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Abstract A thorough motion investigation and analysis was conducted again for the original Stern-Gerlach
Experiment(SGE). The analysis is still based on the assumption that the atom passing the SG apparatus is a
micromagnet due to the spin of its electron, the atoms in the source beam are with an orientation distribution of its
angular momentum vectors, while the spin micromagnet is in the precession induced by an inhomogeneous magnetic
field. It is the precession that keeps the silver beam with narrower orientation distribution of its angular momentum
vectors after passing through the inhomogeneous magnetic field. The motion relativity was introduced in the SGE
between the SG apparatus and the silver source beam, which interpreted all the detection phenomena in the multi-
stage SGE. The research provided a new and convincing interpretation to the SGE with full satisfaction based on the
classical physics without any mysterious or counter intuitive concepts introduced compared to quantum physics.
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1. Introduction

The Stern-Gerlach Experiment(SGE) is a fundamental
experiment in quantum mechanics that has significant
impacts on our understanding of the quantum realm. The
experiment was first conducted by Otto Stern and Walther
Gerlach [1,2] in 1922, and its results played a crucial role
in shaping the development of modern quantum theory.
Here are some of the key profound impacts of the SGE on
guantum mechanics.

Incompatibility with classical physics [3]: The
experiment's results were inconsistent with the prediction
by classical physics, which highlighted the need for a new
theoretical framework to describe the behavior of particles
at the atomic and subatomic levels. Quantum mechanics
was developed as this new framework, which successfully
explained the SGE results and many other phenomena
observed in the quantum world.

Quantization of angular momentum [4,5]: The SGE
demonstrated that the angular momentum of certain
quantum systems is quantized. When passing silver atoms
through an inhomogeneous magnetic field, the beam of
atoms split into discrete bands on the detector screen. This
behavior indicated that the angular momentum of the
atoms can only take certain discrete values, rather than
any arbitrary value as predicted by classical mechanics.

Evidence for quantized spin [6,7,8]: The SGE provided
direct evidence for the quantization of spin angular
momentum in quantum systems. The splitting of the silver

atom beam was explained by the intrinsic magnetic
moment associated with the electron spin. This result led
to the understanding that particles, such as electrons and
other elementary particles, possess an intrinsic property
called "spin" which has no classical analog.

Introduction of quantum superposition [9,10]: Before
the SGE, the idea of quantum superposition was not well-
established. This experiment demonstrated that particles
could exist in a superposition of different states, with each
state corresponding to a different outcome of the
measurement. This concept became a cornerstone of
quantum mechanics, and it has since been extensively
studied and applied in various quantum technologies, such
as quantum computing and quantum cryptography.

Basis for wave function collapse [11,12]: The SGE
played a crucial role in the development of the concept of
wave function collapse. The discrete outcomes observed
in the experiment indicated that upon measurement, the
quantum system collapses into one of the allowed states
corresponding to the quantized angular momentum. This
is a fundamental aspect of quantum mechanics that
distinguishes it from classical physics.

Foundation for quantum measurement theory [13,14]:
The SGE raised important questions about the nature of
measurement in quantum mechanics. It sparked
discussions about the role of the observer, the
measurement process, and the relationship between the
observer and the observed system. These debates
contributed to the development of quantum measurement
theory, which is essential for understanding how quantum
systems interact with classical measuring devices.
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In the decade that followed, scientists showed using
similar techniques, that the nuclei of some atoms also have
quantized angular momentum. It is the interaction of this
nuclear angular momentum with the spin of the electron
that is responsible for the hyperfine structure of the
spectroscopic lines [15].

In the 1930s, Isidor Rabi [16] and his colleagues proved
that the magnetic moment could be forced to change from
one state to the other by using a varying magnetic field.
The series of extended SGE experiments culminated in
1937 when they discovered that state transitions could be
induced using time varying fields or RF fields. Actually Rabi
oscillation is the working mechanism for the Magnetic
Resonance Imaging equipment found in hospitals.

Norman F. Ramsey [17] modified the Rabi apparatus
later on to increase the interaction time with the magnetic
field. The extreme sensitivity due to the frequency of the
radiation makes this very useful for keeping accurate time,
and it is widely used today in atomic clocks.

In the early sixties, Ramsey and Daniel Kleppner [18]
applied a Stern—-Gerlach system to produce a beam of
polarized hydrogen as the source of energy for the
hydrogen maser, which is still one of the most popular
frequency standards.

In summary, the SGE had profound impacts on
quantum mechanics. It seemed the experiment provided
direct experimental evidence for the quantization of
angular momentum and the spin of quantum particles, and
it triggered the need for a new theoretical framework to
describe the behavior of particles at the quantum level. It
played a vital role in the development of quantum theory,
while led to the incredible new concepts such as quantum
superposition, wave function collapse, and quantum
measurement theory which was correlated directly to
Heisenberg’s Uncertainty Principle, the foundation of
modern quantum mechanics.

However, the linkage between the SGE results and
quantum superposition, and wave function collapse was
challenged by Michael Devereux’s research [19] and
Hsu’s work [20] with some sound experiment evidence
from energy exchange perspective while the quantum
particles passing through the SG magnetic field.

P. Alstrom [21] and J. Porter [22] solved the paradox in
the classical interpretation of SGE by taking into account
the torque on the magnetic moment which caused the
precession and produced a rapid precession of the
magnetic moment around the magnetic field direction,
causing the transverse force to average out and thus giving
the discrete bands instead of continuous line as described
by current textbook results.

Furthermore in our recently work [23] we proved that
the famous Heisenberg’s equality is nothing to do with
measurement theory or measurement accuracy, and the
Uncertainty Principle is totally wrong from both
mathematical and physical perspective. Therefore, we
strongly believe that the SGE results are worth of some
thorough investigation and a new interpretation.

2. The Stern-Gerlach Experiment

2.1. SGE Results and Current Interpretations

Detection
screen

Inhomg IBENe0us
magnetic field

Silver
oy atom source

Figure 1. The schematic set of apparatus of Stern-Gerlach experiment

The Stern-Gerlach Experiment(SGE) conducted in
1922, is considered as a canonical experiment leading us
to the development of quantum mechanics. Its apparatus is
schematically illustrated as Figure 1. An effusive beam of
silver atoms, produced by heating silver metal in an oven,
was collimated by a pair of slits, passed along the sharp
pole piece of the magnet creating an inhomogeneous
magnetic field, and was detected as two discrete mouth-
shaped bands on a detection screen, condenser plate
attached behind the magnet.

According to the current analysis and interpretation by
many textbooks, if we treat the silver beams as randomly
oriented microscopic magnets induced by the spin of the
electrons, they will feel the magnetic field when passing
through it, and the resulting torque will tend to orient the
magnets along the magnetic field just like a compass
needle follows the direction of Earth’s magnetic field.
Actually the inhomogeneity of the magnetic field will
induce a net force as the opposing forces of the field on
each of the two poles. The induced force will be
proportional to the strength of the field at the location of
the pole. The initial orientation of the particle’s magnetic
moment will therefore completely determine the
magnitude of the net force and the resulting acceleration
will produce a deflection of the trajectory.

The location of the impact of the particles on a screen
behind the magnet will therefore be indicative of the
original orientation of the microscopic magnets.
Randomly oriented magnets would only lead to a
continuous distribution of impacts along the direction of
the magnetic field. In contrast to the analysis based on the
classical physics, only two discrete mouth-shaped bands
were detected in the SGE, but not a continuous trace. The
result seemingly implied that only two original
orientations were present instead of a random and
continuous distribution of orientations.

The multi-stage SGE is illustrated as Figure 2. x and z
name the directions of the (inhomogeneous) magnetic
field, with the x-z-plane being orthogonal to the particle
beam. The rectangles containing S-G denote the SG
apparatuses. The black squares denote the blocker to
prevent a given output. Each of the S-G systems with a
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blocker allows only particles with one of two states to
enter the next S-G apparatus in the sequence [24,25].
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Figure 2. The sequential SGE and results on detection screens

Experiment 1

The top illustration showed that when a second,
identical, S-G apparatus was placed at the exit of the first
apparatus, only z+ was seen in the output of the second
apparatus. This result was expected since all electrons of
silver atoms at this point were expected to have z+ spin, as
only the z+ beam from the first apparatus entered the
second apparatus.

Experiment 2

The middle system showed what happened when a
different S-G apparatus was placed at the exit of the z+
beam resulting of the first apparatus, the second apparatus
measuring the deflection of the beams on the x axis
instead of the z axis. The second apparatus produced x+
and x- outputs. Classically we expected to have one beam
with the x+ and z+ characterization, and another with the
X- and z+ characterization.

Experiment 3

The bottom system contradicted our expectation. The
output of the third apparatus which measured the
deflection on the z axis again showed an output of both z+
and z-. Since the input to the second S-G apparatus
consisted only of z+, it could be inferred that a S-G
apparatus must be altering the states of the particles that
passed through it. This result could be interpreted to
exhibit the uncertainty principle: since the angular
momentum could not be measured on two perpendicular
directions at the same time, the measurement of the
angular momentum on the x direction destroyed the
previous determination of the angular momentum in the z
direction. That was why the third apparatus measured
renewed z+ and z- beams, it seemed the x measurement
really made a clean state of the z+ output.

2.2. New interpretation of SGE by classical
physics

Since P. Alstrom and J. Porter explained why the SGE
result only shewed discrete bands instead of continuous
line by classical physics, we will focus on the
interpretation of multi-stage SGE results. Before our
interpretation, we will make some assumptions as below:

1. The microscopic magnets are resulted from the spin

of the electrons in silver atoms.

2. The Lorentz force will not be taken into
consideration, because silver atom is electrically
neutral.

3. The microscopic magnets of silver beam are
randomly oriented as Figure 3 on xoz plane,
because the source of the silver beam is from silver
vapor, the angle between the angular momentum
vector and x axis is a.

4. The magnetic field lines are not parallel to z axis,
there is some direction distribution for the
inhomogeneous magnetic field above and below x
axis, illustrated as Figure 4.

&7

Figure 3. The random distribution of magnet orientation of silver
beam source

Figure 4. The distribution of the inhomogeneous magnetic field
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Figure 5. Precession of microscopic magnet in inhomogeneous
magnetic field
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Now let’s consider the silver atom as a micro spinning
ball behaving as a rotating electromagnet with its north
and south poles along the rotation axis, described as
Figure 5. According to L. Susskind’s analysis [26] of
symmetry and conservation relation, the strength of the
magnetic dipole is proportional to the rate of rotation, or
to the angular momentum (L). Once the micro spinning
ball entering a magnetic field (B), it will gain some energy
due to the alignment between L and B.

The alignment energy is proportional to the cosine of
the angle between two vectors and to the product of their
magnitudes, or to the sine of the angle(a) between the L
vector and the x axis and the product of two vectors’
magnitudes as Equation 1. Herewith we use H for energy
as the Hamiltonian of the system.

H~B-L Eq.1

If we take the magnetic field to be along the z axis so
that H will be proportional to the z component of L, then
the energy of alignment will change the form as Equation
2, w as the angular frequency.

H =ol, Eq. 2

Apparently if without the magnetic field, the system
will be rotationally symmetric in the sense that the energy
does not change if the micro ball spins to its rotation axis.
But with the magnetic field, there is something to rotate
relative to. Therefore, the rotational symmetry is ruined.
Equation 1 and 2 represent the rotational asymmetry. The

angular momentum is no longer conserved—no symmetry,

no conservation. That means the direction of the spin will
change with time.

The spin micro ball is a magnet, like a compass needle,
the intuition and many textbooks suggest that the angular
momentum will swing toward the direction of B, like a
pendulum. Actually the spin is very fast, and the
micromagnet is exerted a net torque by the
inhomogeneous magnetic field. The torque induces the
precession of the angular momentum exactly like a
gyroscope around the magnetic field.

In order to clearly understand the precession, let’s use

the Poisson Bracket formulation of mechanics to work out
the equations of motion for the vector L. According to the
definition of Poisson Bracket(PB), the time derivative of
any quantity is the PB of that quantity with the
Hamiltonian. Applying this rule to the components of L
gives:

dL, dL, dLy

- = L 1H 7 - = L lH 1 - = L 1H
dt te Hj dt {b Hj dt {y }
Or using Equation 2

dL dL dL

d—tZ:a){LZ,LZ}; —tX:a){LX,LZ}; d—ty:w{Ly,LZ}

Finally based on the PB definition and further
deduction by Susskind, we can get

dL, dL dL,
dt a O a O

It is obvious that the z component of the angular
momentum does not change during its precession, which
immediately precludes the idea that the rotating axis
swings like a pendulum. The Equation 3 is exactly the
motion equation of the vector of angular momentum on
the xoy plane rotating uniformly about the origin with

angular frequency w to the magnetic field. In other words,

the angle(a) between the vector L and xoy plane will not
change during the precession to the magnetic field when
moving along y axis direction.

Now let’s review the image of the micromagnet in
precession on the detection screen. Since the magnet is in
precession, and the distance between the entrance point of
the magnetic field and the detection screen is fixed, the
image must be some projection of the vector of the
angular momentum on the xoz plane when arriving at the
detection screen. Unless it is at the initial phase or half-
period phase when the spin atom hits the screen, otherwise
the angle a, between the vector projected on xoz plane
and the x axis must be larger than «a, or the angle between
the vector projected on xoz plane between z axis (magnetic
field direction) must be less than w2 -a. Therefore, from
statistics point of view, in general all the silver beam with
randomly oriented magnets, its orientation distribution
range (original range [0-n]) above x axis, after passing
through the inhomogeneous magnetic field, is converged
less than 7. The schematic description of the silver beam
entering magnetic field and the typical magnet orientation
on detect screen for spin-up atoms are illustrated as Figure

6, and 7.
LMH“““HHEi,/””/J
Y
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Figure 6. The spin-up atoms entering the inhomogeneous magnetic field
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Figure 7. The distribution of magnet orientation (spin-up) on
detection screen

While the schematic description of the silver beam
entering magnetic field and the typical magnet orientation
on detect screen for spin-down atoms are illustrated as
Figure 8, and 9. As to the magnet with initial orientation
with a = 0, it shall be detected on screen at the corners of
the mouth-shaped bands.

Figure 8. The spin-down atoms entering the inhomogeneous
magnetic field

oy

Figure 9. The distribution of magnet orientation(spin-down) on
detection screen
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Figure 10. The distribution of magnet orientation in Expt. 2 as source of
second SG apparatus

For Experiment 1, it is apparent that after tier-1 SGE
apparatus, the silver beam with spin-up micromagnets
keeps its up direction but with narrower orientation
distribution, the image after tier-2 SGE apparatus is
absolutely with z+ characterization, because the source
orientation is only with up direction, and the down
direction is blocked.

For Experiment 2, after tier-1 SGE apparatus, the tier-2
SGE apparatus is rotated w2 at counter-clock direction. It
is equivalent to keep the SGE apparatus with original
setting, but to rotate the orientation of the source magnets
with w2 at counter-clock direction as described as Figure 10.

It is obvious that half of the orientation of the source
magnets is above the z axis(spin-up), while half of the
orientation of the source magnets is below the z axis(spin-
down). Of course, statistically the final image on the
detection screen is with both x+ and x- characterization.

For Experiment 3, after tier-2 SGE apparatus, the tier-3
SGE apparatus is rotated w2 at clockwise direction, it is
equivalent to rotate orientation of the source
magnets(spin-up, only with x+ characterization) with w2
at clockwise direction. Therefore, the final image on the
detection screen is with both z+ and z- characterization again.

3. Discussions

Based on the SGE results and our motion analysis, it is
apparent that SG apparatus has two specific effects on the
passing silver beam: 1. To split silver beam to two discrete
bands according to the original different spin
characterization of each atom’s electron; 2. To converge
the orientation distribution of angular momentum vectors
of the electrons in the source beam to a narrower range.

P. Alstrom and J. Porter successfully interpreted the
SGE results of discrete bands instead of continuous line
along z axis direction as the result of transverse effect of
the inhomogeneous magnetic field according to classical
physics. Combined with the precession of the silver atoms
induced by the inhomogeneous magnetic field, we
attributed the SGE results of discrete bands to the
combination of transverse effect perpendicular to the
magnetic field and the precession of each atom in the
beam, which clearly elucidated the reasons why in multi-
stage SGE we always got the image on the detection
screen with both spin-up and spin-down characterization,
even though source beam was with only spin-up direction
when next tier SG apparatus was rotated w2. The result is
the indicative of the source beam when passing through
the inhomogeneous magnetic field. The final image of
discrete bands is the collection of the precession of each
individual atom in the silver beam.

The attribution of final SGE results to randomly
oriented atoms in source beam by classical physics is
more straight forward and intuitive than interpretation of
one atom with superposition of both spin-up and spin-
down characterization, or one atom with linear
combination of different spin features in quantum physics.
Actually the final SGE result is the statistic result, the
collective contribution of the precession of each atom.

For the SGE result, the SG apparatus triggered the wave
collapse of the spin states from the combination of both
spin-up and spin-down to only spin-up or spin-down state.
The wave collapse came from the assumption of
superposition of the states of spin characterization of each
individual atom according to quantum mechanics. While
according to our interpretation by classical physics, the
testing result was determined by the source beam with
random distribution of the angular momentum.
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Because we could not obtain the original parameters,
such as the magnetic field, the distance between the
entrance of SG apparatus and the detection screen, the
flying speed of the silver beam, the initial physical
parameters of the silver beam, otherwise, we could
calculate the angular frequency of precession and the
precession time from the entrance to the screen, to
estimate the extension of the converging effect to support
our classical deterministic conclusion.

It is obvious that if the assumption of superposition and
the interpretation of quantum mechanics were applied to
the collective atoms in the silver beam instead of individual
silver atom to describe the spin-state of the silver beam, it
would be equivalent to the interpretation by classical
physicals as statistic results of the whole silver beam.

In the multi-stage SGE, the test result of spin state with
both spin-up and spin-down characterization after the next
tier SG apparatus was rotated w2, was explained as
Uncertainty Principle, or we couldn’t test the spin state at
both x and z axis directions at same time, or the later
testing of spin state at z direction destroyed the previous
testing result at x direction according to quantum
mechanics. Based on our motion analysis according to
classical physics, the later testing result after a precession
was determined by the source beam with random
distribution of the angular momentum vectors, because the
motion is relative between the source beam and SG
apparatus. The direction change of SG apparatus is
equivalent to the orientation change of the source beam. It
seems the interpretation as uncertainty principle is a far-
fetched reasoning process without thorough investigation
of the motion details.

4. Conclusion

Based on classical assumption that silver atom is a
micromagnet due to its electron’s spin characterization in
the source silver beam and the thorough investigation and
analysis of the precession induced by the inhomogeneous
magnetic field, we applied Susskind’s theoretical relation
of symmetry and conservation to the SGE interpretation.
We concluded that the observed results in SGE, the
discrete mouth-shaped bands were the combination effects
of transverse effect of the magnetic field and the
precession of atoms in the silver beam, and the angular
momentum vectors of the atoms struck on the detection
screen were still randomly oriented, but with narrower
distribution range compared to the atoms in source beam.
Our interpretation can explain both the phenomena in the
original SGE, and the observed results in the multi-stage
SGE with classical physics. We can avoid the mysterious
concepts of state superposition, wave function collapse,
later testing destroying the previous quantum states in
quantum physics. We strongly believe the SGE results are
nothing to do with the uncertainty principle, classical
physis can fully interpret the SGE results with satisfaction
better than quantum mechanics.
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