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Observing the spin of free electrons in action
(Stern-Gerlach experiment by free electrons)
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Abstract

Stern-Gerlach experiment by free electron is very important experiment because it answered some ques-
tions that remain unanswered for almost a century. Bohr and Pauli considered its objective observation
as impossible while some other scientists considered such observation as possible. The experiment on free
electrons has not been conducted so far because the high magnetic �eld gradient predicted there was thought
as impossible to generate. This paper proves that it is not only possible but also observable using a high
vacuum lamp which is deionized well. To obtain a high magnetic �eld gradient, it is not necessary to have
a very strong magnetic �eld and it is possible to observe the phenomenon using a very sharp pointed mag-
net and adjusting the voltage in a certain distance from free electron beams. that objective observation
requires your consideration of some technical points simultaneously.In this experiment, no electric �eld and
no magnetic �eld does not change with time.

Introduction
The concept of electron spin was �rst proposed by

Samuel Goudsmit, George Uhlenbeck, and Wolfgang
Pauli in 1920, suggesting a physical interpretation of
particles, spinning around their own axis. They stated
that an intrinsically angular momentum depends on
any electron, quite independent of the orbit angular
momentum. This intrinsic momentum is called elec-
tron spin.[1],[2] Spin is considered as a fundamental
property of subatomic particles, which has no classical
equivalent and it is considered a quantum property.
To help visualize the model, consider it as an object in
space which continuously rotates around an axis. To
describe electron spin, assume a magnetic moment. If
an electron exists in an external magnetic �eld with
its permanent magnetic moment, its spin is expected
to be quantized. It means that the spin magnetic mo-
ment and spin angular momentum will be restricted to
certain orientations. There are only two intrinsic spin
states for electrons. In general, the electron magnetic
moment is expressed as� = eg

2m S , in which e repre-
sents the electron charge;g is gyromagnetic ratio; m is
the mass of the electron, andS is the electron spin op-
erator. The constant term in electrons magnetic mo-
ment is called Bohr magneton constant. When elec-
trons are placed in an inhomogeneous magnetic �eld,

a force is exerted from the �eld.

F = �r U = �r (� : B) ; � = 0 :927� 10� 23amp:m2

(1)
In 1921-1922, Otto Stern suggested that magnetic

dipole moments of various atoms be measured through
detection of the atomic beam de
ection in an inhomo-
geneous magnetic �eld.[3] he had signi�cantly devel-
oped the techniques of atomic and molecular beams
during two years of Einstein's assistance. This led him
to conduct an experiment in collaboration with Wal-
ter Gerlach in which they steamed silver atoms in a
furnace in a vacuum, passed them through an inho-
mogeneous magnetic �eld, and �nally registered them
on a screen. Indeed, electron spin in silver atoms is
related to the e�ect of the electron spin in the last
atomic orbit, and the e�ect of nucleus and other elec-
trons are ignored. Lorentz force is largely inhibited due
to use of atoms in Stern-Gerlach experiment. Bohr,
Pauli, and Mott believed that given Bohr magneton
coe�cient compared to the gradient of the magnetic
�eld, such a phenomenon may not be seen in reality.
The impossibility of observation of free electron spin is
a general principle and this experiment can never be
expressed in terms of the classical approach.[4],[5],[6]
Bohr and Pauli also stated that:[7] "It is impossible to
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observe the spin of the electron, separated fully from
its orbital momentum, by means of experiments based
on the concept of classical particle trajectories". In the
Sixth Solvay Conference in 1930, Brillouin proposed a
model of an inhomogeneous magnetic �eld where pri-
mary �elds were symmetric and along the beam path.
It was signi�cantly di�erent from the geometry of the
Stern-Gerlach's apparatus.[8] Bohr and Pauli explic-
itly opposed his model.[9] They rejected it using a
semi-classical approximation cited in Mott, Massley,
and Klemperer studies[10],[11],[12]. It should be noted
that Lorentz force exists in the system and it is not re-
movable; moreover, its direction di�ers from the spin
force. Lorentz force is certainly greater than the spin
force. Electrons are separated due to dipole spatial in-
teraction of the magnetic �eld with wave function as-
signed to electrons. In other words, due to the limited
width of the beam, they deviate to the left or right
when in
uenced by Lorentz force, so the spin force
causes the beams to separate. So wave function spin
separation, resulting from the interaction of the dipole
magnetic �eld, may fade owing to the circuit magnetic
e�ect. It may not re
ect the true nature of the spin.
The combination of Newtonian mechanics and quan-
tum mechanics in this case causes any arguments to be
regarded with uncertainty. Given the relativistic na-
ture of electron spin, it is imperative that formulation
of quantum be appropriate and an analogy be drawn
between classical and quantum nature of the electron
spin so that more accurate data are obtained about
the system and position of the particles. Measuring
the system is aimed to obtain data on any state of the
system. As already stated, Lorentz force and the divid-
ing force of the spin are both involved in Stern-Gerlach
experiment at the same time, and it is important to set
them apart. Pauli holds a prejudiced opinion that elec-
tron spin can never be observed yet Bohr had a more
cautious view and said:[13]"I have sometimes thought
of the problem of the realisation of the electron polar-
ization, and after all I am quite prepared that such a
polarization might be observable. argument tells ... not
that the closer quantum-theoretical treatment will never
give a positive e�ect". When Bohr and Pauli suggested
the impossibility of the observation, almost all scien-
tists had acknowledged it, until Dehmelt conducted a
controversial experiment in 1988 and gained an elec-
tron magnetic momentum outside atomic framework
which ran contrary to what predicted by Bohr and
Pauli.[14],[15] So far, many questions have been raised
about the possibility of Stern-Gerlach experiment with
electrons.

Is it really possible to measure electron spin?
Various studies were carried out about how to remove
Lorentz force, most notably Brillouin's model. A full

analysis of Quantum Wave Theory reveals that it is
quite possible. Since 1997, several papers have been
published in this regard. Although Bohr and Pauli's
arguments received many physicist's con�rmation, it is
important to take Bohr and Pauli's views into account.
For example, in 1997 Batelaan, Gay,and Schwendiman
wrote an article in which they used Pauli's argument to
reject Brillouin's model and given the semi-classical ap-
proximation, they showed observing the electron spin
possible.[16] In 1998, Rutherford and Grobe drew on
Dirac numerical equations to demonstrate that mea-
surement of electron spin is hard, yet possible to be
observed.[17] In 1999, Garraway and Stenholm used
wave packet analysis in quantum mechanics to prove
that Stern-Gerlach phenomenon is possible to be ob-
served for free electrons.[18] In 2001, Gallup and Bate-
laan demonstrated that given the semi-classical ap-
proximation (WKB) spin separation is possible.[19] In
2011 Scot McGregor, Roger Bach and Batelaan pro-
posed a solution in their essay based on Brillouin's
model.[20].many theories have been raised in this case.
You will �nd a geometric and mathematical solution
which predicts observing the spin of free electrons at
a particular point in space using a very sharp magnet
(this solution is based on Stern-Gerlach experiment by
potassium atomic beams ) and then the experiment
with electrons will be explained in detail.
Description And Technical Methods
As stated before, in order to separate the electron's

spins, Lorentz force must be controlled and a proper
and inhomogeneous magnetic �eld must be applied to
separate the electrons' spins in practice. However, as
an electron has a very low mass, it seems impossible
for single electrons to control Lorentz force. So, ac-
cording to Bohr and Pauli, a very high magnetic �eld
gradient is required and any proposed solution should
be able to explain the related classical approach. If it
consider that electron's travel in a straight line along
with X axis in the space before applying a magnetic
�eld, you can �nd Lorentz force from the following
equation: F = e V � B + eE , in which the direction of
its �rst term can be found based on the speed of elec-
trons 
ow and direction of the magnetic �eld applied.
Moreover, as there is no magnetic monopoler :B = 0
therefore: (@B

@z) = � ( @B
@y) So, concerning Lorentz force

and spin separating force, it is expected to get the sep-
aration from classical approach:

Z =
1
2

at2 + vt =
1
2

[
� �

m

�
:r B]t2 + vt (2)

In this equation, vt term is explicitly ignored. So,
only this �rst term (2) would be considered meaning-
ful. In equation (2), time is stated as t = l

v in which
L the interaction distance between electrons and mag-
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netic �eld is a constant value and v stands for electron's
speed. Of course, concerning the speed of electrons in
vacuum, it is not much far-fetched to consider mag-
netic �eld gradient as the only in
uential factor in the
above equation. So, regarding the numerical value of
�
m = 107 , only the value of two parameters of electron
speed and magnetic �eld gradient is unknown in this
equation (2) which is very important to be found. By
axis analysis you can �nd the following simpli�ed form
of the gradient:

r (F:G) = ( F:r ) G + F � (r � G) + ( G:r ) F

+ G � (r � F ) (3)

Regarding this equation, the potential gradient
phrase will be in the following simpli�ed form:

r (� : B) = ( � : r ) B + � � (r � B) + (B :r ) �

+ B � (r � � ) (4)

As � is a constant value, its related di�erentials will
be zero. Besides, as zero value of phrase� � (r � B)
depends on phrase (r � B). based on Maxwell's equa-
tions you will have:

r � B =
1
c2

@E
@t

=
!E
c2 =

2�fE
c2 (5)

Therefore, if you use a alternative electric �eld with
a term @E

@t will not be zero but @E
@t = !E = 2 �fE so

the spin force will be as follow:

F = �r (�: B) = �
�

� (r B) + � �
�

1
c2

@E
@t

��

= �
�

�: (r B) + � � (
2�fE

c2 )
�

(6)

It can be expected that a term is added to spin
separating force. However, as electric �eld is not an
important factor in classical Stern-Gerlach experiment
on silver atoms, so you will haver� B=0 Hence, only
the term � : (r B) is left in this experiment which causes
the dispersion of beams. Electrons cannot be evapo-
rated like silver atoms but they can be easily separated
by applying an appropriate voltage from hot Tungsten
in a high vacuum and appropriately deionizes condi-
tion and then lead them 
ow through parallel plates.
The mass of an electron is much less than a silver atom
mass, so the speed of electrons is much greater than
the speed of silver atoms. Electric �eld is also unavoid-
able which will somehow complicate the issue. Hence,
Lorentz force is highly in
uential and cannot easily be
ignored in this calculations. Because much stronger

electric �eld is required to remove Lorentz force from
the system which may call for relativistic relations.
That is why it's not been included in calculations so
far.

Note: 3 Equation(6)Demonstrates the e�ect of
changes in magnetic �eld over time. These changes,
in turn, would change the speed of electrons which
is not desirable in this experiment; because, it alters
readers true understanding of the existence of spin
separating force. So, the voltage di�erence used in the
experiment must be a �xed voltage. High voltage of
the experiment is provided by a 
yback transformer.
Such a transformer is usually used in video systems
to generate the required high volatage and it consists
of two parts: the �rst part includes a ferrite core
and coil which boost the input alternating voltage to
transformer (which depends on input frequency4); and
the second part includes 6 diodes and some capacitors
which convert the boosted alternating voltage to a
constant DC voltage. In this experiment, no electric
�eld and no magnetic �eld does not change with time.
But if the electric �eld is changing with pulse moving
electric charges will be quantized and Spin detachment
seen better (Electrons have wave-like behavior)

So, as it is necessary to have a �xed volt-
age in this experiment, output of the 
yback
transformer must have a good quality. At this
experiment seems that there is no contradiction with
principles of physics in this experiment, because the
important factor is to observe the separation of elec-
trons' speed which may result from Coulomb or other
unknown forces that in
uence the path of electrons'

ow and change their path from direct 
ow to spiral
one. At this experiment used a high vacuum lamp to
observe the intrinsic spin of electrons (�gure a-1). This
lamp was made of three main parts: a high vacuum
glass bulb (which is properly deionized), an electron
gun and a phosphorescent sheet which includes high
purity phosphorus. When the lamp was vacuumized,
it is deionized using a di�usion pump. But you know
that ions will not be totally removed from system; so
atoms and molecules, even on a very small scale, are
ionized and become highly reactive when electric �eld
is applied. They react with phosphorus atoms which
have been activated and make these atoms lose their
initial purity and nature and the sheet is so called
burned out. So deionization is almost a vital process
and a certain type of alloy is used in higher levels to
do deionization. This makes it possible to deionize
the lamp through indirect heating. This alloy which
is called Getter stands against the electron gun (�gure
1-b, 1-c).

3This was not mentioned in the old version (arXiv:1504.07963v1 and arXiv:1504.07963v2)
4Mistake in the old version (arXiv:1504.07963v1 and arXiv:1504.07963v2)
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Figure 1: Figure a shows a used lamp; Figure b,c
shows the structure of a electron gun and Getter.

Besides, electrons and ions 
ow in opposite direc-
tions in the electric �eld and due to mass 
ow of elec-
trons in
uenced by high voltage,you can ignore the
presence of ions in the lamp. Electron beams, after
being separated from �lament, are paralleled by Grid
Plates of gun which play the same role of collimators in
Stern-Gerlach experiment, and then are shot to phos-
phorescent plate and hit it and cause illumination. The
most sensitive part of the lamp is the electron gun and
the related parts set much sensitively. Generally, this
electron gun has some similarities and di�erences with
Stern-Gerlach furnace. Both include some thermody-
namic preparations for separation. When an electron
beam is in
uenced by an appropriate potential di�er-
ence, it will hit the screen and distributed in Guassian
symmetric form. Of course, it is very important to set
carefully the intensity by which beams hit the screen to
obtain an appropriate Guassian form. When an elec-
tron beam is in
uenced by an inhomogeneous external
magnetic �eld, spin elements are separated from each
other. But two things are important here about elec-
trons: �rstly , as the mass of electron is small, Lorentz
force cannot be easily removed. Secondly , obtaining
a high magnetic �eld gradient will be a basic problem.
Concerning the �rst problem, Lorentz force cannot be
totally removed from the system but its e�ect on ob-
servation can be reduced to a great extent. In case of
the second problem, there arises the important ques-
tion that:

Is it necessary to have a very high magnetic
�eld to produce a very high gradient? No. The
value of magnetic �eld gradient is very high and in-
de�nite near sharp pointed objects. Concerning this

point, a simple geometric solution can be introduced.
It is introduced based on the geometry used in mag-
nets in the experiment conducted by Stern-Gerlach us-
ing Potassium atom beams [23],[24]. Its truth was also
proved in practice. Consider a circle as the center of
all geometrical calculations (�gure 2-a) to which enters
a magnet with the radius a (1) and a second magnet
is tangential to the circle's external plane (2). Caclu-
lation of magnetic �eld lines is made using two points
of intersection of the magnet (1) with circle calculator.
Since high gradient is not required in Stern-Gerlach
classical experiment using potassium atom beams, ra-
dius of the lower circle (magnet(1)) is a little smaller
than the radius of main circle calculator.
Inhomogeneous magnetic �eld calculations:
Reference[23] sec 3. Two-wire �eld

So long as the magnetization does not proceed to sat-
uration, the pole pieces, of circular cylindrical form,lie
in two equipotential surfaces of a two-wire system us-
ing currents in opposite directions. The magnetic �eld
H therefore consists of two components,H 1 and H 2

as shown in Figure 3:

H (r ) = H (r 1) + H (r 2) (7)

Figure 2: Figure a represents the magnet used in
Stern-Gerlach classical experiment on potassium atom
beams[23],[24],Figure b-c represents the magnet used
in classical Stern-Gerlach experiment on free electron
beams.
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