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1. ABSTRACT

We introduce a possible definition for the concept of non-locality in the quantum
world, which seems to us a minimal operational definition, taking into account the results of
actually performed experiments and reasonings about possible 'gedanken' experiments.
The definition is the following: An entity is "non local" if it is possible to prepare it in a state
such that it can be influenced from macroscopically separated regions of space by
(macroscopically) local apparatus acting only in one (or several) of these separated regions
at one time. We discuss two examples of spin superposition experiments which clearly
show that quantum entities are non-local. In particular, we show that the familiar Stern-
Gerlach experiment allows a nice illustration of this non-locality.

2. INTRODUCTION.

From the very beginning of the quantum theory it was clear that the so-called
"quantum world" is very different from our familiar or "classical world". For a long time
however the study of the quantum properties remained limited to the domain of the station-
ary states of microscopical physics and this has certainly greatly contributed to a comfortable
attitude of "sleeping on a gentle pillow" which is still so general among the physicists D.
Recent experiments on spin correlation measurements in EPR situations have shown that the
paradoxal aspect of the quantum formalism put forward in the original EPR paper can be
realized (although not easily) in the laboratory. Many different analysis have meanwhile
been made of these situations, and the idea of "non-locality" has been put forward for the
two quantum particles in EPR situation. However even in the case of one single particle,
one meets experimental situations which, when expressed in classical language, are to be
called non-local. These non-local effects are usually considered as side-effects of the wave
aspect of the particle. Against this rather "soft" position, we would like to suggest that non-
local effects should be investigated apart from the other quantum peculiarities. In order to be
definite, we shall use a minimal operational definition for the concept of non-locality,



avoiding it to be connected in a too specific way to EPR or interference situations: "An
entity is 'non local' if it is possible to prepare it in a state such that it can
be influenced from macroscopically separated regions of space by
(macroscopically) local apparatus acting only in one (or several) of these
separated regions at one time."

We shall illustrate this definition by means of concrete experimental situations. In
section 3 we recall one of the many neutron interferometric experiments performed by the
group of Rauch. In section 4 we analyze the Stern-Gerlach experiment and notice that non-
locality is already present in this situation. This point is made more explicit by a "gedanken"
experiment presented in section 5. In section 6 we give some embryonic thoughts about the
possible changes in the classical world image that could be envisaged to attempt to under-
stand somewhat more about this non-locality of the quantum world.

3. THE EXPERIMENT OF RAUCH'S GROUP.

Beautiful interference experiments with thermal or ultra-cold neutrons have been
carried out at the Laue-Langevin Institute in Grenoble by the group of H. Rauch?. All
these neutron interferometric experiments pertain to the case of self-interference, where
during a certain time interval, only one neutron is inside the interferometer, if at all. We are
interested in the experiment about the so called 4x-symmetry of spinors, where it is shown
that if one introduces a local constant magnetic field on one of the two paths inside the inter-
ferometer with the aim of causing a Larmor precession of the spin of a neutron that
"occasionally" follows this path, one has to create a 4= rotation in order to recover the origi-
nal interference pattern. Let us briefly describe this experiment in order to make our point 3):
A perfect crystal of silicon has been cut to give an interferometer of the Laue type

A perfect silicon crystal is cut
in such a way to form an
interferometer of the Laue type.
The beam of neutrons comes

in at the left, and counters
measure the intensities of the
outgoing beams (fig 1).

The thermal neutrons are dynamically Bragg-diffracted at the first crystal plate, then re-
flected at the middle plate, and finally superposed at the third plate (fig.1). Introducing a
crystal plate of variable orientation (d on fig.2) one can change the relative phase of the two
beams, and create an interference pattern in the detecting counters as a function of the orien-
tation of the plate, as predicted by wave mechanics. One can modify this interference pat-
tern by acting locally with a constant magnetic field B confined to a small region R on path
2, such that an "occasional" neutron flying on this path would pass for a short period of
time At through B, and have its spin turned over an angle g = y-B-At around the direction of
this field by the Larmor precession, y being the gyromagnetic factor of the neutron. If B is
taken to define the x5-direction, a spin in direction n(6, ¢) = (sinf:cos¢, sind-sing, coso)



will be transformed into a spin in direction n(6, ¢+B). The complex vector (spinor) S(8, ¢) =
(exp(-ip/2)-cos6/2, exp(ip/2)-sin6/2) of C2 representing the spin in the quantum formalism
will be changed into S(8, ¢+p). We consider the case p = 2x ; then n(6, ¢+2x) =n(6, ¢) ; a
Larmor precession of 2z does not change the spin direction, and this is logical since if we
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turn any space direction over an angle of 2rx, we get the same space direction. However,
since the vectors representing the spin states are vectors of C2, and the rotation group of C2
is SU(2), the action of such a 2x rotation is different for these vectors, in the sense
that S(0, ¢p+2) = -S(0, ¢). There is nothing mysterious in this fact, because in quantum me-
chanics the state is represented by the normalized vector, or by the ray of the Hilbert space.
Therefore S(6, ¢) and - S(6, ¢) represent the same spin state. This point is often misunder-
stood although it is mathematically very simple and deeply rooted in the quantum formalism,
and due to the fact that SO(3), the rotation group in three dimensional Euclidean space, is
represented by SU(2) in the group of symmetries of C2. This is so because one has to con-
sider 'projective representations' of SO(3) 4, i.e. to take into account explicitly that the state
of the quantum entity is represented by the ray of the Hilbert space, and not by the vector.
Rauch et al. found that if g = 2x, the interference pattern is changed completely. Regions
where before a lot of neutrons were detected, become almost empty regions, and vice versa,
regions that were almost empty, now show an abundance of detected neutrons. The original
interference pattern is only recovered if g = 4x (or a multiple of 4x), and this is the reason
why they speak of the 4r- symmetry of spinors. From our point of view, this very fascinat-
ing result shows that the picture of a "localized" neutron following a definite path is wrong.
Such a "localized" neutron would only explore a narrow neighbourhood of one of the two
paths, with the following alternatives: either it travels on path 1 and is not affected by the
magnetic field, or, it travels on path 2 and its spin is turned over an angle 2x. Hence, in
both cases, nothing happens. This of course illustrates the necessity of a wave aspect of the
quantum entity. But let us now consider a quantum mechanical description of this situation,
using "localized" wave-packets to represent the individual neutron, travelling alone in the
apparatus. Let us firstly define what we mean by an approximately localized particle state: a
normalized wave-packet W(x;, x,, x3) is e-localized in the space region D if the correspond-
ing probability integral calculated on D is larger than I-g,

deIdX2dX3 |‘P(Xl, X2, X3)|2 > 1 -¢ (1)
D



which physically means that the probability of detecting the quantum entity in region D is
larger than 1 - &. Such a state will be represented by the symbol W, or alternatively by ¥p ,
if we like to emphasize that this happens at time t. When it enters the interferometer, at time
t=0, the neutron is e-localized in a small region D just in front of the interferometer (fig2),
with a definite spin in direction n(6, ¢):
Wp o= Wp o(x1.X5.x3)@5(0,9) ()

The experimental situation is a bit complicated to allow an exact treatment of the Schrodinger
equation, but this is not really necessary in order to understand what is going on. The initial
wave packet evolves into two separated wave packets the centres of which follow
approximately the paths previously described. The state of the neutron at a certain time t,

when it is inside the apparatus, is described by a wave function
W=Wp  +Wp, (3)

where Wp, = ‘PDI(XI,XZ,X3)®SI(9,¢) (4)

and  Wp,_ = Wp (x; X,.x3)@8%(0,)

Wp ¢ 1s a product state, the space part of which is represented by the wave packet Wp, e-
localized in a region D on path 1(analogous W, ,). The precise form of the wave packets is
rather irrelevant for our purpose, and therefore we forget about the deformation of the wave-
packets e-localized in regions D, and D,, and consider instead these regions as evolving
along the paths 1 and 2, respectively, when the time elapses (fig2). Rauch applies a mag-
netic field in a region R which is crossed by the region D, during some time interval (ty, t, +
At) causing a Larmor precession of the spinor S2, so that only one of the two parts of the
wave function of the neutron is affected by this magnetic field. If the experimental arrange-
ment is such that p = 2, then the spinor S2 changes its sign, which means that, comparing
two experimental situations, the first one without the magnetic field (or B inactive) and the
second one with the magnetic field as here above described (B active), one gets after the
crossing of the region R:
{¥D2JB active = - {¥D2IB inactive &)
But then the 'true' wave function W, representing the state of the neutron undergoes the fol-
lowing changes: Before the time ty where the movable region D, reaches the region R, the
wave function remains the same in both cases (i.e. B active or inactive). After the time ty +
At where the movable region D, has fully crossed the region R, the wave function becomes
when B is active :
{¥}B active = {¥D1 + ¥D2JB active 6)
= {¥p1 -¥D2 }B inactive

which is of course deeply different from {¥}p inactive at the same time. The change in the
interference pattern that is observed by the experimenters is nothing else than the statistical
realization of this elementary change, and it is indeed explained in that way in their publica-
tions. We only want to insist, on purpose, on the local character of the action which changes
the state of one single neutron (even if the experimental observation of this fact is statistical).




It is clear that one can make the same reasoning about an experiment placing the region R on
the path of the wave-packet number 1.

This means that the single neutron can be influenced from macroscopi-
cally separated regions of space by (macroscopically) local apparatus acting
only in one of these separated regions at one time. This is exactly our criterion of
non-locality.

To emphasize the amazing character of the effect of 'de-localization' of one neutron
realized in the experiment, we would like to make a rough comparison based on a scaling
which respects the relative orders of magnitude. The longitudinal coherence length of these
neutrons, experimentally shown to be of the order of 20 A, is a good measure of the size of
a wave packet and hence in a certain sense an 'upper bound' for the 'size' of the neutron.
Since the regions D, Dy, and D; are represented on the figures by means of spots of more or
less 0.5 cm diameter, there is a scaling factor of 0.25-107. On the other hand, the incoming
neutrons follow each other at an average distance of some 300 m, the real distance between
the two paths is of the order of 5 cm, and the region R is a square with sides equal to 0.15
cm. Hence, in an "on scale" drawing, neutrons like little balls of 0.5 cm diameter would be
shot having an average distance of 750.000 km between them (i.e. nearly 2 times the dis-
tance moon earth), the two paths would be separated by 125 km and the region R would be
4 km squared. At this scale, the experiment literally means that we can de-localize one single
object for which we normally would imagine it to be enclosed in a sphere of 0.5 cm, over a
distance of 125 km, in the sense that this 'one' object can be influenced from two space re-
gions that are like small villages of a few km? some 125 km apart. It is clear that this 'non
local Rauch effect', is not some kind of 'peculiar' property of 'neutrons' or 'magnetic
fields' and the conclusion about the non-locality should be accepted also for other quantum-
entities, and also for other force fields. Notice however that interference patterns are always
the result of a statistical sampling of individual cases. Hence, to be able to draw more direct
conclusions about single entities, it is probably better to discuss experiments where the ef-
fect of a local perturbation can be seen on each individual entity or equivalently, experiments
where the statistical prediction turns out to be a certainty. We want to consider now such an
experiment, the principle of which is quite analogue to the one of Rauch, in which exactly
the same effect of de-localization of one quantum entity happens and can in principle be ob-
served on each single entity.

4. THE STERN-GERLACH EXPERIMENT.

We now want to discuss the old Stern-Gerlach experiment, which in fact can be
considered as the true discovery of the electron spin 5. Stern and Gerlach prepared a beam
of silver atoms travelling with a rather well defined velocity, in a certain space direction b
(beam). The beam enters a strong 'inhomogeneous' magnetic field, with a strong constant
part along a space direction a, orthogonal to b, and also having a strong 'gradient'. When
the atoms of the beam leave the magnet, they are detected on a screen, placed orthogonal to
b. Stern and Gerlach found that the individual atoms are detected in two spots on the screen:



one spot, 'upwards', in the a direction, and another spot 'downwards', in the -a direction.
In a time when modern quantum mechanics did not yet exist, but the idea of quantization
was already very common, they interpreted their result as an indication that the silver atoms
have a 'quantized magnetic moment'. They had in mind the following 'classical picture' of
the mechanism taking place during the experiment : The silver atom is imagined to be a
classical particle of mass M with a magnetic moment u due to its orbiting valence electron.
When it enters the region of the magnetic field, it interacts with this magnetic field in essen-
tially a classical way: the magnetic moment vector u precesses rapidly around the a direction
and the whole atom undergoes a force due to the coupling of the magnetic moment to the
gradient of the field. The classical calculations show that the field gradient causes a deflec-
tion of the impact of the beam on the screen which extends on a full interval whose extremi-
ties correspond to the spots detected in the experiment. This 'quantized' orientation of the
angular momentum remains up to our days the basic concept that physicists use when they
try 'to represent', 'to picture', or 'to talk about', the spin of a quantum entity. Let us now
consider the modern quantum mechanical description of this situation. Unlike the case of
the Rauch experiment, one can calculate in detail the quantum mechanical evolution of one
single atom in the Stern-Gerlach experiment, by solving the time dependent Schrédinger-
Pauli equation with an interaction potential energy equal to -u:(o-B), where u is the mag-
netic moment of the atom, o = (01, 07 , 03 ) are the Pauli matrices, and B is the magnetic
field (limited in practice to a small region along the magnet), with an appropriate initial

condition.
2
BEW() = AW ) —woBW(t)
ot Y —wo
w(0) = W, (7)

We consider the situation where an atom with a well defined spin direction enters the Stern
Gerlach magnet, at time t = 0. Its state is then represented by a normalized vector ¥, of the
form ¥p(Xx) ® (a, B), where Wp(X) is a wave-packet ¢-localized in region D, localized at the
entrance of the Stern-Gerlach apparatus (fig3), and (o, B) = S(6, ¢) = (cos(6/2) exp(-i¢/2),
sin(6/2) expi(¢/2)) representing the spin direction n(6, ¢) defined with respect to the direc-
tions a = (0,0,1) and b = (1,0,0). It is remarkable, taking into account the importance of the
Stern-Gerlach experiment and the apparent simplicity of the problem, that nowhere in the lit-
erature a sound quantum mechanical treatment exists. Most treatments consider incorrect
magnetic fields (not satisfying the Maxwell equations), or they do not give any satisfactory
explanation for the approximations used to construct a 'solution' of the equation. Therefore
we have investigated again the quantum mechanical treatment of the Stern-Gerlach experi-
ment, trying to avoid the weakness of the earlier attempts ©).We consider the case of an
incoming atom represented by a small three dimensional gaussian wave packet with a mean
velocity vq in the b = (1, 0, 0) direction. We follow the evolution of the wave packet, when
it travels through the magnet and analyze in which way we can construct a solution, making
the appropriate physically significant approximations.This allows us to compute the wave



function at a time T when the atom leaves the magnet and we find that it is then clearly sepa-
rated into two wave packets. We then follow the further evolution of these free wave pack-
ets until they reach the screen. The result is rather complex to write down explicitly but for
the present discussion a detailed expression is not necessary. Enough is to say that the wave
function that leaves the magnetic field is of the form
Yo =aPa®(10) +p¥p® (0.1) (8)

where A and B are two separated regions in space (fig3), and where we keep the same nota-
tions as previously to indicate the e-localization of a wave packet in a region of space.

The region D is the space
region where the incoming

a
atom is e-localized, and the
n | | JD A vector n is the space direc-
o tion of the spin of the inco-
direction b D
B

ming atom. The regions A

and B are the space-regions

D ‘ * ‘ ‘ ? where the component wave-

-a functions of the superpo-
sition wave function repre-
direction a. senting the state of the out-
going atom, are g-localized.

These component wave functions appear in the superposition with spin-vectors corresponding to

respectively space direction a and -a. The complete wave function representing the state of the outgoing

atom does not have a spin corresponding to a fixed space direction (fig 3).
Remember that in all the fig. of this paper, we do not make a drawing of the quantum enti-
ties but only of the regions where they are e-localized ; the arrows attached to these regions
are mathematical directions which only occasionally indicate the spin direction of the atom
(this is the case for region D, this is not the case for regions A and B). We want to analyse
now the physical meaning of the state represented by this vector ¥, , the state of the single
atom when it leaves the magnet before it is detected. Most physicists agree on the fact that
the purely classical model of a particle having a 'quantized' rapidly precessing magnetic
moment, is not a correct model for the 'spin' of a quantum-entity. Through the years some
kind of 'semi-classical' picture has developed. The final state vector ¥, is often implicitly
interpreted in the following way : When an atom enters the Stern-Gerlach apparatus, it either
really 'flips up', and flies on the 'upper' beam, and it is then de facto in a state represented
by the vector WA ® (1, 0), or it 'flips down' and flies on the 'lower' beam, and is then de
facto in a state represented by the vector ¥g ® (0,1). The very fact that, according to the cal-
culations of quantum mechanics, the final state is represented by the vector ¥, is inter-
preted as reflecting our lack of knowledge about which of the two possibilities the atom
chooses. If this 'semi-classical' interpretation would be correct, then the atoms that fly
through a Stern-Gerlach magnet have always a well defined spin direction, and are always
e-localized in one of the separated regions A or B. Of course, this is not true from first
principles of quantum mechanics and also from the results of the Rauch experiment that one
can translate mutatis-mutandis to the Stern-Gerlach case. But, if the 'semi-classical' inter-

pretation is wrong, what else can we propose ? Let us try to describe a possible experiment



of the Rauch type which sustains the thesis that atoms coming out the magnet are in a non-
local state.

S. THE NON-LOCALITY OF AN ATOM LEAVING THE STERN
GERLACH APPARATUS.

Experiments that consist in combining different Stern-Gerlach apparatus to illus-
trate the amazing properties of the superposition principle have been considered in the past
by many authors and are described in various text-books 7). We consider such an experi-
ment on purpose of showing that an atom in the state ¥ is non-local in the sense of our
definition. It is true that the experiment we shall describe is probably impossible to realize
now and perhaps for ever because one cannot control the inhomogeneous magnetic fields in
the different magnets of the set-up with a sufficient accuracy 8). But we are confident in the
results because of the great similarity with the work of Rauch et al. with neutrons. And this
'gedanken' experiment has the advantage of working directly on one single atom or equiva-
lently with the statistical weight of certainty. One sends a beam of atoms flying in direction
(1,0, 0), with a definite spin direction along n(8, ¢) into a first Stern-Gerlach magnet and a
magnetic field in direction a = (0, 0, 1). Then one puts right behind it a second Stern-
Gerlach magnet identical to the first one except for the field direction which is opposite: -a =
(0,0, -1). This second magnet will converge the two beams (to describe the experiment we
use the classical language) in such a way that they become parallel (fig4). Then one puts a
third Stern-Gerlach magnet, identical to the second one, which will incline the beams
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A representation of the experiment, combining four Stern-Gerlach magnets, such that the original beam is
recombined. In region R we apply a constant magnetic field, and turn the spin over an angle of 2r. The
spin of an outgoing atom has then been turned over an angle of i around the a direction (fig 4).

towards each other. Finally one puts a fourth Stern-Gerlach magnet, identical to the first
one, which will have the effect of reconstituting the two beams into a single one which is in
principle identical to the original incoming beam. In a region R one applies a constant mag-
netic field, such that the spin can be turned by the Larmor precession, over different angles.
One makes the experimental arrangement in such a way that the spin will turn over an angle
of 2xn. Notice that because such a rotation is equivalent to the identity, the axis of rotation
(i.e. the direction of the magnetic field) is irrelevant for the results of the experiment. Let us



now analyze the quantum mechanical description, to see what will happen. As before, the
state at time t = O is represented by a normalized vector ¥, of the form W (x) ® (a, B) (see
section 3). Again we have to solve the Schrodinger-Pauli equation (7) for the evolution of
this vector through the first Stern-Gerlach magnet, such that the state of the atom coming out
of the first magnet is given by ¥, (see(8)), where A and B are separated regions (see sec-
tion 3 and fig. 4). The second Stern-Gerlach magnet will not change anything to the spin
components, since they are (1,0) and (0, 1), but will influence the direction of flight of the
two wave packets W5 and Wg , so that they become parallel at its end, so that the atom
coming out of the second magnet will be in a state a-¥A' ® (1,0) + 8- ¥p' ® (0,1) = ¥'
(see fig. 4). If we now apply a constant magnetic field in the region R localized on the upper
beam (fig4), then only the spin of the partial vector a-Wa' ® (1,0) will be influenced. If it is
turned over an angle of 2, then the spinor (1, 0) will be changed into the spinor (-1,0), no
matter what the direction of the magnetic field applied in the region R can be. Of course, as
we recall it in our reasonings about the Rauch experiment, these two spinors represent the
same state. So by the effect of the Larmor rotation we find at the entry of the third Stern-
Gerlach magnet a state of the atom represented by a vector arWa" ® (-1, 0) + B-¥p" ® (0,
1) =(a)¥a"®(1,0) + p¥p'®(0,1) =w" ,;, where A" and B" are again separated re-
gions in space (fig 4). To proceed and find the quantum mechanical effect of the two last
Stern-Gerlach magnets, we notice that the Schrodinger dynamics is invariant for time rever-
sal. So instead of trying to calculate the evolution up to the end of the fourth magnet of a
state which is of the form ¥"  at the entrance of the third one, we can inverse the problem
and consider the question : which state of the form Wp«(X) ® (y, 8) at the end of the fourth
magnet will give rise to the state ¥"; at the entrance of the third magnet by a time reversed
Schrodinger evolution? The answer to this question is immediately given by the first part of
the calculation, and is of course Wp(X) ® (-a, B).

Hence if the spin of the incoming atom is in direction n(6, ¢), then using in the re-
gion R a constant magnetic field of appropriate magnitude but arbitrary direction, the spin
state n" (0, ¢) of the outgoing atom has turned over an angle x around the direction a defined
by the Stern-Gerlach magnets. In the classical picture of spinning particles this magnetic
field in region R would have turned the spin over 2z, which means that each atom would
leave the apparatus exactly in the same state as it enters. The same result would be found in
the semi-classical picture. If we complete the experiment by a Stern-Gerlach measurement of
the orientation of the spin of the final atom, there is no doubt that it will fully confirm the
standard quantum mechanics prediction of a rotation of = ! In this sense it is clear that the
experiment shows a realization of our definition of non-locality for quantum entities.

6. CONCLUSION.

We want to ask now again what the physical meaning is of the state of a quantum-
entity of the form a-Wp ® (1,0) + p-WB ® (0,1). In our opinion the following statement can
be made : The state aWa ® (1,0) + p-¥B ® (0,1) represents one quantum entity, neither lo-
calized in region A with spin in the direction n = a, nor localized in region B with spin in



10

direction n = - a. Moreover this one quantum-entity can be 'influenced' from
two separated regions A and B by local apparatus acting only in one of these
regions at one time. This does not allow to conclude that this one quantum-entity is at
two places at the same time and not between. We seriously consider the possibility that our
'classical' conception of three dimensional Euclidean space and localized entities is just not
convenient to picture what really happens. Probably "the human part of the construction of
the reality" (see H. Poincaré, ref. 9) is to be reconsidered in order to begin to approach the
quantum mechanical non-locality. In 10) a similar proposal was made in relation with the
problematic around the EPR situation , and on the hand of some example it was shown that
it is not impossible, 'in principle', to imagine such an approach, that could lead to a human
understanding of the quantum non-locality.
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