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Double-slit experiment with electrons

http://iopscience.iop.org/article/10.1088/1367-2630/15/3/033018/meta
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QUANTUM	MECHANICS:		Probabilistic		
information	from	one	particle	is	zero		!!!	

There	is	no	such	thing	as		
polarisation	or	wave	function	of	one	particle	

The	measurement	is	at	the	heart	of	the		
interpretation	of	QM	

probabilistic	
wave	function	collapses	to	its	eigenstates		
=>	observables	e.g.	the	polarisation	of	a	beam	

Ehrenfest	Theorem:		
The	observables	of	a	QM	system	follow	Newtons’	law	



QUANTUM	MECHANICS:		non	local		
a	particle	can	be	everywhere	in	the	universe	!!!	
Richard	Feynman,	Douglas	Robb	Lectures	Auckland	1979		
available	on	Youtube,	don’t	miss	it	!	
		
A	way	out:	the	wave	packet	
satisfies	our	classical	thinking	but	not	fundamental		

because		
dispersive	

absence	of			
dispersion	
is	a	solitonic	
solution	



Between	probabilistic	scattering	and	absorption	events		
one	can	consider	that	neutrons	propagate	deterministically		
as	point	like	classical	particles	with	“infinitely”	well-defined	
trajectories	r(t),	each	carrying	a	classical	magnetic	moment	
with	perfectly	well-defined	direction	at	any	instance	of	time.	

we	can	optimise	our	instruments	with	ray	tracing	Monte	
Carlo	simulation	software	e.g.	McSTAS	

at	the	origin	of	some	confusion	between	CM	and	QM		

Neutron	scattering	:	the	beam	defines	a	QM	system	
leading	to	observables	that	can	be	understood	by	CM



source PSΕ ΙΝ PSE OUT detectorscattering 

observables defining a neutron beam : 
Energy, polarisation, wave vector, position of the beam 

etc

Neutron	scattering	:	the	beam	defines	a	QM	system	
leading	to	observables	that	can	be	understood	by	CM

but interference phenomena, like scattering or the 
doubt slit experiment,  are purely QM 

and cannot be understood by CM.



but interference phenomena, like scattering or the 
doubt slit experiment,  are purely QM 

and cannot be understood by CM.

their understanding require the concepts 
of wave function and non-locality 
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1961:	Claus	Jönsson	

Double-slit experiment explained by Jim Al-Khalili  



 at sufficiently large distances from the source the 
neutron beam may be approximated by a plane 
wave

Everything ever observed can be explained by identifying  
“one neutron” with an infinite plane wave 

and classically (incoherently) averaging over the beam

Neutron scattering : waves and particles



spherical waves 
emitted by the 

scatterers

interference pattern at 
the detector

neutron  
source

Neutron scattering : waves and particles
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Fig. 5. A system of two similar pairs of diffraction gratings that moves normal to the
direction of gratings’ strips (neutron speed echo spectrometer) (top) and the intensity
of the outgoing signal vs. the difference in the velocity of two gratings’ pairs (neutron
speed echo signal) (bottom).

3 Neutron Speed Echo Spectrometer

To retrieve the information that is contained in the smeared spectrum at the out-
put of the pair of diffraction gratings G1 − G2 illuminated by a divergent beam,
the outgoing beam should be transmitted through a similar pair of diffraction
gratings G3 − G4 (Fig. 7). Certainly, this is equivalent to the use of the second
precession field in the NSE technique (see above).

The intensity, Irec, of the beam outgoing from the whole set up can be defined
by the product of the spectra I1(λ), Vg) and I2(λ, Vg), which are provided by the
pairs G1 − G2 and G3 − G4, respectively. If the velocity of the second pair is
differed by ∆Vg,then

Irec(∆Vg) ∝
!

I1(λ, Vg)I2(λ, Vg +∆Vg)dλ. (15)

Using eq. 11 one obtains

Irec(∆Vg) ∝
!

Ω
dΩ

!
I0(λ){1 + cos(CλVg)}{1 + cos(Cλ(Vg +∆Vg)}dλ, (16)

where C = 2π
d

mn
h L. This output signal has a structure shown in Fig. 7 and is

an analogue of the NSE signal. One should mention that such a signal can also
be generated by the change of the distance L between the gratings G3 and G4,

Neutron Speed Echo (A. Ioffe 2003) 
~ NSE



intensity modulated neutron spin echo

re-polarizer

current in the phase coil

echo

echo

average

I+

I-

ideally 

echo modulation = (I+ - I-) / 3 

for  
-2 -1 0 1 2

~P = 0



Talbot Lau grating interferometer for dark-field 
contrast imaging(M. Scrobl 2014) 

~ SESANS  
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semi-classical	illustration	of	the	phase	difference	of	the	
components	of	the	wave	function	in	SESANS	

IT	IS	WRONG	TO	ASSOCIATE	THIS	PHASE	SHIFT		
TO	THE	WAVEFUNCTION	OF	A	SINGLE	NEUTRON	!

±

+

-

δ

The	correct	QM	Approach	must	respect	quantum	
nonlocality		within	the	neutron	beam		

beam	dimensions/splitting			~	10-4	mm	=>	effect	negligible	



how can we understand the coherent 
superposition of eigenstates for a spin 1/2 ?  

we consider the situation of spin 1

after T. Sugimoto & K. Fukutani 
Nature Physics 2011
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Spin Precession of Neutrons
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Anton	Zeilinger	plenary	talk	at	ECNS	2013,	Prague	:

CM	 QM

confirmed	by	the	selection	rules	for	magnetic	scattering		
at	the	sample	discussed	on	Monday	



BE	AWARE	!	
Mixing	up	CM	and	QM	can	lead	to	wrong	conclusions				

It	has	been	suggested	that	it	is	possible	to		change	the	scattering	
process	by	adding	an	RF		flipper	in	the	beam	

Four-wave neutron-resonance spin echo

S. V. Grigoriev,1,2 W. H. Kraan,1 and M. Th. Rekveldt1
1Interfacultair Reactor Instituut, TU-Delft, 2629 JB Delft, The Netherlands

2Petersburg Nuclear Physics Institute, Gatchina, St. Petersburg 188300, Russia
(Received 21 December 2003; published 21 April 2004)

We develop a technique of scattering from many-body systems. It is based on the principle of the neutron
spin echo (SE), where a neutron wave in the magnetic field splits into two waves, which are separated in space
or in time after propagation in this field. The neutron thus prepared as a probe passes through the sample to test
its properties on a space R or time t scale. This separation in space or in time can be measured using coherence
of these two waves as a phase shift ! between them. These two waves are collected or focused and compen-
sated by the SE technique in order to compare their phases after interaction with the sample. In this way one
studies interference between these waves and thus can directly measure the pair-correlation function in space
or in time. Instead of two-wave SE we propose to realize the four-wave neutron-resonance spin-echo (NRSE).
In our experiments, spin precession produced by a couple of the neutron-resonance coils in one arm is
compensated by an identical couple of other NR coils in a second arm of a spin-echo machine. The neutron
spin-flip probability " in the resonance coils is a key parameter of the NRSE arm. The limiting cases, "=0 and
"=1, provide, in quantum terms, a two-level–two-wave k splitting of the neutron and result in the separation
of the split waves into two different lengths in space !R1 ,R2" or in time !t1 , t2". These two cases correspond to
Larmor precession with phase !1 in the static magnetic fields of the NR flippers or to NRSE precession with
!2, respectively. The intermediate case, 0#"#1, provides a four-level–four-wave k splitting of the neutron
with the corresponding separations in space !R1 ,R2 ,R3" or in time !t1 , t2 , t3". The interference of each pair of
waves after compensation results in three different echos with phases !1, !2, and !3= !!1+!2" /2. Focusing or
compensating all four waves into a single point of the phase-of-waves diagram produces quantum interference
of all newly created waves. This task of focusing is experimentally performed. Different options for the
compensation are discussed. The experiment opens the possibility to measure a composite correlation function,
combined from several pair-correlation functions.

DOI: 10.1103/PhysRevA.69.043615 PACS number(s): 03.75.Dg, 42.87.Bg

I. INTRODUCTION

Neutron-resonance spin echo (NRSE) is a new, quickly
progressing method for manipulation of the spin in neutron
beam scattering experiments [1–3]. The magnetic-field pre-
cession area of the conventional spin echo (SE) technique [4]
is replaced in this method by a pair of resonance coils, placed
in field B0 and operated at frequency $RF, satisfying the reso-
nance condition $RF=%B0 and separated by a distance L of
zero magnetic field. In terms of precession, this pair of RF
coils simulates a DC field integral 2%nB0L, where %n is the
neutron gyromagnetic ratio. This is understood if Larmor
precession is considered as interference between two super-
posed neutron waves. These waves come into existence be-
cause in the static magnetic field the incoming neutron wave
with momentum k! is split into two waves with different mo-
menta k!+ and k!−. The actions of the resonance coil on the
neutron wave may be counted as (1) splitting in the perma-
nent field B0; (2) spin flipping in the resonance coil; (3) a
doubling of the splitting when neutron leaves the static mag-
netic field B0, due to the energy conservation law. This pre-
cession, or k splitting, lasts until the second resonance coil,
located at a distance L from the first one, which cancels the
splitting and therefore stops the precession. These coils to-
gether and the distance between them make up a first SE
arm. When a partial rather than a complete spin-flip process
occurs, four neutron waves appear in the space after the first

flipper. Two of them have flipped spin and therefore a double
splitting in k, while the two others have nonflipped spin,
hence no splitting. As was shown in Refs. [5,6], these waves
really coexist and interfere, and each pair of these produces a
distinct interference pattern. The question arises if one can
use this neutron split into four distinct waves in a neutron
scattering experiment, and then, what information one can
obtain from it.
A standard spin-echo technique operating with two waves

is used to study a pair-correlation function in space or in
time. The spin precession, which is equivalent to a splitting
of the initial plane wave into two plane waves, accumulates a
phase shift until the end of this SE arm. This phase shift
corresponds to a distance R1 between the fronts of the split
waves (or time t1 in inelastic processes) [7,8]. The neutron
thus prepared as a probe passes through the sample to test its
properties on a length scale R1 (or time scale t1). The second
SE arm collects the two neutron waves to compare their
states after the interaction with the sample. In experiment it
is more correct to use the concept of the “correlation vol-
ume” of the neutron beam described in detail in Ref. [8]. The
correlation volume may be intuitively defined as those re-
gions where coherent properties of the neutrons are signifi-
cant. These properties are described by the correlation func-
tion of the as-prepared incoming beam, which is the Fourier
transform of its resolution function. Thus, in case of spin
echo, the correlation volume is actually split and the spin-
echo time &NSE, or the spin-echo length 'NSE, is much longer
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pair are finally equal. Thus, the growth of both the spatial
and time phase differences for the two pairs of waves !sepa-
rated in "!k space# is halted.
Figure 1!b# is the (k ,x) diagram, i.e., diagram of two

different wave-vector paths through the system of the mag-
netic fields $Fig. 1!a#% as a function of position along the
beam. The phase shift between pairs of neutron waves after
leaving the second coil equals &'"($k#(x)!k!(x)%dx ,
where the integral is taken over the whole length of the two
coil systems and is proportional to the area between two k
levels sketched in Fig. 1!b#. As noted earlier, the interference
appears only when 0$)$1, so two k levels in the space
between flippers will be simultaneously occupied by a neu-
tron.
The splitting of the waves is fully connected to the spin

part of the wave function. One can follow in Fig. 1!b# what
happens to both spin states along the beam path. It is indi-
cated at different positions in Fig. 1 by the arrows ↑ and ↓ ,
which correspond to the spinor components ↑"( 10 ) and ↓
"( 01 ). Each k level can be identified by one spinor compo-
nent only. Coefficients in the spinors accounting for the spin
state of the initial wave and depending on the spin-flip prob-
ability of the RF coils determine the occupation numbers of
the neutron wave on each level, i.e., along each wave-vector
path in the diagram.

B. Case of many resonant coils

Let us assume a plane neutron wave travelling along the x
axis through the configuration of magnetic fields B0 and B1,
which is N times repeated, as shown in Fig. 2. RF coils in the
path length with field B0 are operated at the resonance fre-
quency. Let us suppose for simplicity that all resonance coils
!the so-called flippers# operate with the flipping probability
)"1/2. The case of arbitrary ) will be treated in the follow-
ing section.
Therefore, upon leaving the coil and entering the field B1,

the neutron wave is split into two with wave numbers k# and
k! . Then, after the second coil each of these waves is split
again into two equally populated waves and so on. Thus,
after N resonance coils the initial wave is split into two
groups of 2N!1 neutron waves with small amplitudes of
(1/2)N of the initial wave. Half of them now have energy
*("#"0), they were flipped an odd number of times and
therefore they have the spin state down. The other half have
the energy *" , as the initial wave had. They were flipped an
even number of times or one of them was not flipped at all.
Therefore they have the ‘‘up’’ spin state. The first group of
the waves is located at the upper k level of diagram $Fig.
2!b#% with its own energy and spin state; the second group is
at the lower k level with another energy and opposite spin
state.
In fact, the neutron waves inside each group differ only in

phase, since each of them has its own unique path in (k-x)
diagram. It is convenient to follow the relative phase shifts
&+ of the individual wave with respect to the phase value
+0"k1x $Fig. 2!c#%. The number of waves with an equal
phase shift &+ obeys the simple binomial distribution. In the
space after the system of N resonance coils many pairs of

waves interfere and the phase difference for an arbitrary pair
'"m&' , where m"0,1, . . . N , and

&'"!
0

l
$k#!x!#!k!!x!#%dx! !4#

is the integral over one path section with field B1. Thus, &'
is a quantum of phase. Each pair of the waves contributes to
the interference pattern downstream the system. What is this
multiwave interference pattern? What kind of the rules does
it obey? How will this pattern change if the spin-flip prob-
ability of the coil will differ from 1/2 and therefore the am-
plitudes of the waves will not be as simple as (1/2)N? These
and some more questions will be answered in the following
sections.

C. Quantitative approach

In order to describe quantitatively what happens with the
initial plane neutron wave, we have to treat its behavior as a
solution of the Schrödinger equation. We do so in the way as
was already done for one resonance coil $6–8%. Thus we
consider the wave of a neutron with velocity v passing
through the first resonance coil of length l producing a trans-

FIG. 2. !a# Sketch of the system with many resonant coils in
field B0 separated by segments with field B1. !b# (k ,x) diagram of
the wave vectors as a function of a position along the beam. !c#
Diagram of the phase &+ of the wave produced in successive reso-
nance coils along the beam relative to a wave which would go at
undisturbed level k"k1 through the system.

NEUTRON-MULTIWAVE-INTERFERENCE EXPERIMENTS . . . PHYSICAL REVIEW A 68, 033603 !2003#

033603-3



BE	AWARE	!	
Mixing	up	CM	and	QM	can	lead	to	wrong	conclusions				

scattering	probes	pair	correlation	functions	because	
quantum	interference	is	ruled	by	pair	correlation	functions	

23 JULY 2010    VOL 329    SCIENCE    www.sciencemag.org 396

PERSPECTIVES

one mass and applying Newton’s second law 
(force equals mass times acceleration), one 
can calculate an initial acceleration of about 
320,000 m/s2 or 32,000g for a realistic η

sc
 of 

0.54 and a density of the spores of 1200 kg/
m3. Higher values of η

sc
 would lead to even 

higher accelerations. Whitaker and Edwards’ 
movie S3 shows that the spore cloud pro-
gresses from rest by about 1.8 mm in 0.1 ms, 
representing an average speed of 18 m/s. If 
velocity increases linearly from rest, the 
actual speed is 36 m/s after 0.1 ms, resulting 
in an estimated acceleration of 360,000 m/s2, 
12.5% above the calculation.

The energy stored in the compressed air 
(about 0.27 mJ for η

sc
 = 0.54) is only partly 

used to accelerate spores. As long as the 
air expands within the capsule, this energy 
mainly converts into kinetic energy of the 
spores.When most spores have left the cap-
sule, relatively more energy converts into air 
convection, heat, and audible sound ( 2).

The upscaling principle elucidated by 
Whitaker and Edwards for peat moss has been 
exploited abundantly in nature for the disper-
sal of microscopic items, whether reproduc-
tive or waste products. Examples are found in 
other mosses, fungi ( 1), fl owering plants [pol-
len dispersal ( 8)], and microscopic waste dis-
persal through water jets in fi ltering sponges 
and tunicates. We are only starting to discover 
and appreciate the wide array of unique solu-

tions devised by nature to enhance the disper-
sal of microscopic particles.
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Pairs Rule Quantum Interference

PHYSICS

James D. Franson

Quantum interference between many different 

pathways is simply the sum of the effects from 

all pairs of pathways.
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        Quantum interference is one of the 
most mysterious features of quantum 
mechanics. In fact, Feynman referred 

to the double-slit interference experiment 
for single particles as the “only” mystery in 
quantum mechanics ( 1). On page 418 of this 
issue, Sinha et al. ( 2) describe a recent exper-
iment that shows that quantum interference 
from a single photon arises only from pairs 
of possible paths through an interferometer. 
There is no need to invoke additional inter-
ference terms that might arise from interac-
tions of three or more paths.

In classical mechanics, outcomes can 
be described directly with probabilities. In 
quantum mechanics, the probability of an 
outcome is obtained from probability ampli-
tudes (wave functions) that may be negative 
or even take complex values. For example, 
if a single photon can traverse three possible 
paths through an interferometer to reach a 
detector, the different paths have probabil-
ity amplitudes ψ

1
, ψ

2
, and ψ

3
 (see the left-

hand panel of the fi gure). The total probabil-
ity amplitude ψ for the photon to reach the 
detector is the sum ψ = ψ

1
 + ψ

2
 + ψ

3
, but 

this is not the probability P that the photon 
will reach the detector. Probability is calcu-
lated by taking the square of the probability 
amplitude as

P = |ψ|2 = ψ* ψ = |ψ
1
 + ψ

2
 + ψ

3
|2 

(the magnitude of the complex number ψ 

is obtained by multiplying it by its complex 
conjugate ψ*). Unlike the classical situation, 
where the individual probabilities would 
simply add, probability amplitudes can add 
constructively or cancel destructively. These 
interference effects depend on the phase 
shifts encountered in each path.

If a measurement had been made, it would 
have revealed which one of the three paths 
the photon took while it was traversing the 
interferometer. Nevertheless, a single photon 
must somehow determine the phase shift in 
all three paths to give the correct interference 
effects. This is the fundamental “mystery” 

referred to by Feynman ( 1). The 
product of ψ* and ψ is a series of 
terms of the form ψ

i
* ψ

j
, so the 

detection probability should be 
determined by interference only 
between all possible pairs of 
paths through the interferometer 
( 2). An example of such a pair 
of paths is indicated in the panel, 
left of the fi gure by the red and 
yellow dots, one of which comes 
from ψ* and the other from ψ.

Sinha et al. performed a care-
ful series of measurements in 
which there were three possible 
paths that a single photon could 
take through an interferometer. 
By blocking off various combina-
tions of paths, they measured the 
contributions from all possible 
pairs of paths, which were found 
to contribute at least 99% of the 
total detection probability. This 
sets an upper limit of approxi-
mately 1% for any contribution 
from three or more paths, which 
is consistent with their experi-
mental error. They performed the 
measurements using true single 

Physics Department, University of Maryland Baltimore 
County, Baltimore, MD 21250, USA. E-mail: jfranson@
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Pairwise through many paths. (Left) A single-photon interferom-
eter consists of a source, mirrors, beam splitters, and a detector. 
Quantum interference only occurs between pairs of optical paths, 
such as those labeled by the red and yellow dots, as verifi ed in a 
recent experiment by Sinha et al. (Right) A two-photon interfer-
ometer ( 3) is depicted in which quantum interference can occur 
between sets of four optical paths (where the subscripts L and S 
refer to long and short paths taken by photons A and B). Quan-
tum interference effects arise regardless of the distance between 
the interferometers.
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J. D. Franson Science 2010

10.1126/science.1192624 

Quantum interference between many 
different pathways is simply the sum of 
the effects from all pairs of pathways.

Sinha et al. Science 329, 418 (2010)

any other assumption would violate 
Bell’s theorem 



be suspicious of deterministic  approaches to 
Quantum Mechanics   

it is a strange theory of light and matter (Feynman) 

http://iopscience.iop.org/article/10.1088/1367-2630/15/3/033018/meta


