
 

fact
 

that
 

the
 

data
 

fluctuations
 

are
 

more
 

pronounced
 

in
 

Fig.4(b)
 

than
 

in
 

Fig.4(a).
 

To
 

control
 

the
 

initial
 

concentration,
 

we
 

soaked
 

theglass
 

rod
 

into
 

a
 

certain
 

mixture
 

of
 

salt
 

water,
 

but
 

the
 

amount
 

of
 

salt
 

water
 

on
 

each
 

rod
 

is
 

not
 

accounted
 

for.
 

Improvements
 

on
 

controlling
 

salt
 

concentration
 

and
 

amount
 

need
 

further
 

consideration.
 

3 Summary

In
 

conclusion,
 

with
 

low-cost
 

and
 

readily
 

available
 

devices,
 

we
 

have
 

introduced
 

an
 

interest-
ing

 

experiment
 

demonstrating
 

the
 

Zeeman
 

effect
 

with
 

observable
 

phenomena
 

visible
 

to
 

the
 

human
 

eye.
 

Compared
 

to
 

conventional
 

methods
 

of
 

ob-
serving

 

spectral
 

shifts
 

in
 

traditional
 

Zeeman
 

effect
 

experiments,
 

the
 

observation
 

of
 

shadows
 

in
 

this
 

experiment
 

offers
 

a
 

more
 

direct,
 

concrete,
 

and
 

engaging
 

advantage,
 

particularly
 

in
 

educational
 

set-
tings

 

where
 

it
 

can
 

be
 

more
 

easily
 

implemented.
 

In
 

addition
 

to
 

serving
 

as
 

a
 

demonstration
 

ex-
periment

 

for
 

high
 

school
 

students
 

or
 

junior
 

un-
dergraduate

 

students,
 

our
 

setup
 

can
 

also
 

be
 

used
 

for
 

quantitatively
 

exploring
 

the
 

impact
 

of
 

mag-
netic

 

field
 

strength
 

on
 

the
 

Zeeman
 

effect,
 

making
 

it
 

suitable
 

as
 

a
 

platform
 

for
 

research-based
 

learn-
ing

 

tasks
 

in
 

higher-level
 

undergraduate
 

course
 

or
 

graduate
 

teaching.
 

The
 

proposed
 

experimental
 

setup
 

is
 

particularly
 

valuable
 

in
 

physics
 

education,
 

as
 

it
 

helps
 

bridge
 

the
 

gap
 

between
 

abstract
 

concepts
 

and
 

physical
 

reality,
 

fostering
 

deeper
 

comprehension
 

and
 

retention
 

of
 

the
 

Zeeman
 

effect.
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Appendix
 

A Simulation
 

of
 

electromagnet

We
 

plot
 

the
 

geometry
 

of
 

our
 

electromagnet
 

and
 

simulate
 

the
 

produced
 

magnetic
 

field
 

with
 

COMSOL
 

Multiphysics.
 

For
 

key
 

parameters,
 

we
 

built
 

the
 

geometry
 

of
 

the
 

core
 

and
 

the
 

wire
 

to
 

be
 

exactly
 

equal
 

to
 

the
 

real
 

version,
 

took
 

the
 

rela-
tive

 

permeability
 

of
 

the
 

silicon
 

steel
 

core
 

to
 

be
 

8000,
 

an
 

empirical
 

value,
 

and
 

set
 

the
 

current
 

to
 

be
 

10A.
 

As
 

illustrated
 

in
 

the
 

left
 

panel
 

of
 

Fig.5
 

the
 

magnetic
 

field
 

indeed
 

concentrates
 

to
 

the
 

con-
ical

 

ends
 

of
 

the
 

electromagnet,
 

making
 

it
 

much
 

stronger
 

than
 

therest
 

of
 

the
 

electromagnet.
 

Back
 

in
 

Fig.2(a),
 

after
 

closer
 

inspection,
 

one
 

can
 

find
 

that
 

the
 

shadow
 

in
 

the
 

area
 

between
 

the
 

electromagnet
 

conical
 

ends
 

are
 

lighter
 

while
 

the
 

area
 

above
 

or
 

below
 

are
 

darker.
 

This
 

is
 

caused
 

by
 

the
 

uneven
 

distribution
 

of
 

magnetic
 

field,
 

as
 

shown
 

in
 

Fig.5.
 

That
 

is
 

why
 

in
 

our
 

quantitative
 

measurement,
 

we
 

focus
 

on
 

the
 

very
 

centre
 

area
 

between
 

the
 

electromagnets,
 

which
 

is
 

where
 

our
 

B-I
 

curve
 

was
 

measured
 

as
 

well.
 

Appendix
 

B Measurement
 

of
 

the
 

magnetic
 

field
 

strength
 

of
 

the
 

electromagnet

  To
 

quantitatively
 

change
 

the
 

magnetic
 

field
 

at
 

the
 

centre,
 

we
 

measure
 

the
 

magnetic
 

field
 

strength
 

of
 

the
 

electromagnet
 

with
 

the
 

Tesla
 

meter
 

for
 

different
 

applied
 

current.
 

As
 

shown
 

in
 

Fig.6,
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Fig.5 (a)
 

the
 

simulated
 

magnetic
 

field
 

in
 

three
 

dimen-
sions,

 

where
 

it
 

is
 

clear
 

that
 

the
 

conical
 

end
 

does
 

increase
 

the
 

magnetic
 

flux
 

density;
 

(b)
 

the
 

magnetic
 

flux
 

density
 

distribution
 

in
 

the
 

x-y
 

plane
 

which
 

is
 

the
 

vertical
 

plane
 

between
 

the
 

electromagnets

the
 

obtained
 

I-B
 

curve
 

allows
 

us
 

to
 

change
 

cur-
rent

 

in
 

the
 

experiments
 

and
 

get
 

the
 

magnetic
 

field
 

strength
 

corresponding
 

to
 

the
 

current
 

value.
 

Fig.6 The
 

relation
 

between
 

the
 

measured
 

magnetic
 

flux
 

density
 

B
 

and
 

the
 

current
 

I
 

supplied
 

to
 

the
 

electromagnet

Appendix
 

C Theoretical
 

analysis
 

on
 

shadow
 

brightness

  In
 

this
 

section,
 

we
 

derive
 

the
 

shadow
 

brightness
 

factor
 

κ(B,η)
 

as
 

a
 

function
 

of
 

the
 

magnetic
 

field
 

strength
 

B
 

and
 

salt
 

concentration
 

η.
 

The
 

intensity
 

of
 

the
 

shadow
 

region
 

can
 

be
 

ex-
pressed

 

as
 

Ks =Kf +Ke (C1)

where
 

Kf
 is

 

the
 

intensity
 

of
 

the
 

light
 

emitted
 

by
 

the
 

sodium
 

lamp
 

after
 

passing
 

through
 

the
 

flame
 

and
 

Ke
 represents

 

the
 

light
 

intensity
 

of
 

the
 

back-
ground.

 

Note
 

that
 

Kf=Kt-Ka
 with

 

Kt
 being

 

the
 

brightness
 

of
 

the
 

light
 

emitted
 

by
 

the
 

sodium
 

lamp
 

without
 

absorption
 

(Ka=0).
 

Considering
 

that
 

the
 

absorption
 

intensity
 

of
 

sodium
 

vapor
 

for
 

light
 

of
 

frequency
 

ω
 

is
 

Gaussian-shaped[10]

Ka(ω)=∑
i=1,2

Kωie
-
(ω-ωi)

2

Δω2 (C2)

where
 

ω1
 and

 

ω2
 are

 

two
 

main
 

energy
 

levels
 

fre-
quencies

 

of
 

sodium
 

relevant
 

to
 

this
 

phenomenon,
 

corresponding
 

to
 

sodium
 

lamp
 

emission
 

wave-
lengths

 

of
 

589.6nm
 

and
 

589.0nm.
 

Δω
 

is
 

the
 

lev-
el

 

width,
 

and
 

Kωi
 is

 

the
 

corresponding
 

absorp-
tion

 

intensity
 

at
 

resonance
 

without
 

magnetic
 

field.
 

After
 

applying
 

a
 

magnetic
 

field,
 

the
 

origi-
nally

 

resonating
 

sodium
 

atomic
 

levels
 

ω=ωi
 will

 

split
 

due
 

to
 

Zeeman
 

effect,
 

resulting
 

in[8,9]
 

ωi,ji =ωi+γi,jiB (C3)

Here,
 

γ1,j1
 (1≤j1≤4)

 

is
 

proportional
 

to
 

the
 

Lande
 

g
 

factor
 

g1,j1=±2/3,±4/3,
 

while
 

γ1,j2
 

(1≤j2≤6)
 

is
 

proportional
 

to
 

g1,j2=±1/3,±1,

±5/3.
 

In
 

this
 

case,
 

we
 

obtain
 

Ka =kη∑
i=1,2
∑
ji

􀮃Kωie
-
γ2i,ji

B2

Δω2i,ji (C4)

where
 

we
 

have
 

assumed
 

that
 

the
 

intensity
 

Kωi
 is

 

proportional
 

to
 

(with
 

k
 

the
 

factor)
 

the
 

light
 

in-

tensity
 

emitted
 

by
 

the
 

sodium
 

lamp
 􀮃Kωi

 and
 

the
 

concentration
 

of
 

sodium
 

vapor
 

which
 

is
 

further
 

assumed
 

to
 

be
 

proportional
 

tothe
 

salt
 

concentra-
tion

 

η.
 

Another
 

assumption
 

here
 

is
 

that
 

the
 

con-
centration

 

of
 

sodium
 

atomic
 

vapor
 

inside
 

the
 

flame
 

is
 

proportional
 

to
 

the
 

concentration
 

of
 

sodi-
um

 

in
 

the
 

salt
 

water
 

we
 

mixed.
 

The
 

parameters
 

􀮃Kωi
,Δωi,ji

 need
 

to
 

be
 

obtained
 

through
 

precise
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spectroscopic
 

information
 

on
 

sodium􀆳s
 

emission
 

and
 

absorption
 

spectra.
 

For
 

further
 

analytical
 

discussion,
 

we
 

focus
 

on
 

the
 

regime
 

of
 

λi,jiB
2≪1

 

(λi,ji≡γ
2
i,ji
/Δω2

i,ji
),

 

such
 

that
 

Eq.(C4)
 

is
 

approximated
 

as
 

Ka ≈kη∑
i=1,2
∑
ji

􀮃Kωi 1-λi,jiB
2  (C5)

=kη ∑
i=1,2
∑
ji

􀮃Kωi -B2∑
i=1,2
∑
ji

􀮃Kωiλi,ji    (C6)

=kη ∑
i,ji

􀮃Kωi  1-

B2∑
i,ji

􀮃Kωiλi,ji

∑
i,ji

􀮃Kωi
  (C7)

=kη ∑
i,ji

􀮃Kωi  e
ln
1-

∑
i,ji

􀮃Kωi
λi,ji

∑
i,ji

􀮃Kωi

B2  
(C8)

≈kη ∑
i,ji

􀮃Kωi  e
-

∑
i,ji

􀮃Kωi
λi,ji

∑
i,ji

􀮃Kωi

B2

≡K0ηe-λB2(C9)

where
 

K0
 and

 

λ
 

the
 

effective
 

parameters,
 

∑
i,ji

=

∑
i=1,2
∑
ji

 

has
 

been
 

used
 

for
 

brevity.
 

It
 

follows
 

from
 

Eqs.(C1)
 

and
 

(C9)
 

that

Ks(B,η)=Kt+Ke -K0ηe-λB2 (C10)
and

 

then
 

we
 

define
 

the
 

brightness
 

factor
 

of
 

the
 

shadow
 

as
 

  κ(B,η)≡
Ks(B,η)
Ks(0,0)

=1-Aηe-λB2 (C11)

with
 

A≡K0/(Kt+Ke).
 

The
 

above
 

equation
 

quantitatively
 

demonstrates
 

the
 

dependence
 

of
 

shadow
 

brightness
 

on
 

magnetic
 

field
 

strength
 

and
 

salt
 

concentration,
 

leaving
 

only
 

two
 

parameters
 

λ
 

and
 

A
 

to
 

be
 

determined
 

by
 

fitting
 

experimental
 

data.
 

In
 

our
 

control
 

variable
 

experiment,
 

for
 

a
 

given
 

η,
 

the
 

specific
 

fitting
 

function
 

associated
 

with
 

changing
 

B
 

is
 

κ=1-b1e-λB
2;

 

while
 

for
 

a
 

given
 

B,
 

the
 

specific
 

fitting
 

function
 

associated
 

with
 

changing
 

concentration
 

is
 

κ=1-b2η.
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