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Preface

This book is a monograph of a text that originated from lectures given by
the author at the Technical University of Vienna. The aim of this work is to
give a concise overview concerning the phase-space description of interference
phenomena of both interferometry using photons and neutron interferometry.
The material presented in the book originates to some extent from a num-
ber of publications written during the last 10 years by the author and his
colleagues, but contains new work as well.

Since the beginning of the 1990s a lot of effort has been undertaken to
transfer the well-known quantum-optical phase-space formalism to matter
wave optics. In particular, neutron interferometry has been described us-
ing the above-mentioned formalism, taking into account quantum-mechanical
distribution functions like Wigner functions, Q-functions and P-functions.
Thereby the investigation of the interrelations between quantum optics using
photons and neutron optics leads to interesting and novel results. The present
book attempts to combine both fields of research.

Coherence properties play an important role in any kind of interferometry.
In this book we intend, in some sense, to summarize known results and add
some new ones obtained with photons and neutrons, and analyze them in
terms of general quantum optics, which can be applied to photon and matter
waves as well.

The aim of this book was to write a monograph on the essentials of
quantum optical light and matter wave interferometry for first- or second-
year graduate students interested in eventually pursuing research in this area
and for people interested in this field of research. A precondition is solely
some basic knowledge of quantum mechanics and some knowledge of solid
state physics.

Part I is devoted to the theory of quantum mechanical distribution func-
tions, which are currently used to describe and graphically display wave
functions in phase-space. After some basics about expectation values for-
mulated in quantum mechanics, the Wigner function, the P-function and the
Q-function are defined and their properties are worked out in detail. A sys-
tematic approach to these quasi-distribution functions is elaborated by using
coherent states.
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In Part II optical interferometry in quantum networks is investigated.
Based on the wave packet formalism, the intensity as well as the momentum
and the position distribution functions in various network structures are con-
sidered. Thereby network elements such as the fiber glass, beam splitter, the
absorber and the phase shifter play a central role. The Mach—Zehnder inter-
ferometer, a combination of three Mach—Zehnder interferometers, double-loop
systems and Mach—Zehnder interferometers with two inputs are examined in
detail.

Part III is devoted to neutron interferometry. First the dynamical theory
of diffraction in a perfect crystal is worked out rather precisely. Using these
results the so-called Laue interferometer can be described comprehensively.
Subsequently, the phase-space formalism is applied to three and four plate
neutron interferometry, including the graphical presentation of the quantum
mechanical distribution functions mentioned above. Thereby a special squeez-
ing effect is identified. Further issues are decoherence in neutron interferom-
etry, correlations and novel aspects about the intensity and the visibility in
double-loop systems.

Finally, in Part IV spin interferometry is considered. The spin-echo system
is formulated and the Wigner function description of spin interference of
neutrons in magnetic fields is executed. The influence of inhomogeneities of
magnetic fields on the fragile interference pattern is discussed. The zero-field
spin-echo system is a further topic of Part IV. Starting from the description of
the interaction of neutrons with a rotating magnetic field, the wave functions
in a dynamical spin flipper can be investigated. The procedure of a spin flip
in a time-dependent magnetic field yields interesting energy characteristics
in a spin flipper and a particular quantum state in the subsequent field-free
region as well.

I wish to express my sincere gratitude to my revered teacher and friend
Helmut Rauch, who inspired me with most of the ideas presented in this
book. Without his encouragement and promotion this work would not have
been accomplished. I would like to thank him for constant discussions and
interchange of ideas. I wish to lay emphasis on the fact that, for me, he is
representative of scientific thinking and acting.

Over the years I collaborated with colleagues who directly or indirectly
contributed to this work. I would like to thank them cordially for their valu-
able cooperation and for giving to me many tips, suggestions and encour-
agement. In particular: Gerald Badurek, Matthias Baron, Winfried Boxleit-
ner, Paolo Facchi, Norman Finger, Matthias Jakob, Thomas Lénger, Othmar
Lasser, Thomas Lortinser, Michael Nolle, Christoph Pacher, Saverio Pascazio,
Momtchil Peev, Bernhard Omer, Dieter Petrascheck, Andreas Poppe and Jo-
hann Summhammer.

Last, but not least, I would like to thank my wife Ingrid for her under-
standing and endurance. Certainly it was not always easy to get along with
me during all this time of book-writing and forgetting everyday life.
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book.
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Theory
of Quantum Mechanical Distribution Functions



1 Some Basics

In this chapter we review some basics that are of importance in the rest of
the book. On the one hand, we consider the construction of classical mean
values, and on the other, the quantum mechanical concept of expectation
values.

In particular, the difference between the approach of the classical mean
value and of the classical probability density function in comparison with the
quantum mechanical concept of formation of a “mean”, called expectation
value, and quantum mechanical distribution functions defined in Chap. 2
should be clearly recognized. To this end, a glimpse is thrown on the quantum
mechanical harmonic oscillator and on the concept of the density operator.

1.1 Classical Mean Value

1.1.1 One Variable ¢q

The classical mean value (A), of a quantity A(q) can be expressed as

b
(4),, = / Ala) Pa(q)da, (L1)

where P, (q) is a probability density function.

A first simple example is given by the rectangular probability density
function P, (¢) = 1/(b—a). P} (g) is constant (# 0) between a and b (b > a)
and outside this interval the function is zero. P}(g) is normalized to 1. If
A(q) = q we get the arithmetic mean value (¢) = (a+b)/2. The mean square
deviation (or variance) is Ag = 1/(¢2) — (¢)> = (b—a)/V12.

A second, very important example is the normalized Gaussian distribution

function
G\ 1 exp | — (¢ - QO)2

where (q) = qo and (¢?) = ¢2 + (Aq)%. The full width at half maximum
(FWHM) is (Aq)v8In2.
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1.1.2 Two Variables q; and q»

The corresponding two-dimensional classical distribution function P, (g1, ¢2)
is defined by the mean value

(A)a = //A(Q17q2)Pcl(q17q2)dQ1dCI2~ (1.3)

Example 1: In the case when the variables ¢; and ¢ are independent, a prod-
uct of two Gaussian distribution functions can be used instead of P.(q1, ¢2).
The total mean square deviation Agq is in this case Aq = \/(Aq1)? + (Ag2)?,
where Aq; and Agy are the mean square deviations of the single Gaussian
functions, respectively.

Example 2: If the two values ¢; and g2 are not independent of each other,
a two-dimensional Gaussian distribution function sz(ql,qg) is frequently
used:

exp{f 2(1ip2) [(lhA—qql(n )2 _ 2/)( lhA—qqlm )((J2A—qq202) 4 (Q2A—q11202 )2]}

2m(Aq1)(Ag2) /1 — p?

P32(Q1,Q2) =

(1.4)
In this formula qo; and gg2 are mean values and p is called the correlation
coefficient (—1 < p < 1). Using this distribution function, the expressions
(q1), {q2) and (g1g2) can be determined. The quantity 12 = (q192) — (¢1){g2)
is called covariance. It turns out that o190 = p(Aq1)(Agz). The total variance
Aq = \/(Aql)2 + (Ag2)? + 2012. If 012 = 0, the result is the same as in the
first example. Two-dimensional Gaussian probability density functions are
used in Part IV to describe the influence of space-dependent inhomogeneities
of magnetic fields on the coherent superposition of wave functions in spin
interferometry.

1.2 Expectation Value

Some important results in quantum mechanics are briefly summarized in
this section. Because of the importance of the quantum mechanical harmonic
oscillator in quantum optics, its basics are introduced, and a formula for
expectation values is developed, which represents an analogue to that of the
classical mean value of a quantity. In the process, the concept of the density
operator is introduced.

1.2.1 Quantum Mechanical Harmonic Oscillator

The Schrédinger equation

d )
) = Aly) (15)
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characterizes the time-dependent evolution of the wave function [¢)) under
the action of the Hamilton operator H. For the one-dimensional quantum
mechanical oscillator the Hamiltonian reads as follows

H=p*/(2M) + U (%), (1.6)

where the potential
U(#) = MQ%3?% )2 (1.7)

is proportional to the square of the position operator Z. Here {2 is the fre-
quency of a particle of mass M. p is the momentum operator. Eigenstates of
the Hamiltonian are the energy eigenstates |m), which belong to the eigen-
values E,,: R

H|m) = Ep,|m). (1.8)

If um(x) = (x|m) are the energy eigenfunctions in position representation,
this equation can be written as

2 2M 1
T

The solutions of this equation are known (see, e.g., [1]) as
U (2) = Ny Hy (o' ) exp{—(a/x)?/2}, (1.10)

where N,,, = (a/?/m)Y/4/v/2mm! and o/ = /M2/h. H,(z) are Hermite
polynomials: Hy = 1, H; = 2z, Hy = 422 — 2, ... . The energy eigenvalues are
E,, = h2(m +1/2).

1.2.2 Density Operator and Expectation Value

In this section, we introduce the concept of the density operator and use it
to construct the expectation value.

The state vector contains the entire information about a quantum system.
However, in many cases we do not know every detail of the system because it
has too many degrees of freedom. For example, if it is coupled to a reservoir,
one cannot predict exactly the movement of the components of the system.
An atom that is subjected to spontaneous emission is another example. In
these cases, the system cannot be specified entirely by a single state vector.
The concept of the density operator is required (see, e.g., [1] or [2]) .

[{(x|m)]? = |um(x)|?, the probability density of an energy eigenstate in
position representation, describes the probability of a quantum mechanical
pure state. However, we want to specify mixed states where a superposition of
|m)-states, namely 1)) = >°°_ ¢x|m), has to be considered. ¢,, are complex
coefficients depending on the properties of the reservoir, for example. P, =
|, |? is the probability of the single energy state |m). Alternatively, ¢, can
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be expressed by P,, and an arbitrary phase @,,: ¢, = /P exp{t®P,}. In
this case, the wave function

V(@) = (2ly) = Zcmum (1.11)

is a superposition of energy eigenfunctions with probability density

Z Con iy ( ZP Jum ()2 + ) €huenty, (@)un(@).

m,n=0 m#n
(1.12)
The first term specifies the probability of finding a particle that is in the
m-~th-energy eigenstate at position x. In addition, a second term gives rise to
interactions between the different wave functions. The major difference be-
tween classical and quantum mechanics becomes apparent here and is caused
by this second term.
In order to arrive at the concept of the density operator p, we rewrite
|v(2)|? as follows:

(@) = (zv)(¥]2) = (z]plz), (1.13)
where
b= ZP im)(m|+ > /PP exp{e(@m—Bp) m)(n].  (1.14)
m¥#n

Since the phases are completely unknown we have to average. Because of
ffﬂ exp{1®P}dP = 0 the density operator finally reads

00
= Z )
m=

where we have generalized to an orthogonal and normalized system of wave
vectors [¢b,,) instead of |m). The trace of p is 1:

y [ m) (Yl (1.15)

) = (Wmloltm) = Y Py, = 1. (1.16)
m=0 m=0
The expectation value <O> of an operator O can now be written as TT(Oﬁ):

Tr(0p) = > (GulOWom) Py (mltrr) = > Py (o] Olthm) = (O).
l,m=0 m=0
(1.17)
We shall see afterwards that the density operator is a very useful concept for
phase-space representations of the wave function. Two examples of expecta-
tion values are given subsequently.
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Example 1: The expectation value of g is < 1:

() =Tr(p*) =Y _(wilo?leh) = Z% < ZPW —1. (1.18)
1=0
Example 2: The thermal state (see, e.g., [2,3])

We denote by [1,) = |n) the energy eigenstates of the quantum harmonic
oscillator (e.g., number states or photons). In a thermal state the probability
P, of finding a quantum system (e.g., an electromagnetic radiation field) in
its n-th energy state is given by Boltzmann’s law P, = N exp{—nf}, where
B = h2/(kgT). kp is Boltzmann’s constant, {2 is the frequency of the os-
cillators, T' is the temperature of the ensemble, and N is a normalization
constant. According to (1.15) the density operator of a thermal state is given
by

o0

pin =N exp{—nB}n)(n|. (1.19)

n=0
It can be seen that (n|p|n) = P,. N can be determined from Tr(ps,) = 1
and is shown to be N = 1 — exp{—/}. The temperature T is defined via the
mean energy (H), where H is the Hamiltonian of the quantum mechanical
oscillator. We get

(H) =Tr(Hpw) = h2 > (n|(n+1/2)pmIn) = h2(ne +1/2),  (1.20)
n=0

where ny, = Yoo nP, = (n) is the mean number of photons in the thermal
state. Moreover,

NZn exp{—nf} = fNaﬁ Z exp{—ng} = 1 (1.21)

o exp{f} —1

Immediately we have exp{8} = ({n) + 1)/{n). The density operator for the
thermal state now reads

o = — 3 )" n)(n
o= 1 & () e (1.22)

Likewise the energy distribution P, can be expressed as a function of (n):

P, = = o7l > 7 ( (n) )™. Moreover, Planck’s law for the black-body spectrum at

(n)y+1
temperature T can be expressed as a function of 8 by the formula
(rh)*c? 3
W (82 = 1.23
W) (s = B, (1.23)

where the radiative energy density (Wr(£2)) is the energy per unit volume
per unit angular frequency range in the black-body spectrum and its units
are Jsm™3.
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It is well-known that quantum states of the electromagnetic field lead to an
interesting representation, which is also particularly useful for the treatment
of optical coherence. This coherent-state representation leads to a close corre-
spondence between the quantum and classical correlation functions. Coherent
states turn out to be particularly appropriate for the description of electro-
magnetic fields generated by coherent sources like lasers. Coherent states
were first discovered in connection with the quantum harmonic oscillator by
E. Schrodinger (1926), who referred to them as states of minimum uncertainty
product. Their properties were further investigated by J.R. Klauder (1960),
who introduced a functional representation of quantum states. Shortly af-
terwards, R.J. Glauber [4] pointed out that coherent states are particularly
important and appropriate for the quantum treatment of optical coherence
and their adoption in quantum optics. In the course of the following chapters,
it will become apparent that coherence and interference properties are closely
connected in the phase-space formulation of quantum mechanics, which has
its roots in the classical work of E.P. Wigner (1932). The main tool of that
formalism is the introduction of phase-space “quasi-probability” distribution
functions, from which the Wigner distribution function is the best known
one. Various kinds of phase-space distribution functions (the Wigner func-
tion, the P-function, the Q-function) can provide useful physical insights pro-
viding practical advantages. A general review, including dynamical features
of quantum distribution functions, demonstrates this advantage [5].

In this chapter we shall treat some important quantum mechanical distri-
bution functions. Among them the Wigner function, the Q-function and the
P-function are the most relevant. Of particular interest in interferometry is
the Wigner function. Due to this fact we, therefore, attach special importance
to the Wigner formalism in the following sections.

2.1 Wigner Function

As we have seen in (1.13) the probability p(z) of finding a particle at posi-
tion x is expressed by the density operator p as follows: p(x) = |[¢(x)|? =
(x|Y)(W|z) = (x|p|x). The density matrix p(z,2’) = (z|p|a’) of two distinct
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positions x and z’ is the starting point for the definition of the Wigner func-
tion. That is to say, the Fourier transformation of p(z — y/2,2 + y/2) for
displaced position coordinates provides the Wigner function W (zx,p) [5]:

1 oo

W(%p) = 7k
—00

(= Llola+ %) explup/n}dy, (2.1)

where p = hk and k are the momentum coordinate and the wave number,
respectively . The derivation of the Wigner function is carried out below.

2.1.1 Wigner Function of a Wave Packet

First of all we write the Wigner function for a pure state p = |¢) (¢|:

1 o0
W(z,p) = 5~ . P (x + %) w(m = %)exp{lyp/ﬁ}dy- (2.2)
As a next step the concept of the wave packet is presented. A Gaussian wave
packet

_ 21-1/4 (k = ko)*

a(k) = [27(0k)?] "V * exp {4(<5k)2 (2.3)
describes a wave number distribution with mean wave number kg and mean
square deviation (dk)?, where the normalization condition ffooo a?(k)dk =1
holds. The time-dependent wave function 9 (x,t) is defined via the Fourier
transformation

V(@ t) = J%Tr /_ " (k) expla(ks — 2t)hdk, (2.4)

where the dispersion relation for massive particles of mass M reads 2 =
hk?/(2M). The calculation yields [1]

lﬂ(.l’,t) _ [2((51(1)2/71'}1/4 [l‘(ék‘)P - ’Lko(l‘ - ’Uot/2) } 7 (25)

1
s/l—l—mteXp{_ 14yt

where v = 2h(6k)?/M and the mean particle velocity vg = hko/M. The
squared absolute value specifies the position distribution

S S G C k1)
T )

Because Ax(t) = /14 (vt)2/[2(0k)] this formula describes the time-
broadening of the wave packet in time. In the case of ¢ = 0, we get the
minimum Heisenberg uncertainty relation Az(0) = dx = 1/[2(dk)]. In addi-
tion we have [~ |i(z,t)[>dz = 1.

Y(x,t) of (2.5) is inserted into (2.2) and we get the Wigner function of a
wave packet

(e, ) = (2.6)
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0.4
0.3
0.2 /
1]
7 /1]
0.1 é/’,:’:l'
0

200

Fig. 2.1. Wigner function of a wave packet (2.7), 0k/ko = 1%

Wi p (2, b, £) = %exp {—(’“2(5:)02) — 2(Sk)2(z — m)?} e

where v = hk/M is the particle velocity. This is the two-fold Gaussian func-
tion drawn in Fig. 2.1 for ¢t = 0, where 0k/kg = 1%.

2.1.2 Properties of the Wigner Function

Some important properties of Wigner functions are derived in order to under-
stand the features of their graphical representations shown throughout the
book. In the following, the time-dependence is omitted and the boundaries of
the integrals are —oco to +o0o. Likewise, we derive these properties using the
pure quantum state for the density operator p. In the case of mixed states,
only a summation over the corresponding probability has to be carried out.
It is anticipated that the Wigner function is a real function.

1./W@M@:W@W (2.8)

Proof: [ W (z,p)dp =[1/(xh)] [[{z—yl|p|z+y) exp{2wpy/h}dydp = [(z— y|p|
xx 4 y)d(y)dy = (z|p|x) = |¢(z)]* O

2. [ Wapdo = o) (2.9)
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Proof: [ W (x,p)dx = [1/(wh)] [ exp{2upy/h}[[(z — ylplz + y)dx]dy
= [1/(xh)] J exp{2wy /B[ (@7l + 2y)da’)dy

= [1/ 0] [ J explw(a” — o) /B |pla" o' da”

= [1/v27h] [ exp{—wa’'/h}(a'|dz’ p[1/v/2rh] [ exp{epa”/h}|a")dz"
= (p|plp) = |¢(p)|?, where we have used the Fourier transform

[1/v/27h] [ exp{wpz/h}|z)dx = |p) and ¢(p) = (p|¢) O
3. //W(x,p)da:dp: 1 (2.10)

4. W(x,p) = %/@*(p+p'/2)s0(p—p’/2)exp{—wp’/h}dp' (2.11)

Proof: In the following derivation the Fourier transforms
e(p) = [1/vV27h] [ Y(z) exp{—wz/h}dx and
Y(z) = [1/V2nh] [ ¢(p) exp{wpz/h}dp are applied:

W (z,p) = [1/(nh)] [ exp{2wpy/h}dy[1/(27h)]
x [ *(p') exp{—wp (x+y )/hydp" [ @(p") exp{ep (x — y)/h}dp”
= [1/(xh2mh)] [ ¢*(p') exp{—wp 'z /h}dp’
X f o(p") exp{lp”m/ﬁ}dp”%%(?p P —p")
/(7h)] [ * (p') exp{—wp'z/h}dp' o(2p — p') explax(2p — p')/h}
=[ /(7)) [ o*(p+p)e(p — p')exp{—2uxp’ /h}dp’ O

Equation (2.11) is very valuable, because it is often much easier to calcu-
late the Wigner function using ¢(p) instead of (2.2) applying ¥ (x).

2
>0 (212

5. 27rh// Wy, (2, p) W, (2, p)dzdp = ‘/wi‘(qwg(@dq

Proof: 2nh [ [{[1/(xh)] [ dyi(z +y)vr (e — y) exp{2wy/h}}

x {[1/(mh)] [ dzp3(z + 2)pa(x — 2) exp{2upz/h} }dxdp

=2rh [[1/(7h)?] [ dyyi(z+y)1(x —y) [ dzyi(z+ 2)a(z — 2)Thd(y + 2)dx
==2[ [4i(@+y)a(z - )%(x - )wz(w+y)dxdy

= [ ¥i(wa(u)du [ 1 (v)¢5(v)do = | [ 7 (u)z(u)dul* O

For 1 (q) = 12(q) the right-hand side of (2.12) is 1.
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One important implication can be drawn from (2.12): the right-hand side
is > 0. However, the two functions 11 (q) and 1¢2(gq) can be orthogonal. This
means that the equal sign is valid, which implies that the Wigner function
cannot be positive everywhere. This is an important distinction to classical
distribution functions, which are > 0 everywhere.

2.1.3 Derivation of the Wigner Function

If the Wigner function is the desired quantum mechanical distribution func-
tion, the expectation value of an operator A can be expressed with it:

() = (plAlp) = TrlpA] = / / A, p)W (e, p)dedp,  (2.13)

which is the quantum mechanical equivalent to the classical expression (1.3)
in two dimensions.

Pmof It is assumed that a Fourier transform a(o,7) of A(x,p), namely
= [[ a(o,7)exp{i(cx + Tp)/h}dodr, exists. Moreover, an operator

A(m p) is associated to the Fourier transform via the expression Az, p) =
[[ a(o,7) exp{1(c& + 7p)/h}dodr. The expectation value of A is thus

() = WlAl) = [[ el exofilod + o) /i) dodr. (219
If the matrix element

(| expla(od + 5)/A}|) = / / W (x,p) explu(ox + rp)/h}dadp = C(o,7)

(2.15)
is the Fourier transform of the Wigner function, where C(c, 7) is the charac-

teristic function (or Weyl function), then (A) is exactly (2.13). So (2.15) has
to be proved. Consider the following: the right-hand side gives

C(o, 7')
~ orh ///¢ x + (33 - 5) exp{w(y + 7)/h} exp{rox/h}dydzdp
//1/) T + (a: — 5) exp{roz/h}é(y + 7)dydz

= /1/)* (ac - %) P (x + g) exp{iwoz/h}dx.

In order to calculate the left-hand side of (2.15), the matrix has to be
determined using the Baker—Campbell-Hausdorff theorem (see, e.g., [2]):
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exp{A + B} = exp{A} exp{B} exp{—[A, B]/2}. Due to Heisenberg’s uncer-
tainty relation [, p] = +h, the matrix element reads

(Vexp{e(od + 7p)/h}|¢)) = expfror/(2h) } (Y] explro/h} exp{vrp/h}[¢)
= / dx exp{roT/(2h)} (Y| explrod/h}|x) (x| exp{erp/h} )

- / dz expao/(21)} (] explaoz/B [z)(z + 7][)

= /dx exp{e(ocx + o7/2)/R}* (x)p(x + T)
_ / da' explioa’ R} (& — 7/2)u(@ +7/2) = C(o,7),

where the translation operation exp{—ump/h}|z) = |z 4+ 7) has been used.
The matrix element is exactly the characteristic function. Thus (2.15) has
been proved. Inserting (2.15) into (2.14), we get

(A) = / / alo,T) / / W (z, p) exp{s(ox + 7p)/h}dxdpdodr
_ / / W(z,p) / / a(0,7) expla(o + 7p)/R}dodrdzdp
_ / / Az, p)W (2, p)dzdp O

2.1.4 Wigner Function of the Harmonic Oscillator

The wave functions u,(z) of (1.10) for the quantum mechanical harmonic
oscillator (QMHO) are inserted according to (2.2) in order to construct the
Wigner distribution Wgyo(x, p,n). We obtain (see, e.g., [2, p.105])

1 *
Wro(z,p.n) = — [ up (@ + y)un(z —y) exp{2Zipy/h}dy
_ LL exp{_(a/x)Q} / e2zpy/h—(a/y)2
wh 2"nl/n

X Hy o/ (2 + y) | Hn[o' (z — y)]dy.

We introduce a new quantity z = o’y — 5/, where o/ = \/M2/h and 3’ =
ip/ (/). The associated integral becomes [ exp{—2z?}H,(z+8' +a'z)H, (2 +
B — o'z)dz = 2"n!y/nL,[2(a?2? — 3?)]. L,(x) are Laguerre polynomials.
Finally, we get

TWrho(x, k,n) = (—1)" exp{—2h(z, k) } L,,[4h(z, k)], (2.16)
where the Hamiltonian

1 1

h(z, k) = — i+11\m2x2 == k—2+x2a'2 (2.17)
’ h [2M 2 2 \ a2
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is defined and the wave number & = p/h is introduced. The Laguerre
polynomials are: Lo(x) = 1, Li(z) = 1 — x, La(z) = 1 — 2z + 22/2,
Ly(z) = 1 — 3z + 322/2 — 23/6,.... The Wigner functions of (2.16) for
n = 0,1,2,3 and o/ = 1 are shown in Figs. 2.2 to 2.5. The related states

are called Fock states. For higher orders, the negative parts of the Wigner
function are clearly seen.

n=0

N
LIRS
ZAIIND (RO
RIS

7

71
]
4tk "l'

k 4 -4 X

Fig. 2.2. Wigner function of QMHO (2.16): ground state n =0 (a’ = 1)
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Fig. 2.3. Wigner function of QMHO: first state n =1
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Fig. 2.4. Wigner function of QMHO: second state n = 2
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Fig. 2.5. Wigner function of QMHO: third state n =3

2.2 Q-Function

A general distribution function Py(x,p) evolves from smearing (by convo-
lution) the Wigner function using a function g(z — 2’,p — p'): Py(z,p) =
[[g(x—2a',p—p )W (2',p)da'dp’. The Q-function Q(z,p) (or Husimi
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function) applies a Gaussian distribution

IV (=2 A -p)?
Gz —a',p p,v)—ﬂheXp{ 5 72 : (2.18)

such that
Qr.p) = / / Gla—a'p— P )W (e, p))da'dp. (2.19)

According to property 5 of Sect. 2.1.2, the Q-function is always positive
because the Gaussian distribution function of two variables can be consid-
ered as a special Wigner function. For example, the Wigner function of the
ground state of the QMHO (see (2.16)), that is to say nWgo(x, k,n =
0) = exp{—2h(z,k)}, is a double Gaussian function in z and k. If we put
a'? = 1/, the relation Wyo(z — 2/, k — k',n = 0) = G(z — 2/, k — k', ) is
valid. We shall see below that the mean square deviation of the QMHO-Q-
function of the ground state is twice as large as for the Wigner distribution.
So m1Quo(x, k,n =0) = exp{—h(z, k)}. This can also be directly verified by
insertion in (2.19).

2.3 A Systematic Approach
of Quasi-Distribution Functions

In the following, we shall introduce two new operators: the creation opera-
tor @™ and the annihilation operator a. The application of these operators
has been a very successful concept in the quantum theory of the electromag-
netic field. Thereby the QMHO is described by a* and a (see, e.g., [1]). On
the other hand, the formalism of creation and annihilation operators pro-
vides the possibility for a systematic approach in order to develop the theory
of quantum mechanical distribution functions (also called quasi-distribution
functions). The Wigner function and the Q-function are examples of the
quasi-distributions discussed above. Hence, we make use of these two opera-
tors in the following.
We start with the Hamiltonian of the QMHO (1.6):

-2 242 -2 242
- p Mz D AT
H=— = h{? 2.2
o T 2 h {271)\2 LTS ] ’ (220)
where A = VM2 (= vha' as before). If we define a* and a as
1 7 1 1
it = — (M- 2p o= —— (\i+ <p 2.21
a \/ﬁ()\a: Ap), a \/ﬁ(/\x—F)\p), (2.21)

the Hamiltonian can be written as

H=—"(aa" +a"a) = h02 (N + f) : (2.22)



18 2 Quantum Mechanical Distribution Functions

where N = a*a is called the number operator. In (2.22) Heisenberg’s uncer-

tainty relation [Z, p] = Wbl or [a,at] = T has been used. Now the energy eigen-
values of H are E,, = if2(n + 1/2). Hence N has eigenvalues n = 0,1,2, ....
The corresponding eigenvalue equation reads as follows:

Nn) = n|n), (2.23)

where |n) are the normalized basis vectors (likewise called Fock states, or
number states or energy states of the QMHO). The following properties of
Fock states are very important:

atlny =vn+1n+1), an)=+vnn—-1), (nm) = umn. (2.24)
Some other relations are frequently used below:

alo)=0, > In)(nl=1, [a,(a")"]=mn(a*)"", (2.25)

where |0) is called vacuum state of the QMHO where no photons exist. There
are no fluctuations for any single photon state |n), because (n|(AN)2|n) =
(n|(N)2|n) — ((n|N|n))? = n? —n? = 0. This is not the case with the coherent
states discussed subsequently.

2.3.1 Coherent States

In this context the characteristic operator

C(o,7) = exp{e(cz + 7p)/h} (2.26)

in (2.15) plays an important role. The quantities o and 7 are real. We define
a complex value « in such a way that ¢ = —iA\/h/2(a — o*) and 7 =

—(1/M)\/Rh/2(a + *). Using (2.21) the characteristic operator C(o,7) can
then be transformed to the displacement operator D(«) and we get the result:

C(o,7) = exp{aa™ — a*a} = D(a). (2.27)

The properties of D(«) are described in the following lines. Using the Baker—
Campbell-Hausdorff theorem we get the relations below: [4-10]

() = D(—a)™!, D(a)* = D(—a)=D(a)™', D(a)"D(a)=1.
(2.28)

It is interesting to note that D(«) # D(a)T. D(a) is not Hermitian. After
some algebra we get

ai*b(a) = D(a) [—% - a] ., D(a) [% + a} - [a - %} D(a)
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and the following operator equations:
D(a)"'aD(a) = a+a, D(a) 'a*D(a) =at + o (2.29)

Because of these two transformation properties ﬁ(a) is called a displacement
operator. The eigenstates of @ are called coherent states |a). In order to
identify these states we apply D(«) on the vacuum state |0):

P —|a|? aat —la? — a n
o) = Dle)jo) = e~ /2en" o) = o2 32 Tty

N i 2.30
=e me), (2.30)
n=0 °

where (2.25) has been used. Furthermore, it is easy to show that the equa-
tions ala) = aja) and {a|a™ = (a|a* are satisfied. The normalization of the
coherent states yields

(a]a) = Z |(n]a)|? ZO \0‘|2|0er¥ = ioPn =1 (2.31)

The photons in a coherent state are distributed according to a Poissonian
distribution P, = exp{—|a|?}|a|?"/(n!). The expectation value of photons
(the mean photon number) in a coherent state is

2 « 2n
(n) = {(aln|a) = Z”P _Z el (,L_|1)g

n=1
_E’ el e

In an analogous manner we can calculate (n?) = |a|* + |a|?>. The mean
square deviation o, = (n?) — (n)? = |a|?> = (n). This is characteristic for
a Poissonian distribution. In Fig. 2.6 P, is drawn for (n) = 3. For a =
0 — Py = 1. In the limit of large «, the Poissonian distribution passes into
a Gaussian distribution:

1 1/2 — o?
lim P, = ———exp {_n+/a} (2.33)

2(n+1)
|O“ = |af?. (2.32)

202

Using the definition of the coherent states (2.30) it can easily be shown
that two different coherent states |a) and |3) are not orthogonal: (8la) =
exp{—|al?/2 —|B]?/2+ aB*}. Moreover, |(B|a)|? = exp{—|a — §|?}. Only for
highly distinguishable states, that is to say if |« — 3] > 1, is the product
nearly orthogonal: (8|a) ~ 0. One important property of coherent states
should be mentioned yet:

i %/|a><a|d2a, (2.34)
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Fig. 2.6. Poissonian distribution P, = e 1 for (n) = la)®> =3

where d?a = d(Ra)d(Sa) = |ald|aldd. Coherent states are complete. That
means that a trace of an operator can be written as the trace over coher-
ent states: Tr(A) = (1/x) f<a|fl|a>d2a. In the following two examples, the
position wave functions of coherent states are determined.

Example1: We would like to calculate the position wave function of the
coherent state for o = 0. Equations (2.25) and (2.21) yield

(z|al0y = 0 = { [m + %p} 0y = —— [M: + g%] dolz),  (2.35)

1
rl——
|\/27T V2T

where the wave function ¥g(z) = (2|0) has been defined. We get the differ-
ential equation and the appropriate solution:

e (a) = e — waf) = [ 2] Ve {— [%H - (230

The position distribution reads

RN SR SR
wo(x)—m((;x) p{ Q(M)Q}, (2.37)

where (0z)% = h/(2)\?) is the mean square deviation of the Gaussian distri-
bution. Because A\ = vha' = v/ M {2, this equation is in agreement with the
eigenfunctions in position representation uZ(x) of the QMHO of the ground
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state (see (1.10)). The related Wigner function has been discussed in Fig. 2.2.
Because of Heisenberg’s minimum uncertainty relation (dp)(dz) = h/2, we
achieve (0p) = \?(dz).

We can calculate the Wigner function W,—(x, k) using the wave function

bolz) (2.36):

1 122 2 12
Wea=o(z, k) = /1/10 ¢O<x+2>elkydy:—e*“ et =k /"
T

If this result is compared to (2.16), the following relation can be written
instantaneously:
Wazo(l", k?) = WHo(a?, k,n= 0).

In other words, the Wigner function of the coherent state for « = 0 is
identical to the Wigner function of the ground state of the quantum me-
chanical harmonic oscillator. A coherent state |«) is the closest analogue to
a classical light field and exhibits a Poisson photon number distribution with
an average photon number |a|?. Coherent states have minimal fluctuations
permitted by the Heisenberg uncertainty principle. On the contrary, a Fock
state |n) is strictly quantum mechanical and contains a precisely defined
number n of quanta of field excitation. Coherent states and Fock states meet
exactly at &« = 0 and n = 0, respectively. The transition from quantum to
classical states has been studied using single-photon-added coherent states of
light [11].

Example 2: The position wave function of the coherent state for a # 0 is
determined from the eigenvalue equation dla) = a|a):

(lale) = (s

\/% [Afc + %ﬁ] a> = a{z|a). (2.38)

The wave function is denoted by 9, (z) = (x|a). The result is:

Az Py 2
o) = |— expl — |— —« . 2.39
o[ w5 T) e
This is a similar Gaussian function to that in (2.36) but displaced by «. The
position distribution reads

2/ N 1 exnd [z — 2(dz)a)?
V(@) = Va6 p{ RO } (2.40)

Because of the constant displacement of x by 2(dz)a and the same mean
square deviation (dz)?, the coherent states 1, (z) are only shifted Gaussian
functions of the distribution function 1o (z) of the QMHO ground state. The
Wigner function of v, (z) looks like that in Fig. 2.2, only the coordinate
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system has been shifted by a corresponding a-value. Furthermore, the Pois-
sonian distribution P, can be expressed by ¢, (x):

P = ltnka)? = (ol ( [ 1aotel )l ) P = | [ @)

In the following sections we shall concentrate on three important arrange-
ments of the operators @ and a™:

2
(2.41)

1. The normal ordering (a*)™a", which entails the P-function.

2. The symmetric ordering {ata} = (a*a +aat)/2 or {aTa?} = (ata® +
aata +a%at)/3, etc., which gives the Wigner function.

3. The anti-normal ordering a™(a™*)", which gives rise to the Q-function.

2.3.2 Normal Ordering of Operators (P-Function)

When we are dealing with the normal operator ordering, the creation operator
a* has to be arranged to left of the annihilation operator @ in an operator
product. Therefore, we write for an operator A:

A= D" cpnlat)man. (2.42)
0

m,n=

Now the P-function P(«) is introduced according to the density operator
concept in (1.15) using the completeness of the coherent states |a):

b= / Pla)]a)(alda, (2.43)

where the normalization condition 7r(p) = [ P(a)d*a = 1 is fulfilled. Inter-
estingly, besides a Gaussian function, a Delta-function is also able to meet
this condition.

As a special case for normal operator ordering AN, we now consider the
expression

Ay = exp{€a*}exp{—¢*a}. (2.44)

The expectation value (Ay) can be written as a Fourier integral

(An) = Tr[oAN] = /P(a)<0¢|/11v|a>d20‘ = /P(a)ega*_g*ad%z =xn (&),
(2.45)
where xn(£) is the characteristic function of normal ordered operators Ay .
The P-function can be expressed by the inverse Fourier transformation (note
that o™ — £*« is purely imaginary):

Pl) = 5 [ (@ (2.46)
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We can evaluate |y n(€)| using the Baker—-Campbell-Hausdorff theorem:
v (€)] = el Trpes™ =72 < el612, (2.47)

If |¢] — o0, the P-function is singular.

A simple example is the number operator N = ata. The expectation
value yields the mean photon number according to (2.32) and the result is
(N) = Tr[pN] = [ P(/)||2d?a’ = |a|? = (n), where we conclude that the
P-function has to be P(a) = §%(a — o’). We shall see later that the thermal
state of a radiation field (see Sect. 1.2.2) yields a Gaussian distribution for
the P-function.

2.3.3 Symmetric Ordering of Operators (Wigner Function)

If the operator ordering is symmetric, we consider the following operator
polynomial:

oo

A= 3" bpa{aH)ma"}, (2.48)

m,n=0

where the curly braces mean “symmetrically ordered” as defined before (g.g.,
{a*a} = (ata + aa™)/2). Let us examine the displacement operator D(&)
defined in (2.27):

D(¢) = exp{¢a* — ¢"a}. (2.49)
Because
D) =D (tat —gra)™/(mb),
m=0
(fd"r _ 5*&)771 _ Z(_l)lgm—l(g*)l“(nznil)!{(&-i-)m—ldl}7

N
I
<

the displacement operator is symmetric. Using the Baker-Campbell-Hausdorft
theorem (see (2.28)) and (2.45), the expectation value of D reads as

(D) = Tr[oD(€)] = / P(a)(a|D(€)]a)d?a = e ¥ 2y (€) = xs(€), (2.50)

where (a|D(¢)]a) = e§a” =€ a~I¢1/2 hias been used. xs (&) is the characteristic
function of symmetric ordered operators. Comparing to (2.27) and (2.15), we
recognize that the Wigner function is the Fourier transform of xs(&):

Wia) = = [xs(@er e, (2.51)

T2
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If xs(€) of (2.50) is inserted into (2.51), after some algebra we achieve the
following relation:

2
Wi(a) = —/P(ﬂ)e‘2‘o‘_5‘2d25. (2.52)
T
Considering (2.50) and (2.47), we draw the following conclusion:

xs(€)] = e 2 xn () < 1, (2.53)

which means that symmetric characteristic functions are bounded contrary to
xn(§). For example, if p = |a)(«| is the density operator of coherent states,
P(a) becomes a Delta-function 6(a — ') (because of (2.43)). According to
(2.45) we then have the relation |xs(§)| = 6*|§|2/2\efa'**5*0/| = l6P/2 <1
for all &.

2.3.4 Anti-Normal Ordering of Operators (Q-Function)
Anti-normal ordered operators look like
A= " dpypa™@h)". (2.54)
m,n=0

We consider the particular operator
Ay = exp{—¢&*a}exp{ca*}. (2.55)

The expectation value is calculated according to
(Aa) = Trleda] = [ P@)(aldsa)a = xa(@).  (250)

Characteristic functions are expectation values of the corresponding opera-
tors under consideration. We determine directly x 4 (£) using the completeness
of coherent states (2.34):

Xa(§) = Trlpe=¢ et ) = Tr [ﬁe_f*d <7lr / |04><04|d2a) e§d+]
= l/ Lo’ =g playd?a = /eéa**f*aQ(a)d%, (2.57)

0
where the Q-function
1,
Q(a) = ~{alplo) (259)

has been defined. If we insert p = |¢) (1| according to (1.15) the Q-function
is Q(a) = [{(¥|a)|?/m > 0 in any case. This is an important result and corre-
sponds with Sect. 2.2.
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Similar to (2.46) and (2.51), the Q-function is expressed as a Fourier
transform of the corresponding characteristic function:

Q(a) = %/m(f)ef*“‘f“*d% (2.59)

If xa(&) of (2.56) is inserted into (2.59) and if (2.28) is used, we get, after
some manipulation, a correlation between Q(«) and P(«):

Q) = [ P R, (2.60)
Using (2.28), xa(§) can be expressed by xn () and we get
Xa(€) = Trlpe %t = eI Prpet® =0 = eIy (6). (2.61)

For p = |a){a] = |xa(§)| = e~1€" < 1. If we merge (2.50) and (2.61), we get
a relation between the three characteristic functions:

Xn (€)™ = xs(©)e 71 /2 = x4 (€). (2.62)

2.3.5 Quasi-Distribution Functions of Coherent States

The density operator of a coherent state reads p = |3){5]. The Q-function is
therefore Q(a) = [{a|B)|?/7 = e*|°"ﬁ|2/7r (compare to Sect. 2.3.1).

From (2.43) it follows directly that P(«) is a Delta-function: P(a) =
0% (a = B) = 6[R(a — B)I0[S(a — B)].

The Wigner function W(«) is directly identified from (2.52): W(a) =
(2/7r)e’2|a’5‘2. We recognize that the mean square deviation of the Q-
function is twice as big as that of the Wigner function.

2.3.6 Q-Function of the Harmonic Oscillator

The density operator of a QMHO is p = |n)(n|. According to (2.58) and
(2.31) the Q-function reads as
B l ‘a|2n 1

Qo) = %|<n\a)|2 _ Lol prer L, (2.63)

The eigenvalue of @ with regard to coherent states |a) is «, or briefly: a|a) =
ala). According to (2.21) we have « = (Az + 1p/N)/V2h with A = VM.
Using (2.17) |a/? can be expressed through (p = hk)

2 _ — 1 ﬁ 2 72
la|® = h(z, k) = 5\ o2 + x|, (2.64)
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where o/ = \/ V/h. Finally we get for the Q-function

mQ(c)

=rQ(x, k,n) = %[h(ac, k)|me @k, (2.65)

This function is plotted in Figs. 2.7 to 2.10. As can be seen from these draw-
ings, the Q-function is positive everywhere and no oscillations appear as in
the Wigner function (Figs. 2.3 to 2.5). The ground state of the Q-function

n=0

9 7%
jltay)
oy %y
o
7
W
T
N
. { AR
0.5 :",',..,o,w&s NN
7, Iy 00y N\
RS
"eay Q QIR
4 ':'"';.""'{:;:‘: “"3}: 2

k 4 -4 X

Fig. 2.7. Q-function of QMHO (2.65): ground state n =0 (a/ = 1)

LR
SR
X

S

0.5

ikt
SREHhng
SR

%

LY
o S
7%,
%

%
ooos

o
o050rs

%
L

5%
s
25
55

L
5%
7

%
S

e en s gy A Oay Va0,
LR
LR
LRI
LR
RRIRRTR

%
$9%%%

%
LA
LA
B
%
%
7
e
5
555

%

i
2%
5
<
55

X

&
25
&
055
o
2

%

i

%

9%

0%
2
es

00

2
%
%

"%}
%S

X
s

8
5
o

208

5

:

%

s

o

%

%

LRLALR,
LB
-.'~2"~."~'."~'."~:'~'."~2~'.'~.
LRI

%

2

o

SRR

Fig. 2.8. Q-function of QMHO: first state n = 1



2.3 A Systematic Approach of Quasi-Distribution Functions 27

RRLR
3 QR
R LR
R R R R e -
SRR A B
" LR NN S,
N R R NN S
NN R 2 N s
& N R 71771 RN
S e NN Ry
R e A e R Iy
SRR A 25552 S Ry
St e e e o e N
S L o s R
e D e R Rz
0 S S SO SIS 2
SRRt L L L A R L RRRERRRRRRK 4
A L R RS R
L L A L A R
4 L A L A R R R
L L R R T R R,
R
RN, LR
2 R LRI
L& 22 R
X X
R LREIRILE
LRI

Fig. 2.9. Q-function of QMHO: second state n = 2

n=3

R
LR
AR
LR
RRRLRIIL

Fig. 2.10. Q-function of QMHO: third state n = 3

(Fig. 2.7) is twice as broad as the ground state of the Wigner function
(Fig. 2.2).
2.3.7 Distribution Functions of a Radiation Field

In this section we are dealing with quantum mechanical distribution functions
of a radiation field of temperature T [4]. The radiation field is in thermal
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equilibrium with its environment. Physically it can be described by a canoni-
cal ensemble of harmonic oscillators, where the mean photon number of these
oscillators, is ny, = (e? — 1)~ and B = h§2/(kpT) (compare to Sect. 1.2.2
and (1.21)). If T'— 0 (which means 8 — o0), then ny, — 0 and no photons
are excited. If T — oo (which means 8 — 0), then the mean number of
excited photons goes to co.

We envisage a radiation field built up by a large amount of single radiation
sources. The single sources are made up of an incoherent superposition of
coherent states. Looking at the density operator p of (2.43), we recognize
that p is exactly an incoherent mixture of coherent states, where P(«) is the
corresponding distribution function. At first, we consider two sources 1 and
2. Each single source consists of coherent states like

laa) = D(a1)[0) ,  |az) = D(e2)]0), (2.66)

where (2.30) has been used. For later purposes, we try to find the common
state of these two coherent states. To this end, we build up (using (2.28))

D(c1)D(ag) = D(ay + ap)eleroataio)/2 (2.67)

where the exponent is a pure phase factor. The new coherent state can be
written as

a1 + az) = D(o + a2)0). (2.68)

Remark: A superposition of two coherent states like |a) +|az) (Schrodinger-
cat-like state) can be established, e.g., in an interferometer where phase re-
lations are taken into account via an interference term. This is not realized
in a thermal radiation field.

We have already mentioned that each single source can be described by
an incoherent superposition of coherent states. For the first source, we can
therefore write an appropriate density operator

by = /Pl(al)|a1><a1|d2a1. (2.69)

Acting on its own, the second source would produce the field
pr= [ Palaslaz) asldas = [ Pa(an) Dian)0} 01D (aa)Paa.  (2:70)
The second source acting after the first field generates the field
p= /Pg(ag)f?(ag),élf)_l(ag)ang
= // Py(a2) Py (ay)|a + ao){oy 4 asld?ayd®as
= // 6 (a —ag — a2)|a><a|d2aP1(al)Pg(ag)dQ(xlang

- /P(a)|a)<a|d2a, (2.71)
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where the joint distribution function P(«) is defined by
P(a) = //52(05 — a1 — ag) Py (a1) Py(ag)d*ayd? oy

= /Pl(a — o )Py (o/)d?a = Py % Ps. (2.72)

We see that the distribution function for the superposition of two fields is
the convolution of the distribution functions for each field. If we have three
sources, the distribution function is P(a) = P * [P2 * Ps] and so on. If there
are N statistically independent sources, we have

N

N
P(a) :/.‘./52(a—zaj)Hp(aj)d2aj. (2.73)
J Jj=1

]

Here, N identical P-functions p(a;) have been used. In (2.45) we became
acquainted with the characteristic function of normal ordered operators. We
establish a characteristic function x(A) of an P-function p(«) by the following
expression

Y(\) = / e?p(a)d2a, (2.74)

where A = A, +1)\;, @ = a, +1; and da = (\a* + \*a)/2 = \ea, + Ny
is defined as a real quantity. If P(«) is inserted in (2.74) instead of p(«), the
convolution theorem can be used and we get the characteristic function of N
incoherent superimposed sources:

X(\) = / e Pa)d?a = [x(M\)]V. (2.75)

Let us consider x(\) more precisely. We expand e into a series and obtain

x(A) = / [1 + 2 a + % + .| p(a)d?a. (2.76)

If the individual sources are stationary, their weight function p(«) depends
only on |a|. We assume that the radiation field should be “unphased” which
means that for mean values the relation (o) = [ap(a)d?a = 0 is valid.
Assuming an “unphased” field, we calculate ((Aa)?) = (A )?)+{(N\i;)?) ~
IAI2(|a|?) /2. The mean value

(laf?) = / alp(a)d®a = (n) (2.77)
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is the mean photon number of one source. The transform x(\) may then be
approximated for small values of |\| by

x(\) ~1-— i|/\\2<n>. (2.78)

The transform for the superposed field may be approximated by
L
X(\) =~ exp 71|)\\ Nen ¢ s (2.79)

where
ng, = N(n) > 1 (2.80)

is just the average of the total number of quanta present in the mode. The
inverse Fourier transform becomes (see (2.46) and the definition of the ex-
pression A\a)

Pla) ~ —— / =X (A)d2A = — exp _laf (2.81)
(2m)? TR nep )

where the integration has to be performed over real and imaginary parts
separately. This is the P-function of the thermal radiation field. P(«a) can
only be accurately interpreted as a probability distribution for n:;, > 1. The
Gaussian distribution P(«) for the excitation of a mode has extremely wide
applicability. The random or chaotic sort of excitation it describes is presum-
ably characteristic of most of the familiar types of non-coherent macroscopic

light sources.
If nyp, = (e — 1)~ is used, P(a) takes the form

P(a) = %(eﬁ — 1) exp{—(e’ — 1)]|a?}. (2.82)

To reach the classical analogue (Ja|? > 1) of this distribution, namely

Pa(a) = ~Bexp{~Blal?), (283)

only for 8 <« 1 in (2.82) (low frequency modes) the modes are sufficiently
excited, to be accurately described by classical theory. For higher frequencies,
the two distributions differ greatly in nature even though both are Gaussian.
For higher frequencies (or ) P(«) approaches zero much faster than Py («).
This difference epitomizes the ultraviolet catastrophe of the classical radiation
theory.

The density operator of the system is (see (2.43))

1 >
b = —— [ e lol/mum d*a. 2.84
pn=— [ e |a)(afd o (2.84)
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After integration, using the definition of coherent states (2.30) and inserting
ng, = (€7 —1)71, we finally get

o0

pon =1 =) e In)(nl (2.85)

n=0
and this equation corresponds exactly to (1.19).
The Q-function is determined from (2.58) and gives

Q) = H(aloulo) = 10— e Pexp(-(1 - e af). (280

—(
T —0= Qo) =e 1o /r = Py/m. If T — 00 = Q() — 0.

To obtain the Wigner function, we find at first the characteristic function
xa(§) of anti-normal ordered operators identified, e.g., in (2.57) using Q(«)
of (2.86). The result is xa(¢) = exp{—|¢|?/(1 — e#)}. From (2.62) we have
the relation xs(§) = 6‘5‘2/2XA(§) = exp{—|¢[(e” — 1)~ 4 1/2]}. Inserting
into (2.51) we achieve

W(a) = 2 tanh (g) exp {2|a|2tanh <§) } : (2.87)

™

W(a) as well as Q(«) and P(«) are Gaussian functions. If we consider the
case T — 0= W(a) = (2/7r)e_2‘0‘|2 = (2/m)P? we find that the mean square
deviation of the Wigner function is one half of that of the Q-function.

2.4 Uncertainty Relations and Squeezed States

In this section, we investigate some uncertainty relations of the coherent
and squeezed states and in this regard encounter the time-dependent wave
function.

2.4.1 Uncertainty of the Coherent States

So far we have not focussed on time-dependent effects of coherent states.
According to (2.30), coherent states are composed of Fock states. Solving the
time-dependent Schrédinger equation (1.5) and using the potential (1.6), we
obtain a wave function

G(a,t) =D cpun (@) exp{—1E,t/h}, (2.88)
n=0

where uy, (z) is given in (1.10) and E,, = hf2(n+1/2) are the energy eigenval-
ues of the QMHO. Treating coherent states, the coefficients ¢,, can be ruled
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out via the condition Y. 7 ¢y un(z) = Yo (z), where ¥, () is taken from
(2.39).

It is by far much easier to maintain the formalism of creation and annihi-
lation operators taking time-dependence into account. An extension to (2.21)
is given by [1]

1 /n A /h
i(t) = A\E[aelm +ate™ ), pt) = l\/;[delm —ate ™). (2.89)

It is now easy to carry out expectation values z,, and p,o of the operators
Z(t) and p(t) in terms of coherent states:

Taa = (al2(t)]a) = zo cos(2t), o= %\/ﬁ (2.90)
and
Paa = (a]p(t)|er) = posin(L2t), po = aAV2h (2.91)

where a has been taken to be real. These equations resemble the solutions of

the classical harmonic oscillator. Similarly, the expectation values 22, and
p2,, can be calculated and we get
2 -2 h 2.2
xZ, = {a|E=(t)|a) = ﬁ[l + 4a” cos™(£2t)] (2.92)
and
2 ~2 A*h 2 02
Dae = (a]p?(t)]a) = 7[1 + 4a” sin®(£2t)]. (2.93)

The mean square deviations can be evaluated directly and are not time-
dependent:

_ N
2N

These relations have already been obtained in (2.37) and (2.40). This is a
typical result for coherent states. Heisenberg’s uncertainty relation reads

2 _ Ah

(62)? = 234 — (Taa)® o (299)

(517)2 = pia — (Paa)

(6x)(dp) = h/2. (2.95)

It should be mentioned that in quantum electrodynamics, the momentum
operator p(t) and the position operator &(t) are associated with the electric
and the magnetic field operator, respectively.

The relative uncertainty of position and of momentum is equal:

1 1

(5$/x0)2 = (510/]90)2 = W = m, (2.96)

where (2.32) has been inserted. The larger the mean photon number (n), the
smaller the relative uncertainties.
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Because of the time-dependence of the mean value z., of the position op-
erator in (2.90), a time-dependent wave function ¢, (x,t) can be constructed
similarly to (2.39):

vole) = [2] 1/46XP{—;\;[$—$0]2}

= Yu(z,t) = [ﬂ v exp {;;[x — 2 cos(m)]2} . (2.97)

2.4.2 Uncertainty of Squeezed States

In the preceding sections we created a coherent state of a mechanical, har-
monic oscillator from its ground state by displacing the quadratic potential.
The width of the wave packet was identical to the ground state wave packet of
the oscillator. Coherent states are minimum-uncertainty states (see (2.95))
with equal noise in both quadratures Z(t) and p(t) (see (2.96)). A general
class of minimum-uncertainty states is known as squeezed states. In general,
a squeezed state may have less noise in one quadrature than a coherent state.
To satisfy the requirements of a minimum-uncertainty state, the noise in the
other quadrature is greater than that of a coherent state.

We may define squeezed states by the following considerations. The anni-
hilation operator @ and the creation operator @™ meet the eigenvalue equa-
tions dla) = ala) and (a|at = a* (|, respectively. Now examine the operator

b=pa+vat, oY =prat+vra, bB)=p418), (BlbT =56, (2.98)

where [ is the eigenvalue of the operator b with regard to the eigenvectors |3),
which are called squeezed states. Alternatively, b can be obtained by a uni-
tary transformation using S(e) (called squeezing operator): b = S(e)aS* (e) ,
where S(e) = exp{[e*a® — e(a™)?]/2}, e = re*®, = coshr, v = €2? sinhr
and r = || is called the “squeeze factor”. Regarding a detailed discus-
sion about squeezed states, we would like to refer to the appropriate lit-
erature [2,3,6-10,12]. In Parts IIT and IV a somewhat analogous squeezing
effect in neutron interferometry is discussed.

From the commutation relation [5, Bﬂ = I a connection between p and v
can be established:

Il — 2 = 1. (2.99)
Moreover, we can immediately determine the following relations:

a=p'b—uvbt, at = pbt — b (2.100)
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Because u, v and 3 are in general complex values, we express them by
p=|pu|exp{1®@,}, v = |v|exp{e®,} and B = |B|exp{1Pg}. Taking (2.89) and
(2.100) into account, squeezed-state mean values can be specified:

zpp = (B|2(1)|8) = \/TTW

pas = (BIH()|B) = AV2r|B|[| | sin(02t + B, — Pg) — |v|sin(2t — By, + Pg)].

1B112] cos(92t + B, — D) — | cos(2t — b, + )] ,

Ifr=0—pu=1,8= . Forareal a (2.90) and (2.91) follow and this is the
case of coherent states. The corresponding uncertainties are

1h
(652)5 = 555l + [v? = 2lullv] cos(@2t + @, — B,),

h
(503 = NS [0f + vl + 2lullv] cos(2t + 8, — @) (2.101)

Compared to coherent states (2.94), the noise of squeezed states is time-
dependent. Let us assume real values for u, v and 8. Then

[N

(62)5(0p)s = g\/(ﬂ2 + 12)2 — 4p2v? cos?(£2t) > (2.102)

taking (2.99) into account. The equals sign is valid for cos(£2t) = 1. In this
case

(02) g,min = V 1/ (2X%) (1 — V),
(0D) g.maz = /Nh/2(1u + v). (2.103)

Finally, we would like to compute the mean photon number in the squeezed
state. The photon number operator is N = ata and using (2.100) we obtain

BINIB) = —pv* 57 — o (5°) + B (ul® + [v]*) + . (2.104)

The photon number, even in the vacuum (5 = 0), for squeezed states is equal
to |v|?, whereas for coherent states no photons are present in the vacuum.
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3 Interferometry Using Wave Packets

In this chapter, we investigate single-photon interference based on a wave
packet description of the incoming beam. This is equivalent to quantum in-
terference with individual photons, as shown below. The interference pattern
is observed by sending particles, one by one, through an interferometer. Many
particles are then collected at the detector. In the simplest of such experi-
ments, the light intensity can be dimmed down far enough, so that only one
photon at a time is inside the interferometer.

A single-photon interference experiment was performed by Grangier and
co-workers [13]. Here a Mach—Zehnder interferometer is employed to observe
real single-photon interferences [14, 15], where the photon source is a para-
metric down-conversion source. Thereby the intensities are very low. Never-
theless, the interference pattern of accumulated photons shows perfect inter-
ference fringes. This confirms that the quantum state is not just a statistical
property of an ensemble of particles.

It must be emphasized that the conceptual questions arising for photon
interference are the same as those arising for interference of massive particles
like neutrons. In Parts III and IV neutron interferometry and spin interfer-
ometry using neutrons is discussed extensively.

In this second part of the book, we investigate optical interferometry. This
technique relies heavily on one or many beam splitters (BS). So we have to
understand how quantum states transform at a beam splitter, i.e., how the
states of the incident fields transform into the states of the outgoing fields.

The description presented here is rigorously equivalent to a full quantum
mechanical description of the electromagnetic field in the case where single
photon states are considered. Simultaneously, this description also holds in
the case of classical electrodynamics [2].

This chapter is organized as follows. We use wave functions (Gaussian
wave packets in position and momentum space) for the beam description.
Subsequently, a description of the action of a beam splitter is presented. Then
the Mach—Zehnder interferometer (MZ) with one input beam is discussed,
where we calculate space and momentum spectra, as well as intensities and
visibility functions behind the interferometer. Then a combination of three
MZs is analyzed. Afterwards the double-loop device is studied. Finally an
MZ with two input and two output fields is examined.
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3.1 Beam Splitter

The beam splitter (BS) and its quantum features is described in detail in
the literature (see, e.g., [2,8,12]). Thereby both the classical treatment and
the quantum mechanical description is carried out. In principle, this means
a transition from wave amplitudes to operators. Another, but equivalent,
approach rests on quantum states. Since the beam splitter combines two
input modes into linear combinations, we can expect the output modes to be
entangled. The beam splitter transforms two wave functions of the two input
modes to two wave functions of the output mode. In Fig. 3.1 a BS together
with incoming and outgoing beam paths is shown.

3.1.1 Wave Packet

As mentioned above, we use the concept of a Gaussian wave packet in order
to describe the wave function.

On the one hand, the formalism presented below can be seen as a
pure classical wave packet description of dynamic electromagnetic fields.
On the other hand, the full-scale quantum mechanical description of a
multi mode electromagnetic field involves a linear Hilbert space H, which
is a tensor product of the Fock spaces corresponding to the single modes.
This linear space H is a product space of subspaces H; of frequencies (2;
(i =1,...n) of the following form: H = H1 ® H2 ® ... ® H,,. The corresponding

Y

BS b

Fig. 3.1. Schematic sketch of a beam splitter (BS): a and b denote incoming beams,
c and d are outgoing beams
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state vector in H reads |my)|ms) ... |m,), where |m;) means m; photons of
frequency f2;.

However, a well-defined subspace H; of the full space H, is formed by a
vector |tr), which is a linear combination of vectors |¢;) of the form

o) = pils)
i=1

corresponding to one photon (index I) in a chosen mode and vacuum in the
rest. Thus H; contains convex combinations of vectors like |¢1) = |1)|0) ... |0),
[th2) = 10)[1)]0) ... |0), ... , |tn) = |0}]0)...|1) and hence is built up of one-
photon state vectors in each frequency §2;. So we have H D H;. The set of
normalized vectors [¢;) (norm equal to 1) in the subspace H; is all states
corresponding to a “one-photon electromagnetic field” in H. The coefficients
p; in the above-mentioned linear combinations can be seen as energy wave
functions, since the squared moduli |p;|? of these coefficients are energy dis-
tributions of the corresponding wave functions.

If the input modes are denoted by a and b and the output modes by ¢ and
d (see Fig. 3.1), the corresponding full Hilbert spaces are H, ® H; and, after
the beam splitter transformation, H. ® Hg, respectively. The appropriate
one-photon subspaces are given by the following expressions:

Ho @ Hp D (H1,a @ Hop) ® (Ho,a @ Hrp),
He® Hg D (HI,C ® Ho,d) ©® (Ho,c & HI,d) s

where, for example, Hy p is the vacuum space in mode b and H; , is the one-
photon Hilbert space in mode a. Since a vector in the space (Hr,q ® Hop) =
H1,q can be described by the wave function p; ~ o, (k) in the continuous case
(see (3.1) below), an arbitrary vector in (H, ® Hop) ® (Ho,o ® Hrp) can be

represented as
aq(k)
(67 (k?) ’

An analogous expression can be written for the output modes ¢ and d.

To begin with, we are investigating one incoming beam, let us say a beam
in path a. So we omit the beam in path b for the moment. Because of the
considerations above, the basic approach for the momentum wave packet of
this incoming beam in path «a is given according to Sect. 2.1.1, (2.3) by

ta(k) = [2(5k)?] M4 exp { - E— K0 (3.1)
¢ 4(6k)? |7 ’
where the normalization condition for the intensity I, = [a2(k)dk = 1

holds. The wave number k = (2/c is associated with the wave length A via
the equation k = 27/\. The relation p = hk connects the momentum p and
wave number k. A mean wave number ky > 0 is important for describing
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an experimental wave length distribution. The corresponding wave function
tq(x) is given by Fourier transformation and reads as

2(0k)?

™

1/4
Ya(x) = [ } exp{—(6k)%x? + 1kox}, (3.2)

where (0k)? is the mean square deviation of wave numbers. The suitable
momentum and position spectra are calculated as

B 1 (k — ko)?
a2 (k) = Wexp {_2(5]‘3)02} (3.3)

and

[Ya(2)® = exp{—2(0k)*2?}, (3.4)
respectively. Again, the normalization condition for intensity can be written
as I, = [ |[¢q(z)|?dz = 1. The momentum spectrum o2 (k) is an experimental
quantity. A Gaussian spectrum is definitely an idealization, but a very rea-
sonable and even realistic one. The advantage of Gaussian shaped momentum
and position spectra is mainly given by the mathematical simplicity of the
formalism and by the easy interpretation of the results.

Let us make one more remark on time-dependence. So far, we have omitted
time in our formalism. Because of the linear dispersion relation {2 = ck
between the frequency (2 and the speed of light ¢ in vacuum (or in glass fiber
or whatsoever), x has to be replaced appropriately by (z — ct) when the wave
function e*** is substituted for et*@—*¢¢,

2(5k)?

3.1.2 Action of a Beam Splitter

We restrict ourselves to 50 : 50 beam splitters, which means that 50% of the
intensity is transmitted and 50% is reflected. Then the action of a beam
splitter can be described by the so-called Hadamard transformation (see,
e.g., [2,9,12,16,17]) usually denoted by H (this should not be confused with

the Hamiltonian):
A 1 11

This is a particular but traditional beam splitter. It can be shown that when
we restrict our considerations to single-photon wave functions, whereby a
single photon, not only in each beam splitter input but in both modes, is
required, the full-scale quantum-mechanical description of the beam splitter
reduces to the following matrix equation:

()= (%) "
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Here the functions 9, 4.c,4(x) are single-photon wave functions as introduced
above. It is also well-known [2] that (3.6) holds also when the functions
Ya.b,c,d(x) are seen as classical electromagnetic amplitudes.

In the case where we restrict our discussion to a beam splitter with only
one input, i.e., if we set, e.g., ¥(x) = 0, the result is:

_ Ya(2) o _ aa(k)'
\/§ )

Directly, the following relations can be established: |[¢.(2)? = |[¢a(2)

[Va(2)?/2, a2(k) = a2(k) = a2(k)/2 and I, = I = 1,/2 = 1/2.

Ye(x) = Ya(z)

2

3.2 Mach—Zehnder Interferometer (MZ)

In Fig. 3.2 a MZ is shown. One input a and two output beams g and h are
considered. The MZ is made from glass fibers. The path length inside the MZ
is I; and acts like a phase shifter e=**"i where i = ¢,d. A particular phase
shifter P; = e~"*4 is applied, where A; is the specific phase shift inside path
i. Because absorption is always existent, transmission T; = e~2% (q; is the

Cc

Fig. 3.2. Mach-Zehnder interferometer (MZ) made of glass fibers: a denotes the
incoming beam, ¢ and d are pathways inside the MZ, h and g are outgoing beams.
BS1 and BS2 are two beam splitters. [; is the length, P; = e~**4¢ is the phase shift,
T; = e~2% is the transmission (a; is the absorption coefficient) in the i-th(= ¢, d)
pathway
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absorption coefficient) is included as a separate element. If we denote the
total phase shift by
Li = ll + Ai, 1= C, d, (38)

—1kL

a total phase shifter e i in path i can be specified.

Remark: In principle, pulse propagation in a dispersive medium (glass fiber)
has to be taken into account [18, p. 182]. A dispersive medium is character-
ized by a frequency-dependent refractive index n(v), absorption coefficient
a(v) = constant and phase velocity v(v), so that monochromatic waves of
different frequencies v = (¢/2m)k travel in the medium at different veloci-
ties. Since a pulse of light is the sum of many monochromatic waves, each of
which is modified differently, the pulse is delayed and broadened (dispersed
in time) and its shape is altered. The pulse delay is caused by the group ve-
locity vy of the wave packet in the medium and is characterized by the time
Ta = li/vy, and the dispersion coefficient D, = (A\}/c?)[d*n(X\o)/d)g] (di-
mension [s/(m.Hz)]) is responsible for pulse-broadening. These effects can
therefore be taken into account essentially by replacing the exponent of the
expression exp (—kl;) with (—2k74¢) and by adding a quadratic term in k,
namely (—1D,c?k?l; /47), to the exponent. However, to simplify matters, we
concentrate in the following on the calculation of momentum and position
spectra as a matter of principle, and therefore do not consider these effects
in detail.

3.2.1 Wave Functions of the MZ

Now the wave functions inside and behind the interferometer have to be
determined. Directly before B.S2, the wave functions have the full information
of absorption and phase shift of the different paths inside the MZ. From (3.7),
(3.2) and (3.1) we therefore conclude:

1
Ued(o) = 5/ To {

2(k)?

1/4
] exp{f(5k)2(:chcyd)QJrzko(foc,d)} (3.9)

and
(k) = %«/quaa(k;)exp{—szqd}. (3.10)

Behind the interferometer the Hadamard transformation (3.5) has to be ap-
plied:
z/Jh(ﬂl?)) : <¢d($))
=H . 3.11
(et vela) (341

mm=%mwmwm%m=%mwmm» (3.12)

We get,
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3.2.2 Spectra, Intensities and Visibility of the MZ

Now we can identify the momentum and position spectra behind the MZ
defined via the Wigner function in (2.9) and (2.8), respectively. The Wigner
functions W), 4(z, k) themselves can be determined using (3.12) and (2.2).
We postpone the related calculations to Part III (neutron interferometry)
and Sect. 7.2.

In any case, especially the momentum spectrum can be determined exper-
imentally, measuring the energy-dependence of the beam in both directions h
and g (Fig. 3.2). Because of (3.12) and (3.10), the momentum wave function
is a complex quantity. Therefore, |ay, 4(k)|* has to be set up. The result of
the calculation is

1a3(k){Td + T, +2y/TyT. cos[k(Lg — L)}, (3.13)

g () = ¢

where the “4+” sign belongs to the h beam and the “—” sign belongs to the g
beam. The momentum spectra |ay, 4(k)|? are proportional to the incoming en-
ergy distribution o2 (k), however, they are modulated through a cos-term and
thus depend on the phase difference [k(Ly— L.)]. The transmissions T, and Ty
are additional attenuators. Figures 3.3 and 3.4 show these spectra for a cer-
tain parameter set, specified in the drawings. For large phase shifts (Fig. 3.3)
an oscillatory spectrum appears. Small phase shifts exhibit a Gaussian

30

251

201

1.05

Fig. 3.3. Momentum spectra |ap,4(k)|? of (3.13). Because of the transmission co-
efficient T4 = 0.5 there are no zero points in the region around k/ko = 1. Due to
the large phase shift (k/ko)(Lako — Lcko), the spectra exhibit a distinct oscillatory
pattern. o = (0k)/ko. Further parameters: ko = 1 and I, = lg
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Fig. 3.4. Momentum spectra |a 4(k)|* of (3.13). Due to a relatively small phase
shift (k/ko)(Lako — Lcko) the h-spectrum exhibits an almost Gaussian pattern.
Further parameters: ko = 1 and I = lg4

pattern of |ay(k)|?> (Fig. 3.4). If there is no absorption, the transmission
terms are equal to 1 and we get

1
g (W) = 502

The position spectra [y, 4(x)|? result from (3.12) and (3.9):

(k){1 £ cos[k(Lq — L)]}- (3.14)

(5k)

2
|wh7g(1’)|2 = 4 {Tqe™ 2(6k)* (2 —La)* +T672(5k¢) (x—L¢)

+2 TdTCe*( WA@—La)*+@=Le)*] coslkg(Ly — Le)]}.(3.15)

These spectra consist of two Gaussian functions displaced by Ly and L.,
respectively. The cos-term is damped by an additional exponential factor that
depends strongly on the distance between these two Gaussian functions. If the
two wave packets are separated, the cos-term is practically zero (Fig. 3.5).
If, on the other hand, the wave packets are close together, the interfering
part of the position spectrum possibly causes dramatic modifications of the
spectrum as depicted in Fig. 3.6.

The intensities I 4 are defined via [ |ap,¢(k)[*dk or [ |¢p o(z)|*da:

Ing = {Td + T, & 23/ TyToe™ OR La=Lel*/2 coglkg (Lg — Lo)]}. (3.16)

In Fig. 3.7 this equation is drawn for the parameter set specified previously.
The transmission coefficient Ty = 0.5 causes attenuation of the interference
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800

Fig. 3.5. Position spectra |t 4(x)|? of (3.15). The two spectra cannot be distin-
guished from each other. They exhibit a double Gaussian peak separated by the

related phase shift
left one
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. Due to absorption (T; = 0.5) the right peak is smaller than the

800

Fig. 3.6. Position spectra |15, 4(x)|? of (3.15). Because of the small phase shift the
interference term, which has little attenuation, causes a strong change between the

spectra
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Fig. 3.7. Intensities I 4 (see (3.16)): I, and I, have opposite phase, and for large
values of y we obtain I}, = I, ~ (Ty + T.)/4 = 3/8 = 0.375

pattern and, therefore, causes maxima smaller than 1 and minima larger than
0. If, for example, Ty = 1. = 1 and Lq = L., we obtain I, = 1 and I, = 0.
The total intensity is available in the outgoing beam h.

Now we consider the visibility V. It is defined as

1, — L
_ lmaz min ) 3.17
Im(m? + Imin ( )

It is enough to treat only beam h, for example. The cosine is 1 for ko(Lg —
L.) = 2n7 and this is a maximum; it is —1 for ko(Lqg — L.) = (2n + 1)7 and
this is a minimum. The result is

2@{6—(%#0)2/2 + e—[(2n+1)7r17]2/2}

V= : 3.18
Q(Td + Tc) + 2@{6—(2nﬂ0)2/2 _ e—[(2n+1)7r0]2/2} ( )

where o = (0k)/ko. Usually the visibility is taken for ¢ < 1 and low inter-
ference order, and then V' can be simplified to

WTiT,

= 3.19

In the case of no absorption we get V = 1, as expected. On the other hand,
absorption brings about a visibility smaller than 1 (see Fig. 3.8).
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Visibility V

00 0.2 0.4 0.6 0.8 1

Td/Tc

Fig. 3.8. Visibility (3.19) as a function of the ratio T4/T.. For Tq/T. = 0.5 we
obtain V' = 0.94, and this value is relevant for o = dk/ko < 1 and low interference
order

3.3 Three Mach—Zehnder Interferometers

In Fig. 3.9 three MZs are drawn that form a network and are arranged like
branches of a tree. Similarly to in (3.8) a total phase shift for each pathway
can be defined:

L.=I.+A4., k=c,d,h,g,i,j,m,n. (3.20)

3.3.1 Wave Functions of Three MZs

Here, only a short description of the calculation procedure is sketched and
the results of the spectra are presented at the end of the next section. Using
(3.9) and (3.10), the results from (3.12) can be used for the first MZ. There-
fore, the wave functions ay 4(k) and ¢y 4(z) are fixed. The wave functions
a; j(k) and @y, (k) can be determined directly, using an MZ with only one
input oy, (k) and a4(k), respectively. As a matter of course, the corresponding
transmissions and phase shifts have to be included:

L
V2

1
/Ivi’jah(k)e—zklwi,j, am’n(k) = ﬁ A /Tm’nag(k)e—lklzm,n .

(3.21)

i j(k) =
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Fig. 3.9. Three Mach—Zehnder interferometers: a denotes the incoming beam,
¢, d,h,g,i,j,m,n are interior pathways, k,[, 0, p are four outgoing beams. BS1 to
BS6 are six beam splitters. In each pathway a phase shifter and an absorber is
inserted. I, is the length, P. = e~ **4* is the phase shift, T, = e~2%* is the trans-
mission (a, is the absorption coefficient) in the k-th(= ¢, d, h, g, 1, j, m,n) pathway
(compare to Fig. 3.2)

By means of Fourier transformation we get:

Yij(@ W/a” k)edk,  Ymn(a r/amn Ye* dk. (3.22)

The last step is the Hadamard transformation at BS5 and BS6 and for the
wave functions, with respect to the four outputs &, [, o, p, we get the following
relations:

() -2 (0)- (B0)-#(ed). e

()= (o) () -2 (). oo

3.3.2 Spectra, Intensities and Visibility of Three MZs

and

Using these formulas, the position spectra |1y ;(x)|? and |, ,(7)|?, as well as

the momentum spectra |y (k)|? and |a, ,(k)|? of the four output beams can
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be computed. Integration over dx on the one hand, and over dk on the other
hand, entails the intensities I} ; and I, ;. Thereby, the following abbreviations
have been introduced:

1 2(0k)2 1 2(0k)2
gTh r 0 T ng ™

o = ko(Lj — LZ), 6 = ko(Ld — Lc); Oé, = kO(Ln — Lm),
dij=ko(x —Lqg— Ly — Li ), dmn="ko(x—Lqa—Ly— Lyn),
Cij =ko(® —Le — L — Lij), ¢mm =ko(x —Le — Lg — Limn). (3.25)

Rp =

The results are as follows:

|tk ()
1
= 3hn {Tz {Tde_%zd’2 + 207 4 2@C08(ﬂ)6_02(0§+d§)]

+T; {Tde”"zd? +T.e 27 + 2@(}08(6)@*”2(9?*4?)}
+2\/T;T; [cos(a)(Tde_az(d?'*'d?) + Tce_az(cf"'cg))
+v/TyTe(cos(a — B)e"’z(dfﬂ?) + cos(a + ﬁ)e’”Z(C?”f))]} ,
(3.26)
[$o,p(2)?
= %ng {Tm {Tdefz"zdfﬂ + Toe 2 m — 2\/TyT. cos(ﬂ)ef‘ﬁ(ciz*d?n)]
+T, [Tde_z‘ﬂdi + Tce_%zci — 2/ T4T., cos(ﬁ)e_"z(ci"'di)}
:|:2\/M[cos(a')(Tde_UQ(d?”"’di) + Tce_UZ(ciL"’ci))

—/TyT.(cos(a/ — ﬂ)e*"Q(dfn“i) + cos(a’ + ﬂ)e*”rz(ciﬁdi))]} ,
(3.27)

1
IkJ = ETh {(Td + TC) {Tz + Tj + 2\/ T;Tje_azoﬁ/Q COS(O&)}
1o /ToT. [(E +T3)e=7 B2 cos(B)
:I:\/TZ-T]-(e*UQ(O‘*B)Q/2 cos(a — ) + e (atB)*/2 cos(a + 6))} } ,

(3.28)
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1 s
I, = ng{(Td +T) [Tm + T, + 2T, Te o /2 cos(o/)]

—2+/TyT, [(Tm + Tn)e*”zﬁQ/2 cos(3)

T T (€7 @ =B 12 cog(a) — B) + e @ +A7/2 cog(a’ + ﬂ))] }
(3.29)

A special case appears if « = o’ = 3 = 0 and if no absorption occurs.
Then, I, =1 and I; = I, = I,, = 0. That is to say, we have the possibility
of directing direct the intensity into a chosen output beam (here selecting
between four output beams) by manipulating phase shifters.

The momentum spectra read as follows:

1
o1 (k)| = |ah(k)\2ZTh{Ti + Ty + 24/T;T; cos[k(L; — L;)]} (3.30)
and

lovo p (F) > = \ag(k)|2%Tg{Tm + Ty, £+ 2/ T, Ty, coslk(Ly, — L)}, (3.31)

where |ay, 4(k)|? is taken from (3.13).

Corollary: The momentum spectrum of a chain of MZs is the product of the
corresponding momentum spectra of the individual MZs.

Figures 3.10 to 3.13 show the momentum spectra according to (3.30) and
(3.31) with respect to the three Mach-Zehnder interferometer system (see
Fig. 3.9) for output ports k/l and o/p, respectively. Looking at Fig. 3.10 we
observe that the solid line is similar to the solid line of Fig. 3.3. This is not
surprising, because both parameter sets of the corresponding interferometers
d/c and i/j are similar. However, the transmissions T; and T; cause some
absorption and, therefore, the absolute values of the relevant spectra are
different. The dashed line in Fig. 3.11 shows analogue resemblance with that
of Fig. 3.3. Because of the symmetry, the [-output of Fig. 3.10 and the o-
output of Fig. 3.11 are equal. Simulation just provides a lot of insight to
interferometric procedures that cannot be understood easily otherwise.

Looking at Figs. 3.12 and 3.13, we recognize the similarity to Fig. 3.4 for
the same reasons as discussed before.

The position spectra |1y ()| and |1, ,(x)|* of (3.26) and (3.27), respec-
tively are drawn in Figs. 3.14 to 3.17. In Fig. 3.14 three peaks can be realized
for |1y (x)|? and only two peaks for [¢;(z)|?. The large peak in |1/, (z)|? arises
from superposition of two peaks at the same position kgz = 1000, whereas for
|1 (z)]?, the two peaks annihilate each other at that position. In beams o and
p it is the opposite way around, as can be seen from Fig. 3.15. The right and
left side wings are the same in both figures and, therefore, the four functions
|¥k.1,0p(2)|? are identical here. The position coordinates of these peaks are
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Fig. 3.10. Momentum spectra |, (k)|* of (3.30). The parameters of the first
interferometer (pathways d and c¢) are the same as in Fig. 3.3
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Fig. 3.11. Momentum spectra |aop,(k)|? of (3.31). The parameters of the first
interferometer (pathways d and c) are the same as in Fig. 3.3
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Fig. 3.12. Momentum spectra |a,i(k)|* of (3.30). The parameters of the first
interferometer (pathways d and c¢) are the same as in Fig. 3.4
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Fig. 3.13. Momentum spectra |aop,(k)|? of (3.31). The parameters of the first
interferometer (pathways d and c) are the same as in Fig. 3.4
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Fig. 3.14. Position spectra |1y (x)|* of (3.26). The parameters of the first inter-
ferometer (pathways d and ¢) are the same as in Fig. 3.5. All lengths kol of the

glass fiber segments are assumed to be equal to 200.00
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Fig. 3.15. Position spectra |1, ,(x)|? of (3.27). The parameters of the first inter-
ferometer (pathways d and c) are the same as in Fig. 3.5
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Fig. 3.16. Position spectra |t ;(2)|* of (3.26). The parameters of the first inter-
ferometer (pathways d and c¢) are the same as in Fig. 3.6
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Fig. 3.17. Position spectra |1, ,(x)|? of (3.27). The parameters of the first inter-
ferometer (pathways d and c¢) are the same as in Fig. 3.6
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koxr = 600 and kgx = 1400, respectively, because of the lengths of the fiber
segments on the one hand and of the maximum possible phase shifts on the
other hand. For small phase shifts kgA; = ko4, = 50.00 Figs. 3.16 and 3.17
exhibit peaks at position kgz = 600. Almost all the intensity is concentrated
in |¢r(2)|? (notice the different scales in the figures). Small contributions
are caused by interference between the corresponding wave functions. The
spectra can be compared to those of Figs. 3.12 and 3.13. Basically one large
Gaussian function |ay(k)|? appears in Fig. 3.12.

To simplify matters, for the three MZ interferometer systems Fig. 3.9,
the intensities Ij; and I, , (see (3.28) and (3.29)) are drawn in Figs. 3.18
and 3.19, respectively, using transmission 7' = 1 everywhere and using a
parameter ¢ = 0.1, which is 10 times larger than in the previous pictures.
As a consequence, the sum of the four intensities has to be one for any fixed
value B: I, + I} + I, + I, = 1. As can be seen from the figures, the quantities
I, (I,) and I; (I,) have opposite phase if § takes values around the fixed
parameters koA; = 50 and koA, = 50, respectively.

Finally, we consider the visibility in the k beam for ¢ < 1 and « = 0. 3
is varied and we get Iymes = LT (Ti + Ty + 2/TiT)(Ty + Te + 2/ TyTy).

The visibility is V = 2¥141= (as in (3.19)).
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Fig. 3.18. Intensities I),; for the three MZ interferometer systems (Fig. 3.9) ac-
cording to (3.28) as a function of the relative phase shift = ko(Lq — L.) in the
first MZ: 0 = 0.1, transmission T' = 1 everywhere, koA; = 50. For 8§ = 50, the
intensities increase again and have opposite phase



56 3 Interferometry Using Wave Packets

0.5

0.45 - ]

0.35
0.3
0.25

0.2 [

0.15 H

0.1 {

0.05 1

0 10 20 30 40 50 60 70 80 90 100
B=ko(Lg—Lc)

Fig. 3.19. Intensities I, for the three MZ interferometer systems (Fig. 3.9) ac-
cording to (3.29) as a function of the relative phase shift 3 = ko(Lq — L¢) in the
first MZ: o = 0.1, transmission T' = 1 everywhere, koA,, = 50. For 8 = 50, the
intensities increase again and have opposite phase

Comments on Phase Coding in Quantum Cryptography:

Two unbalanced Mach—Zehnder interferometers (one for Alice and one for
Bob, the two communication parties) connected in series by a single optical
fiber can be used to exchange a quantum key by the method of phase coding
(an excellent overview on quantum cryptography, or quantum key distribu-
tion, can be found in [19]). The two Mach—Zehnder interferometers (input a,
paths (c-d), h, (i-j), outputs (k,1)) as seen in Fig. 3.9 constitute such a sys-
tem. When monitoring counts as a function of time, Bob obtains three peaks
(an example is given by the position spectra [ty ;(z)|? in Fig. 3.14). The left
one corresponds to the cases where the photons chose the short paths both
in Alice’s and in Bob’s interferometers, while the right one corresponds to
photons taking the long paths in both interferometers. Finally, the central
peak corresponds to photons choosing the short path in Alice’s interferometer
and the long one in Bob’s, or vice versa. If these two processes are indistin-
guishable, they produce interference. A quantum key can be established by
choosing the related phase shifts at Alice’s and Bob’s sides.

3.4 Double-Loop

In Fig. 3.20 a double-loop interferometer is depicted. Loop 1 consists of beam
paths ¢, d and f, whereas loop 2 is built up of beam paths f, ¢ and j. The
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Fig. 3.20. Double loop interferometer: one input beam a, three output beams h, k, [
and four beam splitters BS1-BS4. Beam path f belongs to both loops 1 and 2.
The small white rectangles are phase shifters and the black ones are absorbers

outgoing beam h is only influenced by loop 1, while the output beams k and
[ are governed by both loops. So beam path f occupies a central position.

3.4.1 Wave Functions in a Double-Loop

The construction of the wave functions is carried out as in the preceding
sections and for the suitable wave packets we get the following expressions:

1
ag(k) = —=aqu(k)\/Tie *ta a.(k) *—aa Y/ Tee™*Ee,

ar(k) = —ac WTre ™ aj(k :—ac )W Tje

g

ani(k) = %[aduﬂ) + o (k).
ara(k) = %{ﬁ ai(k) = s (k). (3.32)

In the last two equations, the Hadamard transformation at the beam splitters
BS2 and BS4 has been applied, respectively.

3.4.2 Spectra and Intensities in a Double-Loop

Equation (3.32) contains a chain of equations that have to be inserted and
determined. A detailed discussion of the results presented in this section is
given in the next section by means of a simple, but instructive, example.
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We first consider beam h of Fig. 3.20. The results of the calculations are
the following:

1 1
|l (B)|? = Zag(k) {Td + 51Ty + V2T T. Ty cos[k(Ly — Lo — Lf)]} :
(3.33)

This spectrum depends only on parameters of the first loop, of course. The
appropriate intensity is given by Ij, = [ |a,(k)[?dk and we obtain

1 1
I = {Td + STl + 2T TeTyem O (habem b2

X COS[ko(Ld —L.— Lf)} } (334)

The position wave function ¢y, (x) of beam h is defined via the Fourier trans-
formation of ay, (k) and the result for the spectrum |1 ()|? is

200k) [1 - 2(x— 2 1 _ 2(x—L.— 2
oo ()] = (7T){4Tde 2(5k)* (z—La) + ST Tye 2(6k)2(2—Lo—L;)
2 AT Ty ) L) oL L)
4

x coslko(Lg — Le — Lf)]}. (3.35)

The spectra and intensities in the outgoing beams k and [ are the following.
Momentum spectra:

1 1
|, (K)|* = gaz(k){TdTi + 5Ty Tl + TiTe

ZFTC\ / 2TijTi COS[k’(Lf + Li — Lj)]
— 2T T.T;[\/T§T; cos[k(Lg — L. — Ly)]
F 2Tj COS[]C(Ld + Ll — LC — LJ)H} (336)

Intensities:
1 1
I, = g{TdTi + inTiTc + T;T,
FT.\/2TT;Tye~ R (Lt Li=L)*/2 coglkg (L s + L; — L;)]

2T T.Ti[ /T Tie~ O (a=Le=L1)*/2 coglk (Ly — Lo — Ly)]

/2T e~ OR* (Lat LimLe=L3)*/2 gk (Ly + Ly — Lo — Lj)]}}. (3.37)
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Position spectra:

1 /2(6k)? .
|wk,l(‘r)|2 _ g (ﬂ-) {Tdnef2(5k)2(a:de7L[)2

1
+§TCTfﬂ€72(ak)2(szquf7L1-)2 + Tchef2(5k)2(w7LﬁLj)2

+T. 2TijTZ_€7(6k)2[(szchf7Li)2+(merLj)2]
x cos[ko(Ly + L; — L;)]

_ 2TchCrz[ /Tfj"ie—(tsk:)2[(l—Lc—Lf—Li)2+(LE—Ld—Li)2]
x cos[ko(Lq — L. — Ly)]
+/2Te 0 (@ Lam L) (= Le= L))

x cos[ko(Lq + L — L — Lj)]]}.

An instructive example of a balanced double loop interferometer is presented
in Figs. 3.21 and 3.22 where the spectra |ay, (k)| of (3.33) and (3.36) are
drawn, using a simple parameter set. In Fig. 3.21 all phase shifts are chosen
to be zero. All spectra have a Gaussian shape. As can be immediately verified
from (3.34) and (3.37), the intensities are as follows: Ij, = (6v/248)/(16v/2) =
0.72855, I, = (9v/2 — 8)/(16v/2) = 0.20895 and I; = v/2/(16y/2) = 0.06250,
where Iy, + I, + I; = 1. The areas below the curves in Fig. 3.21 correspond to

30

251

151

101

1.05

Fig. 3.21. Momentum spectra |ap ki (k)|* according to (3.33) and (3.36) of a bal-
anced double loop interferometer (compare to Fig. 3.23). All transmission coef-
ficients T, = 1, fiber lengths I; = Iy = I = Z, lag =1 = 21 and phase shifts
A=A =A;=A.=A; =0,0=1/100, kg =1
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Fig. 3.22. Same functions and parameters as in Fig. 3.21, but ko Ay = 400

the intensities given above. More than 70% of the intensity escapes through
the output port h. If the phase shift koA = 400, the spectra |ay(k)|* and
|k (k)|? have an oscillatory appearance, as can be seen from Fig. 3.22 and
most of the intensity is found in output port k.

3.4.3 Simple Example of Visibility in a Double-Loop

We apply (3.37) to a simple double loop example (see Fig. 3.23). In order
to find an interesting formula of the visibility in beam k£ we permit only
one transmission coefficient Ty = €2/ to be < 1 (all other transmissions 7
should be = 1). A definite phase shifter P; = e~**4i is taken and Py = e~ %4+
is varied. All other phase shifts A should be = 0. The lengths of the arms of
the interferometer are as follows: I, =l = [; = [ and l; = l; = 2l. So the
interferometer in Fig. 3.23 is balanced. If again o < 1, the intensity in beam
k reads (see (3.37))

T = ;{;T — /2T ¢[coslko(Ay — A;)] + cos(koAy)] + 4 cos” <k02Aj ) }

(3.38)
This intensity has maxima at (koAs) = (ko4;)/2+ (2n+ 1) and minima at
(koAyf) = (koA;)/2 4 2nm. Then we have

1 A;j A;j
Tymos = 16{Tf :i:4<:os(k02 ]> |:\/2Tf + 2cos <k02 j)} } (3.39)

min
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-T
— P;
== pf
f A
j
a
BS1 € BS3

Fig. 3.23. A balanced double loop interferometer: one input beam a, three output
beams h, k,l and four beam splitters BS1-BS4. Beam path f belongs to both
loops 1 and 2. The two small white rectangles are phase shifters Py = e~ **47 and
Pj=e" kA;j respectively, and the black rectangle is an absorber Ty = e —2ay

According to the definition of the visibility in (3.17) we get

4cos(k°A )/ 2T (3.40)
Tf+SCOS2( QA)

We have the interesting result:

A,
V=1 — Tf:8c0s2<k°2f>. (3.41)

If, for example, the transmission 77 in beam f is given, one can obtain
V =1 in the output beam k by appropriately adjusting the phase shift A; in
beam path j via (3.41). We will see later in Part III that a similar effect can
be achieved in a double loop neutron interferometer. We refer, therefore, to
Sect. 8.3.2 for a discussion of visibility aspects in a double loop interferometer.

3.5 Mach—Zehnder with Two Inputs

We discuss an MZ with two input ports @ and b (see Fig. 3.24). Assuming
two different Gaussian momentum distributions

(k) = [((%1)] v exp{m}, (3.42)
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BS2

b
Fig. 3.24. Mach-Zehnder with two inputs beams a, b, two output beams h, g and

two beam splitters BS1, BS2. The small white rectangles are the phase shifters
Py =e "% and Py = e %44

the normalization condition
/[cgag(k) +Ea(k)dk=1, — 4+ =1 (3.43)

should be valid. (6k)? and (6k)7 are the mean square deviations of the
Gaussian distributions. The phase shift 4, in beam b is varied. Ay is an
arbitrary, but fixed value.

3.5.1 Wave Functions, Spectra and Intensities

Directly in front of the beam splitter BS1 the wave functions are:
beam a:

271/4
aa(k), wa(x>:[2(6k)a} T, (3.44)
T
beam b:
271/4 .
o (k)3 gy (a) = {M)b] e N X
™

Applying the Hadamard transformation, the momentum wave functions di-
rectly in front of the beam splitter B.S2 are

1
aq(k) = \—@eﬂ]md [cacra(k) + cbab(k)eﬂkAb],
1

ac(k) = E

[cacra (k) — cpap(k)e™F4%), (3.46)
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Behind the beam splitter BS2 the wave packets are:

(Z};E/]g) = (3‘183) : (3.47)

Adding everything together, the spectra and intensities at the output read
as follows.
Momentum spectra:

g (R)[* = %{Ciai(’f)[l + cos(kAq)] + ciag (k)[1 F cos(kAq)]
Feachog(k)ap(k)[cos[k(Ag — Ap)] — cos[k(Aq + Ap)]]£3.48)
Position spectra:

1 2(0k)?2
|¢h,g($)|2 = { Qci[e—Q(ék)i(w—AdF 4 e 20k)52°

4 m
£2 cos(kg Ag)e OR)al(@=Aa)* +2%]]

2
Mcg[e—wk)iu—m—mf +e—2(6k)§(a¢—Ab)2
2 cos(ko Ag)e~ ORI l@=2u—A0) (=A%)
2(0k)a(dk
+2acs (lj()”[cos(kom)(ewk)ﬁwd)z<ak>z<wbad>2
_e—(ak)gﬁ—(sk)g(z—Ab)?)
+ cos[ko(Ap + Ad)}e—(Nc)im?_(dk)%(z—Ab_Ad)z
 coslko (A — Ad)}e—(ék)i(x—Ad)z—(6k)§(x—Ab)2} }
(3.49)

Intensities:

1
Iy = 2{ci[1 + e~ 0k AG/2 cos(koAg)] + i1l F e (OR)FAG/2 cos(koAq)]

2(0k)a (0K GO
Fcach (51(4:)2)—&—((513)1)2 le <5k>%+<5k)§( ama) coslko(Agq — Ap)]
a b
~ GRIZOME (At Ap)?
e (5k)%+(6k)§( a+as) COS[kO(Ad+Ab)] }

(3.50)

Figure 3.25 presents six examples (a to f) of the momentum spectra |ay, 4 (k)|?
of (3.48), and Fig. 3.26 six examples of the corresponding position spectra
[¥n,g(z)]* of (3.49). In Fig. 3.25a, the special case ¢, = 1 (i.e., ¢y = 0), is
shown
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Fig. 3.25. Momentum spectra |ap 4(k)|? of (3.48) for the Mach-Zehnder interfer-
ometer with two inputs (see Fig. 3.24). The subdiagrams a) to f) are explained in

the text
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which corresponds to an MZ interferometer with only one input, and no phase
shift is included. Consequently, |y, (k)|? is strictly a Gaussian function and
|og (K)|? is zero. The corresponding position spectra [y, 4(x)|? are given in
Fig. 3.26a. If ¢, = 0.5, the spectrum |ay, (k)| has a statistical weight of 1/4
and | (k)|? a weight of 3/4. This case is graphically displayed in Figs. 3.25b
and 3.26b, respectively. In Figs. 3.25c and 3.26¢ the phase shift kg Ay = 7 pro-
vokes an interchange between the spectra discussed before. A phase shift of
koAg4 = 1007 entails explicit oscillations in the momentum spectra |ay, 4 (k)|
as seen in Fig. 3.25d. However, the position spectra |¢y, 4(2)|? of Fig. 3.26d
are practically the same because of the almost complete attenuation of inter-
ference terms. Two peaks of largely different heights emerge. In Fig. 3.25e an
additional phase shift koA, = 7/2 has been included. This action changes the
momentum spectra |ay, 4 (k)| dramatically and the two peaks of the position
spectra |1y, 4(2)|> become almost equal in height. Finally, the mean square
deviation of a;(k) has been changed from o, = 0.01 to o, = 0.02. This has
effect of broadening on the momentum spectra and a narrowing effect on the
position spectra, as can be observed in Figs. 3.25f and 3.26f.

3.5.2 Discussion of MZ with Two Inputs

Since there is no absorption included in the model in Fig. 3.24, the intensities
I, and I; sum up to 1. We discuss the visibility in beam h. Taking o, and
op to be < 1, the intensity I, reads

1
I, = 5{1 + (2 = ¢}) cos(koAg) — 2cacysin(koAy) sin(kgAg)}, (3.51)

where kgAy is a fixed parameter and koA, is a variable. The maxima and
minima of this function are

1
(In) mae = 5{1 + (¢ — ) cos(koAg) + 2cqcy sin(koAg)}, (3.52)

and the visibility is
2¢cqcpsin(koAy)

V= 1+ (c2 —c2)cos(koAg)’

2 tci=1. (3.53)

The visibility is equal to 1 under the following conditions:
V=1 — ¢, =sin(kodq/2), cp=cos(koly/2). (3.54)

Hence the phase shift Ay can be adjusted according to the amplitudes ¢,
and ¢, of the incoming spectra in such a way that the visibility becomes 1 in
beam h. If we take V' = 1 into consideration, the intensity I, becomes

V=1 — I, =231 —sin(koA)]. (3.55)

In the case where one input signal is very weak, the output signal [Ij is
proportional to this weak input signal if V' = 1. This is an interferometric
method for measuring weak signals.
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Fig. 3.26. Position spectra |15, 4(x)|? of (3.49) for the Mach-Zehnder interferom-
eter with two inputs (see Fig. 3.24). The subdiagrams a) to f) are explained in the
text
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3.6 Comment on Two-Photon Interference

The considerations above apply to the input of single-photon states. However,
a lot of literature is dedicated to interferometry using entangled states or two-
photon interferometry (see, e.g., [9,15,16,20-22]). In this case, pairs of signal
and idler photons are produced by spontaneous parametric down-conversion
and are sent into the two beams a and b mentioned above. “Postponed com-
pensation” experiments suggest that the observed two-photon entangled state
interference cannot be pictured in terms of the overlap of the two individual
photon wave packets on a beam splitter. If the two photons do not arrive
simultaneously, each has a 50% chance of going either way after the beam
splitter, independently of the other photon. This results in coincidences. How-
ever, if the photons arrive simultaneously, they become indistinguishable and
end up together randomly in either beam. In the experiment, the rate of co-
incident photon detections at the beam splitter outputs can be monitored.
The resulting coincidence rate is called Hong-Ou—-Mandel coincidence [8,21].
An analytical treatment of time-resolved two-photon quantum interference is
also presented in the literature [23]. Different aspects of the phenomenon are
elaborated using different representations of the single-photon wave packets,
like the decomposition into single-frequency field modes or spatio-temporal
modes matching the photonic wave packets. Both representations lead to
equivalent results.

Here we do not discuss such interferometers, but refer only to the litera-
ture.



Part 11

Neutron Interferometry



4 Introductory Remarks

Neutron interferometry is a part of neutron optics. Among the various ar-
eas of neutron optical research, neutron interferometry has provided some
of the most challenging and spectacular developments [24]. In most cases,
separated coherent beams, which are produced either by wavefront division
(Young’s type) or by amplitude division (Mach—Zehnder type), are used.
These beams are subsequently coherently superposed, after passing through
regions of space where the neutron wave function is modified in phase and
amplitude by various interactions: nuclear, magnetic, electromagnetic, gravi-
tational, or by geometry and topology. Here we are dealing with the coherence
properties of neutron interferometry. Thereby the perfect crystal neutron in-
terferometer plays a central role in our considerations.

The perfect crystal interferometer [24], which is considered here, provides
widely separated coherent beams and has become a standard method for
advanced optical investigations. The superposition of spin-up and spin-down
states in the longitudinal direction provides the basis for Larmor and Ramsey
interferometry. The well-known spin-echo systems [25] and zero-field spin-
echo systems [26] are examples of such interferometers and are discussed in
Part IV.

The operation of silicon perfect crystal neutron interferometers is based on
division of amplitudes by dynamical Bragg diffraction for perfect crystals (see
Chap. 5). In the standard version, a monolithic triple-plate system in the Laue
transmission geometry is used (see Fig. 6.1). Its geometry is analogous to the
well-known Mach—Zehnder interferometer of light optics. The most essential
feature is that the reflecting planes are exactly arranged throughout the whole
crystal with a precision comparable to the lattice parameter. The perfect
silicon crystal interferometer is extremely useful for fundamental neutron
physics studies and for studies of the basic quantum mechanical principles of
nature.

This part of the book is organized as follows. After some preliminary
remarks about the coherence length and neutron wave packets, we firstly
focus on the dynamical theory of diffraction, which provides us with the
basic principles of neutron diffraction in single crystals. Subsequently, the
application of the theory to the Laue-type interferometer is carried out. In a
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third step, the superposition of wave packets in the three-plate interferometer
is discussed, where the Wigner function and the Q-function play an important
role. Dephasing and decoherence are further issues to be considered. Fourthly,
the four-plate neutron interferometer is treated, including a discussion about
double-loop interferometry and correlation functions.

4.1 Coherence Length

Heisenberg’s minimum uncertainty relation, as discussed briefly in Sect. 2.1.1,

is given by .
(0k)(0zx) = 3 (4.1)

This relation defines the coherence length I, = (6x), which can be expressed
alternatively by using k = 27 /), where A is the wave length:

1 1 A2

lcz(da:)zmzﬂm.

(4.2)

The smaller the uncertainty (dk) of a wave packet, the larger the coher-
ence length [.. Because of the finite spectral width (k) of a Gaussian
wave number distribution a(k) (2.3), a free neutron wave packet is local-
ized in space (see (2.6)). This is in contrast to a plane wave e***~*?! with
2 = hk?/(2M) = E/h, which has a fixed wave number k, but is infinitely
expanded in space (infinite coherence length for plane waves). In the follow-
ing sections, we investigate interference phenomena. We shall see that the
separation of wave packets is due to a finite coherence length.

4.2 Wigner Function, Wave Packets
and Shannon Entropy

The time-dependent wave function ¥ (x,t) of a wave packet and the corre-
sponding Gaussian wave-number function a(k) are derived in (2.5) and (2.3),
respectively. The appropriate Wigner function Wy p(z, k, t) was evaluated in
(2.7). In the phase-space picture, a general expression for Wz, k,t) can be
given according to (2.2) and (2.11) in a two-fold manner:

1 / / /
Wz, k,t) = ﬂ/w* (x—i— Jr;,t) P (x— g;,t) e dy!

1 k'/ k/ k/
= — * _ —ik' (z—vt) 31/ 4
27T/(Jc <k+2)a<k‘ 2)6 dk’ . (4.3)
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Here v = hk/M is the group velocity of the wave packet. a(k) is time-
independent, whereas ¢ (z,t) depends on time. Now some important proper-
ties of the Wigner function (see Sect. 2.1.2) are recalled:

/W(x,k,t)dx —la(B)? /W(x,k,t)dk (a2,
// Wz, k,t)dkdz = 1. (4.4)

Because of the normalization of the position distribution |¢(z,t)|* and the
momentum distribution |a(k)|?, that is to say [ [¢(z,t)|?dx = [ |a(k)|*dk =
1, expectation values

(2} = / (z, ) 2aidz , (k) = / la(k)[2kidk (4.5)

can be evaluated. Taking wave packets ((2.6) and (2.3)) into account, the
expectation values for i = 1,2 are:

(x) = vt , (%) = (vot)* + [Ax(®)]* , (k) = ko, (k) = ki + (0k)* . (4.6)

It is interesting to assess the mean square deviations using these results. We
get:

(@%) —(@)* = [Az()]? ,
(k%) = (k) = (6k)* (4.7)

([Ax()]?)
((Ak)?)

where [Az(t)]? = [1+(7t)?]/[4(6k)?]. Hence Heisenberg’s uncertainty relation
reads as follows:

(A (P)(AR?) = {11+ (17 > (48)

| =

Here v = 2h(0k)?/M. If t = 0, Heisenberg’s minimum uncertainty relation
(4.1) is obtained.

Another uncertainty measure is sometimes taken into account. This is
called the Shannon entropy [27]. However, for any probability distribution,
we define a quantity called the Shannon entropy, which has many properties
that agree with the intuitive notion of what a measure of information should
be. Entropy then becomes the self-information of a random variable. Here we
focus on continuous random variables, and the differential entropy H(X) of
a continuous random variable X with a probability density function f(x) is
defined as

H(X)= —/Sf(x) In f(z)dz, (4.9)

where S is the support set of the random variable.
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Using the distribution functions mentioned above, we can define two types
of Shannon entropy:

H, == [ [0 0P oo 0 Plde. He =~ [ a0 blla@))dk
(4.10)
For wave packets we derive

(Hz)wpzln{wx/%}, (Hp)wp = In{(6k)V2re}.  (4.11)

If H — —o0, full information is available from the respective value, H — 400
means the opposite. The sum of the two entropies yields

(Ho)wp + (Hi)wp = In{y/([Az(t)2)((Ak)?)27e}. (4.12)

If t = 0, the right-hand side of this equation is the constant In(we) ~ 2, 15.




5 The Dynamical Theory of Diffraction

Before discussing the neutron perfect silicon crystal interferometer, it is help-
ful to go into more details about the dynamical theory of diffraction of neu-
trons in single crystals, [24, 28]. Therefore, the main features of this theory
are exhibited here.

Compared to the geometrical theory, the dynamical theory of diffraction
accounts for the spatial periodicity of the interaction potential in perfect
single crystals. Thereby the Schrodinger equation has to be solved taking
this potential into account.

When neutron radiation is brought into a perfect crystal under near-Bragg
orientation conditions, the dynamical theory of diffraction predicts a coher-
ent splitting of the incident wave into four components, with two travelling
wave components passing within the crystal in the Bragg direction and two
components in the forward, or incident, direction. Each of these four com-
ponents represents a permitted solution of the excitation dynamics of the
three-dimensional lattice for the orientation of the incident ray. In general,
each of the four components is to be described by different wave vectors,
differing in both magnitude and direction. Ewald has shown in his historic
investigation of the dynamical theory of x-ray diffraction (which characterizes
neutron diffraction as well), that this splitting will result in a periodic beat-
ing of radiation density travelling in either the Bragg or forward direction at
different depths in the crystal, this feature being described as a Pendellésung
structure. Excellent reviews of the dynamical theory of x-ray diffraction have
been given by James [29] and Batterman and Cole [30], where both the theory
and experimental verification are treated in detail. Goldberger and Seiz [31]
have discussed the applicability of the dynamical theory to the neutron case,
and Sippel, Kleinstiick and Schulze [32] have demonstrated in a neutron ex-
periment the presence of a periodic modulation of integrated Bragg intensity
from thin crystal slices, as predicted by the dynamical theory. The present
Chap. 5 deals with the dynamical theory of diffraction for neutrons and the
next Chap. 6 deals with the implications for the three-plate interferometer.
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5.1 Interaction Potential

The stationary Schrédinger equation for neutrons in a single crystal reads

v )} $(F) = By(7). (5.1)

In terms of the Fermi pseudo-potential of the assembly of nuclei in the crystal,
we have the expression

th
V(T) =2 Za P ). (5.2)

The following quantities are defined here:
M ... Neutron mass

¢ ... Coherent scattering length

w = ]? + p; ... Vector of lattice position

3

.. Vector from origin to elementary cell j

ml

J

E Vector from orlgln of elementary cell j to position of atom ¢ in cell j
0 = miaq + n;az + p;a3
@; ... Lattice vectors of an elementary cell

m;, N, Pi ... Rational numbers between 0 and 1
Now the Fourier transformation of the potential V' (7) is carried out:

— 1 —\ M RT = 27Th2bc 71777]?
V()= [ V(T)e 7 = = ;je :
2Wﬁ2bc _ZRR. e 27‘(’712[)
=T 20 e = S WR)SE). - (53)

.. Volume of the crystal (V = N.V.)
.. Number of elementary cells
... Volume of elementary cell
= ai(as x a3) = a3(az x a1) = az(ai x az)
LF ... Lattice factor

SFE ... Structure factor
We will now discuss the lattice factor LF and the structure factor SF.

==z=

5.1.1 Lattice Factor LF

The lattice factor LF is

—

%R, N, for ®=0G
LF = vl = g e . 5.4
Ze { 0 otherwise (54)

—

R;
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Proof: We COHSldeI‘ the geometrical theory of diffraction. k_(; is the incoming
beam and % the diffracted beam. The Bragg angle is denoted by 8,3 The
Bragg equation reads (see Fig. 5.1) & = G where k — ko % and G is the
reciprocal lattice vector. G is perpendicular to the lattice plains, which have
a distance d from each other. The absolute values of ? and ko are equal:
|?| = |k:—0>| = k. We determine |6*’| (see Fig. 5.1):

— —
k

-
G=I[G|=[k —ko|=1/(k —ko)?

— —
=k\/2—2cos(k, ko) =2ksin(Op). (5.5)

This is Bragg’s equation in reciprocal space. Likewise, we obtain the Bragg
equation (for first diffraction order) in real space: 2dsin(@p) = A, where A
is the optical retardation caused by two parallel lattice planes of distance d.
Because k = 27/A, we obtain G = 2x/d.

Now the reciprocal lattice vector 8 is investigated in more detail, using
the Miller indices b/, k¥’ and I’, which are integers [33]:

G=Wg+¥Kg+1g, (5.6)
where
2 2 2
7= V?Z(al X @), B = vi(% X @), 7 = %@ xa).  (5.7)

For ortho-rhombical systems, e.g., we obtain 1/d?> = (h'/a3)? + (k' /a1)?
(I'Jaz)?. The vectors g; and a; form a reciprocal system, that is to say we

| Y

G

=~V

Op

Fig. 5.1. Visualization of the Bragg equation 2dsin(@g) = nA
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have (giaz)/(27) = 1, (g2a1)/(2m) = 1 and (gzaz)/(27) = 1. The other
scalar products are zero. The volume of an elementary cell of the reciprocal
lattice can be calculated using (5.7) and we obtain: g7(gs x g3) = (27)3/V..

Now the lattice factor LF can be evaluated for ® = E‘): If ]?; =may +
n'as + p'az, where m’,n’,p’ are integers, the exponent in LF reads ]?;5) =
2 (h'p’ + kK'm’ + U'p') = 27n. Because n is an integer as well, we obtain
e?™ =1 and LF = N,.

In the case where & # 5, e.g., kK = g1, where z is real but not integer,
the lattice factor LF becomes

N>1
11— 71— I =\ = ’
LF = E efz(m ai+n'az+p’az)zgi _ E eszTrzp 0.0
m’/,n’,p p’=0

5.1.2 Structure Factor SF

The second summation in (5.3) is easily evaluated. Because the definition of
—
pi = m;al +n;as + piaz, (5.6) and ® = G, the result is

SF = Z efz?p—f _ Z 67l2‘n’(mik'+nil'+pih'). (58)
i

(mi,mi,pi)

As a simple example, we consider a body-centered cubic crystal system, where
p1 = (0,0,0) and p3 = (1/2,1/2,1/2). The structure factor reads

2 — ! / !

_ —Gp _ —m(4t4ny _ JO for (R 4+ K +1') odd
SF_Z;B =1l+te _{2 for (W +E 4+1')even -
In the following, we consider, for example, the (2,2, 0)-reflexion of the face-
centered cubic lattice of a silicon single crystal (diamond lattice). Then the

structure factor yields a value of SF = 8.
We return to (5.3), taking (5.4) into account:

2
2mhbe o (5.9)

V(R)=V(G) = V(N k,l) = S SF.

If Ng is the number of scattering centers (or atoms) per elementary cell, then
N = Ng/V. is the number of scattering centers per unit volume. Calculating
V(0), the structure factor is always equal to Ng and we obtain

—
_ 2mh%b. . V(G)  SF
M 7 V() VNS

V(0) (5.10)

Example: silicon, (2,2,0)-reflexion — a = 5,43.1078%cm, V, = a®, N =
5,04.1022cm ™3, b, = 0,415.1072cm, M = 1,675.107%"kg, SF =38,
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~ V(G)/V(0) =1and 1/a® = N/8 — V(2,2,0) = V(0) = 167h%b,/(a> M) =
5,395.10%e¢V. If thermal neutrons are considered, the energy is about
E =~ 0,025e¢V, and the ratio between the potential and the energy can be
calculated. The outcome is

N
V(&) _ V() 6
— = —= =210 1. 5.11
This result is important for the dynamical theory of diffraction in connection
with the so-called two-beam approximation (see below). The inverse Fourier
transformation of (5.3) yields

V(T) =3 V(G (5.12)
3

and this equation describes the periodicity of the potential in the crystal
lattice.

In deriving the dynamical theory of diffraction (see below), we neglect the
absorption of neutrons, because absorption is very small in silicon.

5.2 Basic Equations

The solution of the stationary Schrédinger equation (5.1) is given by the
so-called Bloch-ansatz .
(7)) =BT u(T), (5.13)

where the exponential factor comprises the vector ?, which is a wave vector
inside the crystal, and u(7") is the amplitude of this wave. Analogously to
the potential equation (5.12) an ansatz is made for u(7):

w(T) =3 u(G)ei 7. (5.14)

G

The amplitude u(a)), which is defined in the reciprocal space, has to be
identified. The wave function 1 (7") now reads

W(7) =Y u(@)e @7 (5.15)
G

If (5.15) and (5.12) are inserted into (5.1), we obtain the basic equations of
the dynamical theory of diffraction:
h2
2M

—

(K +G)? - ] Z V(G - Ghu(@). (5.16)



80 5 The Dynamical Theory of Diffraction

There is a finite number of equivalent waves in the crystal whose wave vectors
—
differ by G, respectively. This system of equations cannot be solved generally.
—
However, we expect the respective amplitudes u(G) to be especially large, if

- =
the wave vector (K + G) of the reflected beam is near a reciprocal lattice
point.

5.3 One-Beam Approximation

If only a single lattice vector G =0is effective, one speaks of one-beam
approximation or beam refraction (Fig. 5.2). The appropriate wave vector in

the crystal is denoted by I?(;. From (5.16) we obtain

HZK& - E} u(0) = =V (0)u(0) — K=k [1 - V;;O)} - (517)

where the energy of the incoming neutrons is £ = h?k?/(2M). Because of
(5.11) Ky can be written approximately

Ko~k [1 - V;g)} . (5.18)

KOJ_
oo (i K7 oL ko
vn LY 2cos(v)E

Fig. 5.2. Beam refraction (see text). A plane wave of wave number k impinges on
a surface of a single crystal and the refracted wave has wave number Ky inside the
crystal
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V(0) can be understood as a mean potential of the crystal. Using (5.10) the
index of refraction n reads

|
|
L
—_
9

n

(5.19)

The index of refraction of neutrons in silicon is only a little bit smaller than 1
(refraction from the perpendicular). In Fig. 5.2 the incoming plane wave R T
has a wave vector ? The wave vector ITO) of the refracted plane wave ezﬁ?
has changed both in direction and in magnitude. Thereby the continuity of
the tangentlal components k| = Ky has to be taken into account. The unlt
vector 7 is perpendicular to the crystal surface. 7 is the angle between 7
and k: and we have cos(y) = k, /k. From the geometrical proportions and

(5.17) we identify:

V(0
K§ = K§| +Kg = Kj| +kf =kt +kf - kZ%

V(0) 1 V(0) = = =
— Ky = 2 g2y - — —Kog=Ko +K
, 1 (0) =7 kV(0) e
" { 2cos?(y) FE ] I 2cos(7)E

(5.20)

This equation is visualized in Fig. 5.2. Hence, the one-beam approximation
describes the transition of a beam from vacuum into the crystal (refraction).

5.4 Two-Beam Approximation

In this case, two lattice points (Zf = 0 and one single G # 0) have to be
regarded. This approximation is justified only if all the other lattice points
are far away from Bragg refraction. We shall see that the refracted intensity
decreases very quickly in the neighborhood of a lattice point. Hence, from
the basic relations (5.16) it can be concluded that two equations have to be
solved simultaneously:

— B2 — - —
G =0 {QM(K) E]u(O)—V(O)u(O)V( (@),

— h?

G#0: [m(

=l

L 02— E} wW(G) = —V(Gu(0) — V(0)u(G). (5.21)

If we consider the one-beam approximation (5.17), the squared value (I?O))2 =
—
K2 of the wave vector K in the mean crystal potential V' (0) is, because of
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—

(5.11), almost equal to k2. It can be expected that (?)2 and (? + G)? are
very close to k? as well. Therefore, the following ansatz is made:

() ~ k(1 +26), (K + G)?~k2(1+2q). (5.22)
— - =
e and e¢ are called excitation errors of K and K + G, respectively. |e| and

leg| are, therefore, in the range of V(0)/E < 1. The vectors themselves can
be written according to (5.20) as

en (5.23)

for the forward beam (?W = kcos(y) =k, ) and

en (5.24)

cos(7)

for the diffracted beam. In both expressions only € can be found and e and
ec are not independent of each other. Because of (5.22) we get

—

=T ——
R+GP2=(R)2+(0)2+2KC — 2eq =204 &S HE

k2+k2

Using (5.23), we finally obtain

N
N
Gn

o (G2 +2kG).  (5.25)

1+

1
704:?

1 1
QeG=2€g+a, - =

b k

Q

b characterizes geometrical proportions (Laue diffraction or Bragg diffraction)
and « describes the deviation from the exact Bragg angle @ (see below).

Two cases can be distinguished (see Fig. 5.3):

Laue case: In this case, the beam kg is diffracted behind the crystal. We
consider henceforth symmetrical diffraction. In the Laue case, the reflection
planes are perpendicular to the crystal surface (y = Op). E’W = 0 is valid
and b = 1 according to (5.25). In the dynamical theory of diffraction, the
exact Bragg equation reads (see (5.24))

- =

Ke-EK=0G, (5.26)

where all these vectors belong to the interior of the crystal. Because % and
lg are outside beams, ~ G has been written in Fig. 5.3. Note that (5.5) has
been derived using the geometrical theory of diffraction.

Bragg case: The reflection planes are parallel to the crystal surface (y =
/2 — Op). We have: Gw =-G=—2 cos(y) — b = —1, taking (5.5) into
account.
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LAUE BRAGG

u
09} ]

Fig. 5.3. Left: symmetrical Laue diffraction (b = 1). Right: symmetrical Bragg
diffraction (b = —1). The horizontal line illustrates the crystal. The k-vectors are
outside the crystal. The reflection planes are normal to the crystal surface in the
Laue case, and parallel to the crystal surface in the Bragg case (see text)

The quantity « in (5.25) describes the deviation from the exact Bragg
angle @p. This can be shown as follows: let @ = @ + §Op, where §0p is a
very small angle. That means that ? should fulfill Bragg’s equation almost
exactly. Then the expression %G in (5.25) reads: %G =kG cos(m/2+0) =
—kGsin(O) ~ —kG[sin(Op) + cos(Op)dOp]. Using (5.5), « can be written
as a = (G? + 2?6)%2 ~ —2sin(205)i0p. If a = 0, the exact Bragg
condition is fulfilled.

Later in this book we consider the Laue-type neutron interferometer.
Hence our main attention is directed to the Laue case of diffraction. Set-
ting b = 1, the excitation errors are

€ =€+ /2. (5.27)

Returning to the basic equations of the two-beam approximation, we insert
(5.22) into (5.21) and obtain the homogenous equation system

|:26 + Vg))] u(0) + Mu(@) =0,

=

V(G)
E

u(0) + {2@ + ] uw(G) =0, (5.28)
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which has %ﬂy ngn—trivial _s)olutions if the determinant is equal to zero. Be-
cause V(—G)V(G) = |[V(G)]? and using (5.27), we have

e L] fora YO V@R

and the two solutions are:
-
V(0) [V (G)]?

+1\/a%+4 [

€12 = 1 —a— 2 (530)

—

Note that V(G ) = V(0) for the silicon-(2, 2,0) reflection. Because of the two
values € 2, two wave fields in the forward direction uy2(0) and two wave

fields in the diffracted direction um(a}) appear in the crystal:

—
G 2 V()/E
u12(G) = Xip=— €1,2 +_>(7)/ . (5.31)
u1,2(0) V(-G)/E
From (5.23) two wave vectors
- k
Ko = ? + €1 27 (532)
’ cos(y)

appear in the crystal and, therefore, two wave functions 1/}1,2(7)) arise, which
are superpositions of the forward and diffracted directions themselves (see
(5.15)). These wave functions are solutions of the Schrédinger equation.

The most interesting are the wave functions that are outside in the forward
—

(0) and diffracted (G) directions, respectively. These are superpositions of
two wave fields:

Yo(T) = ur(0)e™ T + up(0)e 2T
wc(?) _ ul(a’)ez(z+5)7 + u2(6)61(172>+5})7" (5.33)

In the next section we determine these wave functions for the coplanar crystal
plate including the Laue-case.

5.5 Solutions for Plane Plate in Laue Position

Now we have to bear in mind boundary conditions. Combining (5.33) and
(5.32), we recognize that the scalar product (7 7) defines these conditions.
Putting the coordinate origin on the crystal surface (see also Fig. 5.5) and
the z-axis parallel to 7 = e, (7 7 ) = 0 provides the boundary condition of
the front side of the plate and (7 7°) = D yields the boundary condition on
the back side. Here D denotes the thickness of the crystal plate.
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The incoming plane wave is written as
e = upe'” . (5.34)

The continuity condition of the wave function . and the wave function
1/10(7) at the front side (W?’) = 0 of the crystal yields

Because there is no reflected wave at the front side in the Laue case, the
second equation of (5.33) together with (5.31) provides

0= X1u1(0) + X2U2(0>. (536)

These equations give

Xo
= ——u
X2 _Xl 05

X1

Ul(o) 7mug.

us(0) = (5.37)

The forward and diffracted beam behind the crystal can be calculated easily
from (5.33) using (7' 7) = D:

wo(D) XQe““l D/ cos(v) _ XlelkGQD/ cos(v)

e X — X, -
lﬁg(D) _ X1X2 [elkélD/ cos(y) _ eleD/ COS(’Y)] 618? e 616? (5 38)
Ye Xo— X, '

vg and vg are complex crystal functions and important quantities for obtain-
ing proper amplitudes for the plane waves behind the crystals of an interfer-
ometer (see below).

5.5.1 Intensities of Laue Position

The squared absolute values [1g(D)/1.|? and |¢pg(D)/1b|* are of interest
because they are the ratios of intensity, which are diffracted behind the crys-
tal. Before these quantities are identified, two new parameters A and y are
introduced:
N
E V(G 1 FE
= Du y=3 =«
2cos(y) FE 21V(G)|

The parameter A is proportional to the crystal thickness D and y depends
on «, the deviation from the exact Bragg angle @ 5. The exponents in (5.38)

become re oD D (0)
€1,2
27 A(—y£2 1) — Azl 4
cos(7y) (-y v 2cos(y) E (5:40)

(5.39)
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The quantities X4 o are defined via (5.31) and the expressions for the inten-
sities are as follows:

Yo(D) ‘2 _sin’ (41432 [do(D) ’2 _ o sin’(AVI+ ) (5.41)
ve | 14y T | e L4y2 77

In Fig. 5.4 the function sin?(Ay/1 + y2)/(1 4 y?) is drawn for the parameter
A = Tn/2. The sum of the intensities in (5.41) yields one. This equation
is the most important outcome of the dynamical theory of diffraction. It is
called “pendular solution” or “Pendellésung”, simply because the intensity
oscillates between the forward and diffracted directions, depending on the
crystal thickness D, respectively A. Therefore, the “Pendellésung period” dg
is defined by

D

e
For the silicon (2,2, 0)-reflection and a wave length of A\ = 24, the “Pen-
delllssung period” becomes dy = 0,614.102cm. On the other hand, the in-
tensity oscillates as a function of the deviation y from the Bragg angle and
these oscillations become narrower the thicker the crystal. y can be expressed
using g by

8o = (5.42)

kdo

T 4r cos(7y) “ (5.43)

)

0.9+ A=71/2 7

0.8 i
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01t 1

L2 /
Fig. 5.4. The function W
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5.5.2 Wave Functions for Different Incident Directions

In this section we calculate wave functions and phase relations, taking into ac-
count different incident directions of the incoming beam. Such considerations
are important in specifying waves, which appear in the neutron interferometer
described below. N

We emanate from (5.23) and (5.24), writing an analogue equation for K¢,

namely
N

Ko=K ko eo?

cos(7) eqm, (5.44)

—

Ql

where the direction la of the diffracted beam behind the crystal appears
(provided that symmetric diffraction takes place). Using (5.27) and (5.43),

— =
ko — k reads as
_

ko—k =G —p7, —%% (5.45)

0
This equation sheds light on the difference between the geometrical and dy-
namical theory of diffraction. We refer to Sect. 5.1.1 and Flg 5.1, where the
geometrical theory of diffraction leads to the relation kG — k 67 which
turns out to be only an approximation (we apply our notation here). The
vectors l@ and & belong to the outside region, whereas G is the reciprocal
lattice vector of the crystal. According to the exact Bragg equation (5.26),
G is the difference of the quantities ITG) and ?, which belong to the inside
of the crystal. Therefore, the geometrical theory has been corrected and im-
proved by the dynamical theory of diffraction by the correction term p7 .
Only if p = 0, or equivalently y = 0, are both Bragg equations identical.
Nevertheless, the geometrical theory of diffraction does not take into account
the thickness of a crystal and hence the “Pendelldsung” according to (5.41)

is in any case a characteristic of the dynamical theory.

Henceforth, we simplify our calculations taking into account the special
silicon (2,2, 0)-reflection, where V(@) = V(0) (see Sect. 5.1.2). In addition,
we introduce the quantity

p k V(o)

P(y) = 3 Jes() E 5 (1 +v), (5.46)
which will be used below. Particularly with regard to the description of the
Laue-type interferometer, we introduce general distances (7 7). We remem-
ber that this quantity was equal to the crystal thickness D specifying the
back of the crystal plate. Going back to (5.33) and (5.38) and taking into
account (5.45), the wave functions vy and ¢ are written in the following
generalized manner:

’l/) — ’Lboel k7
o = vo (y)d}e;
(5.47)
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@[JG _ ,UG(y)ezG Twe _ UG(y)quz(k-i-G)T — UG(y)quz(kG-i-pn)r

_ UG(y)uoezpzbesz T o 'UG(y) zG?fzp(W7’fzb)q/}e’ (548)

where in a first step (7 7) = 2, (see Fig. 5.5) has been inserted. On the
back of the crystal, z; is exactly equal to the crystal thickness D. Introduc-
ing 2, permits us to define any position of a crystal plate, which will be
of importance in the interferometer discussed below. In the last step of the
above equation, we have rewritten the exponent in order to include arbi-
trary distances (7 7). The amplitudes vo(y) and vg(y) now depend on the
parameter y:

vo(y) = ePWP Leos(AV/1 + 42) \/Tsm (AV1+9y?)

valy) = _esz)Dﬁ sin(Av/1+ y2), (5.49)

In (5.48) the phase factor e’** defines the position of the crystal plate, and
this is important for a focusing requirement of the interferometer (see below).

-
-
k Ka
Ve Ve
0
D
Zp
\ /
E - z T(
kGI K ;
G
Vg Vo
\'] ’
Vo' G

Fig. 5.5. Diffraction in Laue-position. Left picture: incoming wave function ).
impinges from the left side. Right picture: incoming wave function . arrives from
the right side. This means that the reciprocal lattice vector points to the opposite
direction (see text). D denotes the thickness of the crystal. The coordinate origin
on the crystal surface is marked by the level 0. The quantity z, denotes the back
of the crystal
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The wave function . in (5.34) describes the incoming plane wave of
a Laue-type diffraction (see Fig. 5.5, left picture), whereas the wave ¢ =
upe**a™ characterizes an incoming wave in the diffracted direction. This wave
can be used as an incoming wave for a second crystal plate (see Fig. 5.5,

right side). Indeed, we have to keep in mind that, because of the reversed
—

diffraction process, the reciprocal lattice vector (G) has to be replaced by
—
(—@). Basically, (y) has to be replaced by (—y). Altogether we obtain:

—_,
T

’(/}e’ = quZ " 3
Yo = vo(—y)er,

Yo = va(—y)e  Puge = vg(—y)eﬂa?“p(ﬁ?fzb)we/. (5.50)
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The wave functions defined in (5.47) to (5.50) are in an appropriate shape
to be applied to a Mach—Zehnder-like neutron interferometer (Fig. 6.1). The
silicon perfect crystal interferometer [24] provides widely separated coherent
beams and has become a standard method for advanced neutron optical in-
vestigations. Its operation is based on division of amplitudes by dynamical
Bragg reflection from perfect crystals. In the standard version, a monolithic
triple-plate system in the Laue transmission geometry is used, which provides
a wide beam separation (> 5cm) and a non-dispersive response to the in-
cident neutron beam. The perfect silicon crystal interferometer is extremely
useful for fundamental neutron physics studies.

For most applications, the standard triple Laue case interferometer is
generally the best configuration (Fig. 6.1). It follows from symmetry con-
siderations that the amplitude and the phase of the wave function in the
forward (0) direction behind the empty interferometer is composed of equal
parts coming from both beams traversing paths I and II. The wave on path I
arrives in the 1-beam after having made a transmission (t) in the first crys-
tal (splitter S), a reflection (r) in the second crystal (mirror M) and another
reflection (r) in the third crystal (analyzer A). On path II the sequence is
(rrt). From symmetry, it follows that these two waves are equal in phase and
amplitude, as will be shown below. However, if a phase shifter is put into one
of the arms of the interferometer, phase differences between the two paths
can be generated, as will be discussed in the next section.

6.1 Wave Functions and Focusing Condition

A full analysis of the perfect silicon crystal neutron interferometer requires
a detailed description of the coherent wave fields that propagate through
the device. The starting point for this analysis is the plane wave dynamical
diffraction theory for a symmetric Laue geometry crystal slab, as developed
in the previous section. Repeated sequential application of the transmission
and reflection functions (5.49) for each of the crystals of the interferometer
leads to formulas describing the 0-beam and G-beam wave fields and the
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\
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() wi (1)
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Fig. 6.1. Laue neutron interferometer: beam splitter S, mirror M, analyzer A,
thickness of the phase shifter Dp, incident wave .. In the forward and diffracted
directions, the waves 1o and ¥g are superpositions of the two beam paths I and
IT (see text). Beams a and b leave the interferometer behind the mirror. The small
circles illustrate wave packets that are shifted against each other if a phase shifter
is put into one arm of the interferometer

intensities leaving the interferometer. Taking into account (5.47) to (5.50)
the calculation is as follows.

Beam path I

Behind beam splitter S: 1/1(1)’5 = vo(y)he

. . A== M
Behind beam mirror M: wéM =vg(y)erC T TP =20) (I)’S

—1

— —— A
i _ LM
T +p(M 7T —zj ),(/}G

S

Behind beam analyzer A: ¢) = va(—y)e
Ve = vo(—y)¥g

Putting them all together, the wave functions of beam path I read:
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Beam path II:

Behind beam splitter S: f° = v (y)etCT—w(TT =20y,
Behind beam mirror M: " = vG(—y)e*’G?ﬂp(W?*zly)wg’s

Behind beam analyzer A: ¥ = vo(y)z/J(IJI’M

I _ 167}711)(
¢ =va(y)e
Putting them all together, the wave functions of beam path II read:

——
nr

Il

D = ve(y)va(—y)vo(y)e PG )y,
Vi = va(y)va(—y)ve(y)e P T ==y,

Hence, the focusing condition for an ideally perfect interferometer reads as
follows:

2 =M =M -2 (6.1)

The three plates of the interferometer have to be equal and they have to
be equispaced. Hence, in the forward direction, the two wave functions are
equal:

o =10 - (6.2)

Both wave functions are reflected twice and transmitted once (rrt). They
have equal amplitudes and phases. This is the most important result con-
cerning the perfect Laue interferometer. The total wave function 1y is a
superposition

o = Vb + Uk = 208 = 2u0(y)va(y)va(—y)e P 5y, (6.3)

Because of the different amplitudes of the diffracted beams @/}}; and wg, their
phases disagree as well. The superposition reads

ve = Uk + ¥8 = [o(y)vey)vo(—y) + v (y)va(—y)ve (y)]e?™ o. (6.4)

If the equations (5.49) are inserted, we obtain

sin?(A4/1+%2)
% _ _17 1+y2 — _1_ "UG(ZJ)|2 (65)
a sin?(Ay/T+y?) e

1+y2

where a phase difference of m between the two beams can be observed
(=1 =¢e").
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6.2 Intensities and Phase Shift

Finally, the intensities should be computed. Because |vg(y)ve(—y)|? =

lva(y)]* and |vo(y)vo(—y)|[? = |vo(y)[*, the intensities in the forward beam
|10 /1e|? and in the diffracted beam |1 /9.|? are
Pol? - 212 2
Ve = 41 = Jva(y)] (6.6)
and
be | _ 2 212
ol = lva (y) [t = 2lva(y)[)° (6.7)
The sum is
Wl [vel
ol e =Wl (6.8)

Now we take into account the wave functions a and b, leaving the interfer-
ometer behind the mirror crystal (M) (Fig. 6.1). They can be calculated
following the considerations about reflection (r) and transmission (t). Beam
a is reflected once and transmitted once, and beam b is transmitted twice.
Hence,

2 2

b
L = el - o) || =0 el
al? b |2
S 4[| =1 o (6.9)
[ol? + hécl? + [al? + b2 = [l (6.10)

Hence, all outgoing intensities sum up to the ingoing intensity |1.|?.
Because of ) = ¥{!, in an empty interferometer the forward beam (0) is
particularly suitable for investigation when a phase shifter is put into one arm
of the device. The coherent superposition of the two wave functions, taking
a phase shift into account, is considered in the following sections. From the
point of view of using the change of wave vector due to the optical potential
provided by the collection of nuclei in a slab of matter (phase shifter) of
thickness Dp in one of the sub-beams of the interferometer, we find that the

phase shift is [24]
X =(n—-1)kDp = —ANb.Dp, (6.11)

where we have used (5.19) for the index of refraction n. Thus, the intensity
Iy(x) in the 0-beam is given by
‘2

Io(x) = [¢he™ + 9li|” = 2ol 1+ cos()] (612)
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The intensity oscillates as a function of phase shift y, where maximum in-
tensity and complete extinction alternate. However, in the following sections,
we shall consider wave number packets, where the cosine in the intensity
formula above is damped, due to the broadness of the packet.

It should be mentioned that

Io(x) + Ia(x) = [ol* + [val? (6.13)

is a constant and, therefore, I(x) is oscillating in opposite phase to Iy(x).
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For many years it has been known from classical optics that the coherence
properties manifest themselves in a spatial intensity variation for phase shifts
smaller than the coherence length and in a spectral variation for large phase
shifts [9]. These phenomena become more apparent for less monochromatic
beams and can even cause squeezing effects [34].

It is generally known that coupling in phase-space is very effectively de-
scribed in terms of the Wigner function [5,35], which represents a quasi-
probability distribution routinely used in quantum optics [2,6]. The formalism
of Wigner function representation was introduced to visualize the behavior of
various quantum systems that exhibit typical quantum optical phenomena.
Although it cannot be interpreted as a probability function because of its
partially negative values (see Part I), it is useful for the interpretation of var-
ious quantum effects. Neutron optics deals with massive particles, but can be
formulated in quantum-optical terms also including the Wigner function for-
malism [24]. When the spatial phase shift, applied inside the interferometer
to one coherent beam, becomes larger than the coherence length, spatially
separated coherent Schrodinger-cat-like states are produced, which exhibit
typical non-classical features and are notoriously fragile against any dissipa-
tions and fluctuations existing in any experimental arrangement, as will be
discussed in later sections.

7.1 Superposition of Wave Packets

In Sect. 2.1, the Wigner function has been defined and its properties have been
discussed. An especially simple expression of the Wigner function is derived
for the wave packet in Sect. 2.1.1 and is specified in (2.7). Here we apply the
Wigner formalism to neutron interferometry. The interference pattern behind
the interferometer is given by the coherent superposition of wave functions,
representing paths in arms I and IT of the interferometer (Fig. 6.1). We have
a phase shifter in path I as displayed in (6.12). Its action introduces a phase
factor

2w Dp ko

—1xX — ,tkodAo A _
e =e 0= 7 = Ao —
’ ko Dy’ " Nb.

(7.1)
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where, instead of A, the mean wave length \g = 27/kq of the wave packet has
been inserted. Ag denotes the order of the oscillations of intensity caused by
the phase shifter of thickness Dp. The parameter D), is called Ag-thickness.
Behind the third plate of the interferometer, it is sufficient to consider only
the outgoing neutron beam that is parallel to the incident beam in front
of the apparatus (forward beam). The other (diffracted) beam exhibits a
complementary intensity pattern and does not require separate examination.
The superposition (s) of the wave functions in the forward direction reads

Ys(z,t, Ag) = P(z,t) + Y(x + Ao, t). (7.2)

¥ (z,t) is the wave function of the wave packet defined in (2.5).

The difference to the former considerations are apparent: for the super-
position in (6.12) _t)he plane wave theory has been applied, where the incident
beam 1, = uget kT (see (5.34)) entails a superposition of plane waves of
certain amplitudes behind the interferometer. Hence, the modulation in in-
tensity as a function of phase shift x is complete. However, in (7.2) wave
packets are used and an appropriate damped intensity behavior can be ex-
pected, as shown below. Instead of 1., a wave packet such as (2.5) impinges
on the interferometer, giving rise to a superposition of wave packets behind
the interferometer. The absolute power is determined primarily by the crystal
functions vg(y) and vg(y) of (5.49) and integration over y, taking a certain
beam divergence into account. Here we do not attach great importance to
absolute intensities. Therefore the relation (7.2) is sufficient to describe the
interference phenomena that we are interested in.

Fourier transformation of 1, (z, t, Ag) leads to a superposition of Gaussian
wave packets in k-space:

a,(k, Ag) = % / Gy, b, Ag)e M dr = a(k)[1 + 2] (7.3)

Here 2 = hk?/(2M) and a(k) is given in (2.3).

7.2 Wigner Function of Superposition

According to (4.3), the Wigner function of the superposition state (7.2) reads

/

/
Wg(l’,k,t, AO) = %/d}: (‘T + I27t7A0> 1/1.@ <.’,E - Zat7AO> eka/dl’/.
(7.4)

The calculation leads to the following expression [36,37]:
Ws(x, k7 L, AO) = WWP($7 k7 t) + VVYVVP(-Qj + A07 k7 t)
A
+2 cos(kAo) Wi p(z + 70 k,t). (7.5)
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This formula is described in detail and graphically displayed in the fig-
ures below. First of all, Wy p(z,k,t) is identical to the Wigner function
of the wave packet defined in (2.7). The Wigner function of superposition
is simply the sum of the Wigner functions of two wave packets shifted
against each other by the phase shift Ay plus an oscillating part (inter-
ference term). Time ¢ simply “distorts” the function Wy p(2, k,t), depend-
ing on the velocity of the single plane waves in the wave packet. It does
not alter the phase shift and phase relations, and we shall omit the time
parameter subsequently. However, we bear in mind that a matter wave
packet spreads as it propagates. The explicit expression of Wy (x, k, Ag) now
reads

Ws(z, k, Ag) = le_(k/%’;i{6725"2(9”“’)2 + 7207 (who+Aoko)®
Qo
+2cos(kAg)e 20" (hotAoko/2)%y (7.6)

where o =0k/kg. The variables k/ko and zko are dimensionless. Figures 7.1
to 7.4 display this function. Thus, the Wigner function of the coherent
Schrodinger-cat-like states (7.2) becomes the sum of the Wigner function

A0k0=01r
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0 / |
- 200
" 0.98 “s00 "

Fig. 7.1. Wigner function W (z, k, Ag) (7.6) for superposition of two wave packets:
o = 1/100, interference order mo = Agko/(27) =0
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Fig. 7.2. Wigner function W,(z, k, Ag) (7.6) for superposition of two wave packets:
o = 1/100, interference order mo = Agko/(27) = 25
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Fig. 7.3. Wigner function W,(z, k, Ag) (7.6) for superposition of two wave packets:
o = 1/100, interference order mo = Agko/(27) = 50
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Fig. 7.4. Wigner function W, (z, k, Ag) (7.6) for superposition of two wave packets:
o = 1/100, interference order mo = Aoko/(27) = 100

of the two spatially shifted wave packets and a cross term oscillating more
rapidly in the case of increasing phase shifts Agkg. Schrodinger-cat-like
neutron states not only exist in split beam interference experiments, but
in spin-echo systems as well (see below). Both situations can be described
properly by the Wigner function formalism. It is important to note that inte-
gration over the momentum variable gives the spatial distribution
|5 (2, Ag)|?, and integration over the spatial variable gives the momentum
distribution |as(k, Ag)|? (see Sect. 2.1 and the next section). This opens
the possibility of quantum state tomography, because both quantities can be
measured. It permits an interferometric measurement of the Wigner function,
which is equivalent to knowledge of the state wave function [38,39].

Coming back to the figures above, for higher interference order my =
Apko/(27), the negative parts of the Wigner function are clearly identified.
One can observe how the wave packets become separated with increasing
interference order, and the oscillating part in between becomes more and more
pronounced. Attention should be paid to Fig. 7.2, where my = 25 is applied.
The wave packets begin to separate, and it can be seen that the mean square
deviation of momentum is considerably smaller (squeezed Wigner function)
than in the case mg = 0 (Fig. 7.1). We shall come back to this later.
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7.3 Momentum and Position Spectra

As mentioned above, the momentum spectrum |as(k, Ag)|? is an integral of
the Wigner function over the spatial variable and we get:

s (B, Ag)|? = /Ws(a:, k, Ag)dx = 202 (k) {1 + cos [:O(Aok:o)] } . (7.7

where
1 _ (k/kg—1)?

— ¢ 202 . 7.8
\/2mo2ks (78)

The detailed structure of the wave packets in momentum space is presented
in Figs. 7.5 to 7.8. Figure 7.5 displays the momentum spectrum as a function
of interference order mg between 0 < mg = Agko/(27) < 1. For my = 0,
the original Gaussian spectrum o?(k) is visible (kg = 1 has been inserted).
For mo = 1/2 (or Agkg = ), the spectrum |ag(k, Ag)[? is almost zero.
As mentioned before, we consider the forward beam of Fig. 6.1. Hence, (for
mo = 1/2) the intensity can be found in the diffracted beam (not shown here).
This is a result of the dynamical theory of diffraction in a single crystal neu-
tron interferometer (see (6.5) and (6.13)), where the forward and diffracted
beams have opposite phase. Figure 7.6 exhibits a considerably smaller mean
square deviation of momentum in comparison with Fig. 7.5. The momentum

o?(k) =

350
300 %
250
=
200 \
N
2N
100 N
AR
50 \\»& @&&N

k/kO A K

Fig. 7.5. Momentum spectrum |o(k, Ao)|* (7.7) for superposition of two wave
packets: 0 = 1/100, interference order 0 < mo = Agko/(2m) < 1
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Fig. 7.8. Momentum spectrum |ov(k, Ao)[* (7.7) for superposition of two wave
packets: 0 = 1/100, interference order 100 < mo = Aoko/(27) < 101

spectrum has been squeezed for my = 25. Figures 7.7 and 7.8 reveal more
and more the cosine-structure because of the higher interference order.
The position spectrum can be evaluated as mentioned before:

[Ys (2, Ao /W x, k, Ag)d \/UT%{6202(M0)2 +e—202(zko+Aok0)2

+2 COS(A0k0)6720 (zko+Aoko/2)? 6702(A0k0)2/2} ) (79)
This function is drawn in Figs. 7.9 to 7.12. The space distribution of the non-
shifted wave packets is reflected in Fig. 7.9 (mg = 0). In the case of mg = 1/2,
the intensity is turned to the diffracted beam, as already discussed in Fig. 7.5.
For higher interference order (Figs. 7.11 and 7.12), the wave packets have
been completely separated, as can be seen very clearly. Even though the wave
packets have been entirely disconnected in space, their momentum spectra
exhibit a pronounced structure, as can be seen in Figs. 7.7 and 7.8. The
Wigner functions Figs. 7.3 and 7.4 accentuate both properties simultaneously.

7.4 Squeezing of Momentum Spectrum

Having figured out the momentum spectrum |ag(k, Ag)|? and the position
spectrum [,(x, Ag)|? of the superposition state behind the interferometer in
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(7.7) and (7.9), the intensity can be determined by

1(X) = / [balz, Ag) P = / sk, Ao) Pk

=21 4 e X2 cos(X/a)). (7.10)

The new variable X = (Apko)o has been introduced, and I4(X) is drawn
in Fig. 7.13, top. As has already been mentioned in Sect. 6.2, the intensity
oscillations are damped due to the broadness o = dk/kq of the wave packet.
The exponential factor V = e=X */2 45 exactly the visibility function defined
in (3.17). For 0 = 1/100 and X > 3, the intensity oscillations are almost
completely damped out. This region is equivalent to (Apkg) > 300, and
Fig. 7.11 exhibits already complete separation of the wave packets. However,
the momentum spectrum (7.7) reveals a pronounced cosine-structure. This
proves again that the two beams are coherently interconnected in phase space
although they are completely disconnected in position space.

The new quantum states, created behind the interferometer, can be an-
alyzed with regard to their uncertainty properties. In the case of X = 0,

Intensity

4 T
3 L .
2
1 .
0 1 1 1 1 1

0 0.5 1 15 2 25 3

.5 Position uncertainty

1 1 1 1 1
0 0 0.5 1 1.5 2 25 3
Momentum uncertainty
3 T T
2 -
1 A
0 1 1 1 1 1
0 0.5 1 15 2 25 3

X

Fig. 7.13. Top: intensity Is(X) (7.10). Mid: position uncertainty {(Ax)?)s/(dz)?
(7.11). Bottom: momentum uncertainty ((Ak)?)s/(dk)? (7.12); ¢ = 1/100. For X =
/2 (or Aoko = 7/(20) = 1007 /2 or mo = 1/(40) = 25) the momentum uncertainty
has a minimum and the momentum spectrum is squeezed (see Fig. 7.6)
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the dynamical conjugate variables  and k£ minimize the uncertainty product
with identical uncertainties (6x)? = (6k)? = 1/2 (in dimensionless units).
Using [¢s(z, Ao)|? and |as(k, Ag)|? as distribution functions, we obtain for
Gaussian packets (for o <« 1) according to (4.5) and (4.7):

((Az)?)s _ Xz
G2 L0/ (1
and 2
((Ak)?)s —1_x?2 e FL(X)/2] -1 (7.12)

(0k)? {(X)12/41}
These relations are shown in Fig. 7.13, indicating that for ((Ak)?)s a value
below the coherent state value (6k)? can be achieved, which in quantum optics
terminology means state squeezing [2, 6,40]. One emphasizes that a single
coherent state does not exhibit squeezing, but a state created by superposition
of two coherent states can exhibit a considerable amount of squeezing. Thus,
highly non-classical states are made by the power of the quantum mechanical
superposition principle. The degree of squeezing can be further enhanced by
multi-plate interferometry (see the next sections). Properly formed squeezed
input states can be used in a Mach—Zehnder interferometer to produce optical
entangled states [41]. It should be mentioned that the general uncertainty
relation ((Ax))s{(Ak))s > 1/2 remains valid for squeezed states as well.

7.5 Q-Function

In Sects. 2.2, 2.3.4 and 2.3.6 we examined the Q-function from a theoretical
point of view. We have discussed the Q-function of various quantum states
(Fock states, coherent states, harmonic oscillator). Unlike the Wigner func-
tion, the Q-function has the nice property of being positive everywhere in
phase-space. Hence we are led to the question: why not use the Q-function
rather than the Wigner function? We recall that the Wigner function empha-
sizes the interference nature and hence the Wigner function is useful when
we want to study interference phenomena. However, it is instructive to inves-
tigate and introduce the Q-function in neutron interferometry, by comparing
it with the Wigner function.

7.5.1 Q-Function of a Wave Packet

First we study the Q-function of a wave packet. Going back to (2.19), the
Q-function is a Wigner function washed out by two Gaussian functions

fk) =

2
Wexp{ﬁw}, g(gg) _ 2(‘;]9)2 exp{72(5k)2x2}'

(7.13)
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g(z), e.g., is exactly the ground-state position distribution 43 () of a coherent
state, where (0k)(dz) = 1/2 (see 2.37). The Q-function then reads

Qa, k) = / Pk — K)gla — 2'YW (2!, K )dk da. (7.14)

Using the Wigner function of a wave packet (2.7) (setting ¢ = 0), we obtain

Qwp(z, k) = ;rexp{—m - (§k)2x2} = W- (7.15)

The appropriate distribution functions of momentum ¢(k) and of position

~(x) are:
T (k — ko)?
0= [ Quete. @h? Xp{_wk;}’
V(x) = /QWP(o:,k)dk = %Wexp{f((skyﬁ}. (7.16)

The Q-function is normalized to 1:

/ Quwp (e, k)dkdz = / (k) dk — / Y (@)da = 1. (7.17)

Using ¢(k) and ~(z), the mean values are: (k) = ko, (k) = k2 + 2(3k)2,
(z) = 0 and (x?) = 1/[2(0k)?]. The uncertainties and the uncertainty relation
are:

(ARP)g = (B2, (Ao = Gz (ABPlo((Anfle = 1. (T18)

This relation is noteworthy, because the minimum uncertainty relation of
a wave packet regarding the Wigner function (4.8) exhibits a value of 1/4
instead of 1 here. This is traced back precisely to the fact that the Q-function
is washed out by Gaussian functions, as seen in (7.14).

The Shannon entropy can be established according to (4.9) and (4.10)
using ¢(k) and ~(z), and we get

(Hy + Hy)wr, — (Hy + Hy)wp,wigner = In(2) > 0, (7.19)

indicating that the Q-function has less information content with respect to
the Shannon entropy than the Wigner function.

7.5.2 Q-Function of Superposition

In analogy to (7.14), the Q-function of superposition reads

s(x, k, Ag) = / Flk—K)g(x — 2" YWs(2', k', Ao)dk'dx’. (7.20)
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Inserting (7.6), we achieve

Qu(a.k, Ag) = %677“”’235”2 {e—o%ko)z = (ko Aoko)?
™

+2cos [A;)(k + ]{;0):| e02(mko+Aok0/2)2602(40k0/2)2} )

(7.21)

This function is drawn in Figs. 7.14 and 7.15. In comparison to Figs. 7.1 and
7.4, where the Wigner function is plotted, the Q-function is firstly two times
broader and two times lower, and secondly there are no oscillations in between
the cat-states. In addition, the Q-function is positive everywhere, of course.
The momentum and position spectra of the Q-function can be obtained by
integrating Qs(z, k, Ap) over the position and momentum variables, respec-
tively, and it turns out that these spectra are different from |a(k, Ag)|? and
|15 (x, Ag)|?, which are derived from the Wigner function ((7.7) and (7.9)).
It is left to the reader to determine out these relations. Finally, it should be
mentioned that the normalization

/ Qs(x, k, Ag)dkdr = I,(X) (7.22)
is valid (see (7.10)).
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Fig. 7.14. Q-function Qs(x,k, Ag) (7.21) for superposition of two wave packets:
o = 1/100, interference order mo = Aoko/(27) =0
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Fig. 7.15. Q-function Qs(z,k, Ag) (7.21) for superposition of two wave packets:
o = 1/100, interference order mo = Aoko/(27) = 100

Comment: The Wigner functions Figs. 7.1 to 7.4 are more sensitive to the
quantum nature of these states than the Q-functions Figs. 7.14 and 7.15, as
we have seen already for the number states in Sects. 2.1.4 and 2.3.6. More

importantly, the Wigner function can display the “totality” of interference
effects associated with a quantum state [42].

7.6 Dephasing in Wigner Formalism

Dephasing or decoherence is an interesting phenomenon, related to the long-
standing issues of irreversibility. There is a widespread consensus about the
meaning of decoherence, viewed as a loss of quantum mechanical coherence
of a physical system in interaction with other systems ( “environment” ). How-
ever, a quantitative definition of dephasing or decoherence is subtle [43—45].

We have shown that coupling in phase-space persists even in cases where
the spatial wave functions originating from both coherent beam paths of
an interferometer do no longer overlap. In this case, the interference fringes
disappear, but an intensity modulation in the momentum distribution can
be observed (Figs. 7.8, 7.12 and 7.13, top picture). The Wigner function is
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especially suitable for demonstrating the appropriate interrelations in phase-
space, as shown in Fig. 7.4, where the region of interference demonstrates the
non-classical features of this quasi-distribution. However, exactly this region
is fragile against any dissipations and fluctuations. This fragility increases
with increasing spatial separation of the wave packets and is caused by un-
avoidable imperfections and uncertainties down to the atomic level and to
zero-point fluctuations.

Here, we will describe the influence of several dissipative and uncertainty
effects and their influence on dephasing, which is an inherent step towards a
measuring process [46,47]. The dissipative and uncertainty effects describe a
stochastic disturbance of the system due to a coupling of the quantum system
to the environment. Here we are dealing with stationary situations that exist
in the case of a stationary neutron source and a time-independent phase shift.

7.6.1 Influence of Inhomogeneities of the Phase Shifter

Any physical system has intrinsic fluctuations and inhomogeneities around
certain mean values. The roughness of the surfaces causes variations of
the thickness. Density fluctuations inside a phase shifter arise due to ther-
modynamical reasons and residual stresses. Thus, imperfections exist even
at zero temperature, and even a magnetic field used as phase shifter ex-
hibits intrinsic photon numbers and, therefore, fluctuations (see Part IV).
Here, we are dealing with fluctuations and inhomogeneities with dimensions
larger than the coherence lengths of the neutron beam. In this case, aver-
aging the different beam paths through the phase shifter accounts for these
effects.

The phase shifter may have variations of its thickness d Dp around its
mean value Dpg, and may have density variations N around Ny, which
influences the phase shift Ag = 2rDpNb./(k3) (7.1). In the case of Gaussian
distribution functions

! (Dp — Dpy)?
1 N — Np)?

and the constraints Dp/ Dpo < 1 and 4N, /Ny < 1, one obtains for the
averaged Wigner function W(z, k, Ag) the expression

W (2, k, Bg) = / / G(Dp — Dpo)G(N — No)Wa(x, k, Ag)dDpdN, (7.25)
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which means that a mixed state Wigner function is settled up (see (2.1) and
(1.15)). Inserting (7.6), the result is:

— —— 1 _k/kg—1)? 1 vy
Ws(z, k, Ag) = ;e_% {6_2"2(“‘))2 + Wipr 66_2”2(mk°+A0k°)2/(1+5)
(k/ko) (zkoe/2 — Agko)

1+e€/4

6—202 (zko+Aoko/2)?/(1+€/4)

+2cos [
1

8 V1+e/d

(k/ko)?e/4 ]}

e exp {_ 202(1 + ¢/4)

(7.26)

whereas the quantities € and Ay have the following meanings:

— sDp\*> [N\’
= 4(0Agko)? | | = —
€ = 4(cAoko) [<DP0> +<No>
Figures 7.16, 7.17 and 7.18 can be compared to Figs. 7.1, 7.3 and 7.4. One
notices that the cross term of the Wigner function is much more strongly

influenced by the damping factor (last exponential factor in (7.26)) than the
Wigner functions of the individual separated packets. This behavior can be

. Ao =21DpoNob./(k3). (7.27)
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Fig. 7.16. Wigner function Ws(z, k, Ag) (7.26) for superposition of two wave pack-
ets: 0 = 1/100, dN/No = 0.003, interference order mg = Aoko/(27) =0
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Fig. 7.17. Wigner function W, (x, k, Ao) (7.26) for superposition of two wave pack-
ets: 0 = 1/100, 6N/No = 0.003, interference order g = Agko/(2m) = 50
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Fig. 7.18. Wigner function W (z, k, Ag) (7.26) for superposition of two wave pack-
ets: 0 = 1/100, 6N/Ny = 0.003, interference order mgy = Agko/(27) = 100
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seen in the figures for the density fluctuation §N/Ny = 0.003. The damping
factor of the interference pattern shows that the dephasing effect depends
quadratically on the mean spatial displacement Ay of the packets (parame-
ter €). According to (4.2), the coherence length is . = 1/(20kg) = 504 (the
mean wave number ko has been assumed to be kg = 14" and ¢ = 1/100).
In Figs. 7.17 and 7.18 Ay = 100rA > I, and 2007A > I, respectively.
This demonstrates the sensitivity of the interference region on fluctua-
tions for the spatial displacement parameter Ag larger than the coherence
length ..

It can be seen that fluctuations wash out the cross term in any case, which
demonstrates that the coherent separation of Schrodinger-cat-like states be-
comes progressively more difficult with increasing separation, because even
small fluctuations have to be avoided.

7.6.2 Fluctuations of the Beam Parameter

The beam is described by a wave packet, and the characteristic parameters
ko and dk have to be considered as fluctuating quantities as well. Such fluc-
tuations originate from unavoidable variations of the experimental setup due
to temperature variations, vibrations, etc. Assuming Gaussian fluctuations
of ko around a mean value kg with a variance kg, it can be shown that this
is equivalent to a Gaussian increase of the momentum width dk:

(0K')% = (6k)2 + (Sko)2, (7.28)

and, therefore, (7.26) can still be used. Fluctuations of the spectral width
0k, which we denote by A(dk), may be caused by fluctuations of the colli-
mation width or vibrations of the monochromator, etc. Computer calcula-
tions [47] show that this effect on the Wigner function is rather small, be-
cause such fluctuations compensate, to a large extent, the usual beam fluctua-
tions dk.

7.6.3 Decoherence in Neutron Interferometry

A quantum-mechanical process such as a beam superposition in a neutron
interferometer is not an isolated process. The system interacts with its envi-
ronment. The results show that the off-diagonal terms of the density matrix,
which are related to the interference terms, become rapidly dephased at a
rate governed by the separation of the coherent states. It has been shown in
the last section that the influence of particle density inhomogeneities and of
a phase shifter’s surface in an interferometer result in a coherence loss of the
beams’ superposition. Now we are going to demonstrate that this loss of co-
herence can more generally be interpreted by a diffusion process in ordinary
space [48].
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To gain some insight into the physics described by dephasing, the one-
dimensional Fokker-Planck equation for the distribution function P(x,t) is
a useful starting point [49]:

0] 0 1 0%

ot oz D(z)| P(,t). (7.29)

The motion of the mean is governed by A(x). This term is called “drift term”.
D(x) acts as a “source of fluctuations”. If A =0 and D is constant (diffusion
constant), the diffusion equation results:

0 1. 02

5 =3 P(x,t). (7.30)

The solution to this equation is well-known:
P(z,t) = /Pl(x,t|x0, 0)P(z0,0)dxo. (7.31)

Here P (x,t|zg,0) is the conditional probability (Green’s function)

exp {JI‘”} , (7.32)

Py (z,t|x0,0) =

1
V2m Dt 2Dt

which is a function of the space variable z and time ¢ (Brownian motion).
In (7.31) P(zg,0) denotes the initial condition. Both functions P; and P are
solutions of the diffusion equation (7.30).

In the case of neutron interferometry, the superposition of wave packets
1, is produced by means of a phase shift Ay in one of the arms of the
interferometer, as shown in (7.1) and (7.2). The Wigner function Wy (z, k, Ag)
of superposition is given in (7.6). If this function is used as an initial condition
P(x0,0) (see (7.31)), the following expression can be established:

Ws(x,lafo) = /Pl(Ko,t|A0,O)WS(x,k7A0)dA0, (733)

with the resulting conditional probability in this case being:

e T

PI(IOatlA070): 2Dt

1
V2r Dt

W(z, k, Ag) is the mean of W,(x,k, Ag) related to a mean phase shifting
value Ay, as given in (7.26). However, here the parameter ¢ contains the
diffusion constant D and time ¢, which is the mean transmission time of the
beam through the phase shifter:

e = 4(8k)?Dt. (7.35)



7.6 Dephasing in Wigner Formalism 117

Considering (7.34) the exponent contains the mean phase shifting Ay, and
this quantity comprises, according to (7.27), parameters like the mean par-
ticle number Ny or the mean thickness Dpq of the phase shifter. Hence, the
exponent in (7.34) can be identified, e.g., with density fluctuations 6 N/Np,
and we obtain an equivalence such as

(A0/B5— 1 _ (N/No 17
o aT RN/ (7:30)

Changing integration in (7.33) from Ay to N, the denominators in (7.36)
have to be equal and one reaches

¢ = 4(6k)2Dt = 4(5k)2Ag (5N /N)>. (7.37)

If we compare this to (7.27), we recognize the correspondence with the second
part of the expression with respect to the parameter €. The same considera-
tions can be made with the fluctuations of the thickness of the phase shifter.
Therefore we are led to the following differential equation of decoherence:

0 — — 1 0?2 — —
—We(z, k, Ag,t) = = — W(z, k, Ao, t), (7.38)
ot 28A0

where the parameter ¢ has additionally been disclosed for clarity. This equa-
tion can immediately be proved by insertion. Equation (7.38) is a diffusion
equation of the Wigner function [43], and in this case “diffusion” appears as a
process in ordinary space. The damping of oscillations in the Wigner function
W of (7.26) is a general consequence of the non-unitary dynamics, caused in
this case by density inhomogeneities and surface roughness of a phase shifter
in an interferometer.

It can be concluded that decoherence in neutron interferometry can be
formally interpreted very simply by a “diffusion” process. However, it must
be emphasized that an interpretation of these dynamics as a result of ran-
dom kicks (as in classical theory) would mistakenly intermingle classical and
quantum concepts.
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We now discuss the case where an additional interferometer loop is used to
revive coherence properties, which appear to be hidden behind the first in-
terferometer loop. Such systems engender some interest, because there exist
coupled interferometer loops that are partly fed with coherent beams, in-
stead of incoherent beams as in the case of standard interferometers. The
wave functions and the intensities can be calculated by extending the meth-
ods applied to the triple-plate interferometer to a multi-plate system [50]. In
certain cases, the total interfering intensity can be higher than in the stan-
dard triple-Laue case interferometer. Multi-plate interferometers have again
demonstrated the linear superposition principle of quantum mechanics and
have stimulated discussion about coherent beam mixing and non-sharp par-
ticle or wave property determination [24].

Here we concentrate on double-loop systems. The system is described and
the coherence properties are expressed via Wigner and distribution functions.
Squeezing effects are discussed and correlations, as well as visibility aspects,
are investigated.

8.1 Double-Loop System

In Fig. 8.1 a double-loop system is shown, which is an extension of a standard
three-plate neutron interferometer (Fig. 6.1), and where a second loop is
added and separate phase shifters A (see (7.1)) can be inserted in each loop.
Three path ways I, IT and III can be distinguished and, therefore, three total
phase shifts:
Ay = Ay + A1g + Az,

A = Ar1a + Azap + Az,

A = Aga + Aza + Asp. (8.1)
xa and xp are total phase shifts in loops A and loop B, respectively, and we
obtain:

xa = ko(Am — Amr),
xB = ko(Ar — An),
xaB = ko(Ar — Amr) = xa + xB- (8.2)
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S | I
Aga Ajn
X
M1 | (toopA) | |
Agp Aons Ag
1] I [
Xs
M2 | | (oopB) | |
AGB 2B
Al

N

Fig. 8.1. Double-loop interferometer. Two loops A and B, beam splitter S, two
mirrors M1 and M2, analyzer A; Ko and K¢ denote intensities in the forward
and diffracted directions, respectively; xa is the total phase shift of loop A,
xB of loop B; three beam paths I, II and III; A indicates a phase shifter (see
text)

The appropriate interference order parameters are m; = koA1/(27), my =
koA /(2m) and min = koA /(27).

8.1.1 Superposition of Three Waves

Behind the interferometer, only the intensity Ky shows a maximum theo-
retical contrast of 100% because three wave functions of equal amplitude
superimpose [50]. These three wave functions are transmitted twice and re-
fracted twice each, as can be seen immediately from Fig. 8.1. Hence, behind
the interferometer in the forward direction the wave function can be written
as:

Yo(x, A1, A, Amn) = Y(x + Ar) +¢(x 4 An) + (x4 Amr). (8.3)
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The wave packet in k-space is (compare to (7.3))
ao(k) = a(k)[e*4r 4 ekAu 4 gtk A, (8.4)

a(k) is given in (2.3).

8.1.2 Wigner Function of the Double-Loop System

Now it is convenient to determine the Wigner function by means of (4.3),
where (8.4) is inserted. We obtain [51]

k
Wo(z, k,t, A, A, Arn) = Wi+ Wi + Wi + 2{VVI,H Ccos [(kOXBﬂ

k
+W1 111 cos |:<kXAB):|
0
k
+Wir 111 cos KkXAﬂ }7 (8.5)
0

with the following abbreviations:

Wi = Wwp(z+ Ay k. t),

A+ A
;],k,t) . 4,j=1ILIIL (8.6)

Wi =Wwp (.T +

Wwp(x, k,t) is the Wigner function of a wave packet (2.7).
Figures 8.2 and 8.3 present the Wigner function of superposition (8.5) (for
t = 0) of three wave packets. It consists of three single Wigner functions due
to the three partial beams and of three interference terms. As can be seen, the
Wigner function of Fig. 8.2 exhibits a property of maximum squeezing, which
will be demonstrated explicitly in the next section. The spectral width of wave
numbers (k/kg-axis) is minimal, using the specified parameters. Figure 8.2
can be compared with Fig. 7.2. It can be observed that the Wigner function
in a double-loop arrangement is more squeezed than in a single-loop system.

8.1.3 Momentum Distribution and Squeezing

The momentum distribution function and the intensity can be expressed
through the Wigner function. The calculation of the momentum distribu-
tion |ag(k, A1, Arr, Amp)|? is easily performed by integrating Wy (8.5) over
the space coordinate x. One obtains:

lao (k, A1, Arr, Amn) | :/Wo(gc,k,t, Ar, A, Amr)de

oﬂ(k){3 +2 [cos(:ox,g) + cos<:OXAB)
ceon(Ea) ) o)
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Fig. 8.2. Wigner function Wy in a double-loop interferometer according to (8.5).
Maximum squeezing appears for x = xa = xB = 507 or x = 7/(20), where
o =1/100 (see text); mi = 0, mu = 25, mir = 50
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Fig. 8.3. Wigner function Wy in a double-loop interferometer according to (8.5).
xA = xB = 100w, mr = 0, my1 = 50, mr = 100



8.1 Double-Loop System

400

300+

L.

i
222

X

N

S>>
S

==

S

N
Z

=

<
S
>
A,
Z
2117175

e
27z
222

=
=z

=

7z

ZZZ==

200

=
I’”’

7z
ZZZ =2~

=

- .
=

2z

=
=
22

N
R
== =
e
—— =
—
=
=——
N
R
R
7
117
7

ZZ

e
77
2z

7

722
%ﬂﬂ

—
—_—
=

=

=
ZZ

\"\\
——
7z

=
=

=
=
=
S
2
Z
=

~

—
=

=
7 ZZ

100

e

=
S
S

e

<
=
\\
=
=
=
NS
NN
S5
7
27

=

N

N

=
N

X

X
N
N
=
7z
T =

N
/ 7
7

7
o
=

NN
N
S \\\\\\\\
42z

7

N
NN
TR

=

'\
A
7

2=
7
N

N
Ny

77

2

W
W

W

Z

Fig. 8.4. Momentum distribution |ao(k, A1, Arr, Amr)]? in a double-loop interfer-
ometer according to (8.7). Maximum squeezing appears for x = xa = xB = 507
or x = 7/(20), where ¢ = 1/100; Anko = 50w, Atk = 100w (or mu = 25,
mi = 50)

This function is drawn in Fig. 8.4. This figure should be compared to Fig. 7.6,
where the squeezed spectrum for the three-plate interferometer has been vi-

sualized. In Fig. 8.4 the mean square deviation of momentum is considerably
smaller than that in Fig. 7.6.

The intensity is obtained by

10(41741174111)=/|ao(/€,AI,AH,AIH)|2dk

= 342/ (XB) /2 cos(x ) + e~ OXaB) /2 cos(x 4 )

e (X2 cos(x ).

(8.8)
This function is displayed in Fig. 8.5, top, for parameters y = x4 = xp and

thus, according to (8.2), xap = 2x . The scale is X = o). The momen-
tum uncertainty is determined according to (4.5) and (4.7) and we finally

obtain:

%ﬁ;mz1_%(§A+B+xﬁ, (8.9)

123
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Intensity
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Fig. 8.5. Top: intensity Io(X) (8.8); bottom: momentum uncertainty
((AK)*)o/(6k)? (8.9); 0 = 1/100. For X = ox = 7/2 (x = xa = x5) the mo-
mentum uncertainty has a minimum and the momentum spectrum is squeezed (see

Fig. 8.4)

where

A=FE Ca+ EspCap+ EpChp,
B = (EaSa)* + (EapSas)’ + (EpSB)?,
C=FEsEspSaSap+ EaERSaSe + EapESapSa,

Eq=e X2 B, o — e=(oxan)*/2 g — o=(ox5)*/2,

Ca = (0xa)?cos(xa),Can = (oxan)?cos(xan), Cp = (ox5)* cos(xp),
Sa = (oxa)sin(xa), Sap = (oxap)sin(xan), Sp = (oxB) sin(xp).
(8.10)

The squeezing of the Wigner function in Fig. 8.2 or of the momentum distri-
bution in Fig. 8.4 above manifests itself in the mean square deviation expres-
sion of (8.9). In Fig. 8.5, bottom, this expression is visualized for the special
case X = x4 = xp = X/o and ¢ = 1/100. A minimum of about 0.28 at
X = 7/2 can be observed, which is actually further below the coherent state
value of a single minimum wave packet (value 1.00) than that of a three-plate
interferometer (minimum = 0.48, Fig. 7.13, bottom).
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8.2 Correlations in a Double-Loop Interferometer

In a double-loop neutron interferometer two and three beams are superposed
behind the first and second loops, respectively. Various correlations between
the wave functions, therefore, can be defined. While the momentum distrib-
ution can be measured by means of post-selection [24], the space distribution
is directly accessible via the visibility, which is expressed by an appropri-
ate correlation function. It is shown that the space distribution behind the
first loop can be represented by the visibility, which can be determined by
measuring intensities behind the second loop [52].

8.2.1 First Loop

In the forward direction behind the first loop, the wave function v, is a super-
position of two beams of equal amplitudes, which have both been transmitted
once and reflected twice by Bragg reflection on the silicon single-crystal plates
of the interferometer (Fig. 8.6). Behind the second loop (after the fourth plate
in the forward direction), three beams of equal amplitude are combined (see
Sect. 8.1.1), each of which has been transmitted twice and reflected twice.
The resulting wave function is denoted by 5. A phase shift A; is introduced
in one arm of the first loop. The superposition

V1(z) = a[v(z) + ¢(z + A1) (8.11)
z"'
A2 ” \\ /(
N e
Bl S 7
P / ..\. \\\ ,’ WZ
. ' loop 2 | N
,,/ \\\ \‘-\_,--/- ,’/ \\\
R4 L Sq 7 Se
L’ / . S PR 4 SN
v i loop 1) Sz N
RN \ ,—‘ IR
,/’ S ~rre ’ a
N
,l’ \\\ ,l A]
RN
A

Fig. 8.6. The double-loop neutron interferometer: A; and Az are two phase
shifters, i denotes the incoming wave function, ¥, and w2 are superpositions of
two and three beams, respectively
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of the two individual wave packets of equal amplitude behind the first loop
(c1 is a real constant and is defined by the dynamical theory of diffraction
(see Chap. 5)) leads to the intensity (7.10)

L = / |91 (x)|?dx oc 2{1 + e~ [o(Arko)l*/2 cos(Aqkog)}. (8.12)

The visibility is defined by (3.17) and leads to
Vi(A) = elo(diko)?/2, (8.13)

Alternatively, the correlation I'1 (A1) between the two beams leads to

Ay = /¢*($)w($+A1)dI = /a(k)QeXp(ikﬂl)dk
= Vi(Ay) exp(iArko), (8.14)

where |I7(A1)| = V1(A1). I1(4,) is an auto-correlation function, which is the
Fourier-transform of the momentum distribution a(k)2. From the definition
of the wave packet, one obtains the space distribution (see (2.6)) |1 (x)|* =
c.exp{—2[o(xko)]?}, where ¢ = (0)/2/mkq. From (8.13) it follows that the
space distribution is proportional to the visibility: [1)(A;/2)|?ocV1 (A1) when
x is substituted with A; /2. One can infer the space distribution of an indi-
vidual wave packet from the visibility, which can be measured by means of
intensities behind the first loop of the interferometer. It will be shown in the
next section that, to a certain degree, an analogous relation is valid behind
the second loop.

Both the momentum distribution |a;(k)|* and the space distribution
|1 (z)|? can directly be determined from the definition of the correspond-
ing wave packets ((7.7) and (7.9)):

| 2

lo (B))? = 2c%a(k)2{1 + cos [:O(Alko)] } (8.15)

[ (x)|? = c.c?{ exp[—202%(zko)?] + exp|—20%(zko — A1ko)?]
+2 cos(A ko) exp[—202 (wko)?] exp[—20% (zko — Arko)?]}. (8.16)

8.2.2 Second Loop

The superposition 1) (x) = ca[th(z) + ¥ (x + A1) + (z + Az)] of three wave
packets of equal amplitude (c2 is a real constant) behind the second loop
entails the intensity (8.8)

I, x A1 + 2{6Xp[—0’2<A2]€0)2/2] COS(AQkQ)
—|—exp[—a2(A2k0 — Alk())2/2] COS[(AQ - Al)k‘o]}, (817)
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where a second phase shift Ay and A; = 3 + 2exp[—02(A1ko)? /2] cos(A1ko)
have been defined. If the wave packets are separated, i.e., if o(A1kg) > 5 or
Aq~3, the visibility can be written as

Va(Ay, Ag)
= (2/A1){exp[—0?(A2ko)?/2] + exp[—c?(Asko — Arko)?/2]}. (8.18)

Now a cross-correlation, which combines the superposition state behind the
first loop with the corresponding state including As in the second loop (see
Fig. 8.6) has to be set up:

1
Fg(Al, Ag) = a /1pf(x)¢(x + AQ)dLL‘ = Fl(AQ) + Fl(Az - Al) (819)
The modulus of this cross-correlation is given by

[12(A1, Ag)|
= \/@‘Xg + e~ (X2=X1)% 1 9 cos( X Jo)e~X3/2-(X2=X1)2/2 - (8.90)

where X1 = 0(A1ko) and Xy = o(Azkp) and o = (dk)/ko. The function
|I5(Aq, Ag)| is shown in Fig. 8.7. For small values of X; and Xs, the in-
terference behavior in space between the two beams v (z) and (x + As)
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Fig. 8.7. The correlation |I3(A1, Ag)|: 0 = 0.2, X1 = o(A1ko), X2 = o(Azko).
For X, > 5 the wave packets are separated and |[I2(A1, Az)| becomes proportional
to the space distribution function |11 |? behind the first loop
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is visible. If X7 > 5 is achieved, the oscillations are damped out and it can
be observed clearly that the function is split up into two parts. This split is
interpreted as separation of the wave packets due to a large phase shift A;.
In this region, the relation |I5(A1, Ag)|xVa(Aq, Ag) is valid. If, similarly to
in Sect. 8.2.1, the variable z is replaced by Ay/2 and Ay by A;/2, the space
distribution for separated wave packets behind the first loop can be seen
to be proportional to the visibility: [t (z—A5/2, A1 — A1 /2)[?ocVa (A, Ay).
The important message of these considerations is that one can deduce the
space distribution behind the first loop of the interferometer (two-wave su-
perposition) from the measured visibility behind the second loop (three-wave
superposition).

8.3 Intensity and Visibility in a Double-Loop System

We are now able to determine the mean intensity levels of the forward and
diffracted beams behind an empty four-plate interferometer of this type. Var-
ious phase shifters and absorbers can be put into the arms of a double-loop
neutron interferometer. Below, it is shown that the intensities in the forward
and diffracted direction can be made equal, using certain absorbers. In this
case, the interferometer can be regarded as a 50/50 beam splitter. Further-
more, in this section, the visibilities of single and double-loop interferometers
are compared to each other, by varying the transmission in the first loop
using different absorbers. It will be shown that the visibility becomes exactly
1, using a phase shifter in the second loop. In this case, the phase shifter in
the second loop must be strongly correlated to the transmission coefficient of
the absorber in the first loop [53].

Here, again, we concentrate on coherence effects in a double-loop inter-
ferometer [24,50]. Figure 8.8 describes an extension of a standard three-plate
neutron interferometer, where a second loop is added by using a second mir-
ror crystal M2, and where various phase shifters A and absorbers a can be
inserted in each loop. Both loops are coupled via beam (d) and, therefore,
most attention will be given to the action of an absorbing phase shift in
this beam. We focus on two phase shifters A; and Ay and two absorbers
aq and ay in beams (d) and (f), respectively, because phase shifters or ab-
sorbers in beam (b) are of no additional significance. The main aim is to
find an interaction where small signals transmitted through phase shifter
Ay can be detected with high precision. In this respect, it is a search for
homodyne-like detection of weak neutron signals by the constraint that a
symmetric beam splitter does not exist in the case of diffraction from a
crystal. The new system consists of a coupled double-loop perfect crystal
system and provides a symmetric beam splitting or can serve as a basis of
homodyne neutron detection in a sense similar to that known for photon
beams [12].
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Fig. 8.8. Double-loop neutron interferometer similar to Fig. 8.1, but here we ac-
count additionally for two absorbers: Ag and Ay are two phase shifters, aq and
oy are two absorbers with transmissions Tq = e 2% and Ty = e~ 2%f | respectively.
Ko and K¢ denote the intensity in the forward and diffracted direction. There are
three beam paths: (acf) (path I), (adg) (path II) and (beg) (path III). The first
loop (A) is formed by the beams (adeb), the second loop (B) by the beams (cfgd).
Beam (g) is a superposition of beam (ad) and beam (be)

8.3.1 Intensity Aspects

From the dynamical theory of diffraction (Chap. 5), the wave function behind
the analyzer crystal in the forward direction, which is a superposition of three
waves due to the three pathways (see Fig. 8.8), reads as (see Sect. 5.5.2 and
(5.49))

g DHADTED) — g 03 (g va (y)vg (—y) [0 4 eiRAamau 1),
(8.21)

e" is a phase factor that is of no relevance in the following. The three terms
in (8.21) form a superposition of three wave functions that belong to the
three pathways (acf), (adg) and (beg). They have different phase shifts and
absorptions. The crystal functions defined above are equal for each of the
three wave functions, because each beam is transmitted (function v3(y)) and
diffracted (functions vg(y) and ve(—y)) twice, respectively.

The wave function in the diffracted direction behind the analyzer crystal
reads

wgch)-l‘(adg)-i-(beg) _ wefei‘svo(y)vc(y)[vo(y)vo(fy)eikAffo‘f
+vgug(—y) (e 4 1)]. (8.22)

e’ is again a phase factor of no relevance. From the last two equations, it
can be recognized that the three wave functions that are superimposed in the
forward direction (0) have the same number of reflections and transmissions,
but those in the diffracted direction G do not. Therefore, an unsymmetrical
intensity behavior can be expected in the diffracted direction, as shown below.

In order to compute the intensities Ky and K¢ behind the analyzer crys-

acf)+(adg)+(be
W’(() )+ (adg)+( 9)|2

tal, the squared moduli of the wave functions, i.e., and
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|1/)g e+ (adg)+(beg) 12 have to be taken into account. Because of the thickness
of about 0.5 cm of the crystal plates in Fig. 8.8, the quantity A = 7D /Ag > 1
in (5.39) causes very rapid oscillations of the terms sin®"(x) that appear in
these expressions. Therefore, the mean values of these trigonometric func-
tions can be used. One gets: sin®(x) = 1/2, sin(z) = 3/8, sin(z) = 5/16
and sin®(z) = 35/128 [28,50]. Moreover, integration over the variable y must
be performed because of the beam divergence, which has to be taken into
account. Finally a normalized Gaussian spectral distribution a?(k) (7.8) of
incoming wave numbers k is assumed. The intensities can now be calculated
(setting ug = 1, see (5.47) to (5.50)) as follows (the limits of integration are
always —oo and +00):

Ko = /042(/6) [/|¢(()acf)+(“d9)+(b€9)|2dy] dk = 9 {1 + 20 4 205

2048
+2e~ = (0R)*(Aa)*/2 cos(Agko) + 2e~ %/ e~ (OR)* (A7) /2 cos(Ayko)
+ 2e (eutas) o= (OR)*(Aa=47)%/2 cos[(Aq — Af)ko] },

(8.23)
Kg = / o? (k) [ / e )+(adg)+(beg)2dy] dk = 5o {65(1 + e720)
4177207 4 1306~ e~ R (A0)*/2 cog( A ko)
—158¢~ 7 ¢~ (0R)*(A7)*/2 cos(Ayko)
—158¢ (@atar) = (9k)*(Aa=A)%/2 cos[(Aqg — Af)ko]}.
(8.24)

Figure 8.9 plots Ky and K¢ for Ay = 0 and ag = ay = 0 as a function of
Ap. If Ay =0, Ko = T117/2048 and K¢ = 3617/2048. These results can
be found elsewhere [50]. One can recognize that the mean intensities of the
two beams are, in general, different (just like in single-loop interferometry,
(6.13)). The question arises as to whether these intensity levels can be made
equal by using special parameter values. The answer is yes. If one takes the
mean values of Ky and K¢ to be equal, i.e., [Ky — Kg]Af = 0, one gets a
condition for aj:

1 .
ap=—35hn {1679[1 + 20 4 9 pma = (0k)*(Ad)? cos(Adko)]} >0. (8.25)
Any absorption « has to be > 0, because the transmission T = e~2% of a

beam obeys the relation 0 < T < 1. In the case of ag = 0 and Ay = 0, the ab-
sorption oy becomes —(1/2)1n(28/169) = 0.8988. Figure 8.10 demonstrates
this example. In this case, the double loop interferometer may be regarded
as a 50/50 beam splitter by using an absorption element in a suitable arm of
the device. This is not possible using a single-loop interferometer.
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Fig. 8.9. Intensities K¢ and K¢ of (8.23) and (8.24) behind the double-loop inter-
ferometer (see Fig. 8.8) for ag = ay = 0, Aq = 0 and (dk)/ko = 1/100. The level
of oscillations of Kg is below that of K¢g

8.3.2 Visibility Aspects of Single and Double-Loops

The visibility is defined as (3.17)

Imar - Imzn
=02 TP 2
v Imaa: + Imin (8 6)

We distinguish two kinds of absorption processes: stochastic (sto) and de-
terministic (det) absorption [54]. In an interferometer, stochastic absorption
is realized by inserting an absorbing material in one arm of a beam (Fig. 8.8).
Deterministic absorption can be achieved by a chopper, which blocks the
beam path periodically or by partial reduction of the beam cross-section. In
the following, we investigate the visibility in a single and double-loop inter-
ferometer at low interference order (the coherence function is approximately
one).

a) Single-Loop Interferometer (Index 1) : If one phase shifter A,y and one
absorber ag are put in beam path (d), the intensity I; of beam g in the
forward direction behind the first loop A (Fig. 8.8) can be written as

Tyoc |14 ehoda=ea|2 — 1 4 Ty 4 24/Ty cos(Agko), (8.27)
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Fig. 8.10. Calculated intensity oscillations of Ko and K¢ of (8.23) and (8.24)
considering the following parameters: aq = 0, ay = —(1/2)1n(28/169) = 0.8988,
Agq =0 and (6k)/ko = 1/100. The intensity levels are equal due to ay

where T; = e~2%¢ is the transmission probability of beam (d) and Agkg is
the phase difference between the two beam paths. The visibility is, therefore,

2/ 1y
1+ Td.

Vstor = (8.28)

For deterministic absorption we get

Iyoc |1+ ekoda)2Ty 4 (1 —Ty) = 14 Ty + 2T, cos(Agko),  (8.29)
2Ty
1+Ty

Vier1 = (8.30)
The difference between stochastic and deterministic absorption in a single-

loop neutron interferometer is drawn in Fig. 8.11 and has been discussed
in [54].

b) Double-Loop Interferometer (Index 2) : If Ay and «y are placed in path

(d) and no phase shifter or absorber in beam path (f) (see Fig. 8.8), the
intensity is given as (see (8.23)):

Koo |2+ ethoda=aa|2 — 7y 4 411 4+ /Ty cos(Aako)], (8.31)
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Fig. 8.11. Visibilities of single and double-loop interferometers. The visibilities
Vitor for stochastic (8.28) absorption and Ve for deterministic (8.30) absorption
in a single-loop interferometer are shown as a function of transmission probability
T, in beam path (d). In the double-loop interferometer no phase shifter Ay and no
absorber ay in beam path (f). In this case, the visibilities Vizo2 and Vgero of (8.32)
and (8.34) are smaller than in a single-loop device

Wy (8.32)

‘/;o: .
to2 1+,

The deterministic case may be expressed as

Koo |2+ e®oRa2Ty 4 4(1 - Ty) = Ty +4[1+ Ty cos(Agko)],  (8.33)

ey (8.34)

Viers = :
et T Ty

In general, Vstol > ‘/st02 and Vdetl > Vdet2 for O < Td < 1 (Flg 811)
An interesting case arises, if a phase shifter Ay (and no absorption o)
is inserted in beam path (f). The intensity then becomes

KO x ‘ eik‘gAd—ad + 1 + eik@Ale
=Ty +2+/Ty[cos(Adko) + cos(Agko — Asko)] + 4cos®(Arko/2). (8.35)
If Ay =0, then (8.35) reduces to (8.31). If Aykg = (2n + 1)7, then ei4rko =

—1 and Ky « Ty. If 2nm < Ayky < (2n + 1), maxima of Ky are at Agky =
Ayko/2 + 2nm and minima at Agko = Arko/2 + (2n + 1)7. These maxima
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and minima are interchanged in the range (2n + 1)m < Ak < (2n + 2)7,
and it is not necessary to consider this case separately. One gets:

KO,% X Td + 4COS(AfI€0/2)[ Td + COS(Aka/Q)], (836)

where the upper sign belongs to the maximum and the lower sign to the
minimum intensity. The visibility is

4Ty cos(Asko/2)
4cos?(Arko/2) + Ty

‘/StO2Af = (837)

If Afko =0, then ‘/vStO2Af = Viston. If Afk‘o = 27‘[‘/37 then ‘/;tOQAf = Vstol-
In particular, we emphasize the fact that the maximum of the function
Vitoza, is at Ty = 4c0s2(Afk0/2), where Viooa, = 1. For a given trans-
mission 7 in beam path (d), a phase shift Ak = 2arccos(y/Ty/2) in path
(f) should be chosen in order to achieve a visibility of one (Figs. 8.12 and
8.13)! Setting Ty = 1, the relation Vizo2a, of (8.37) reduces to a formula that
has already been discussed in [55] (see Fig. 8.13).

An analogous equation can be derived for the deterministic case, which
reads

4T cos(Asko/2)

Toos®(A ko 2) + Ta <1, for Ty<1. (8.38)

Vdet2Af =

0 0 0.2 0.4 0.6 0.8 1

Fig. 8.12. Visibility Vistoza, (8.37) in a double-loop interferometer as a function
of transmission probability Ty in beam path (d). A phase shift Asko is applied in
beam path (f). The visibility attains the value 1 for Ty = 4 cos®(Asko/2)
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Afko

4

Fig. 8.13. Visibility VstogAf (8.37) in a double-loop interferometer as a function
of phase shift Asko in beam path (f). A transmission probability Ty is applied in
beam path (d). The visibility attains the value 1 for Ty = 4 cos*(Ayko/2), where
the four parameters Ty correspond to the four parameters Asko in Fig. 8.12 via
this equation

In the case of deterministic visibility, the value of 1 cannot be achieved for
T; < 1.

In order to compare intensities and to assess possibilities for measure-
ments, Fig. 8.14 a,b,c presents values of Ky and K¢ as functions of the phase
shift Agko in beam path (d). From these figures it can be concluded that
in spite of strong absorption, small signals can be measured with visibility 1
and with sufficient intensity by adequately adjusting the phase shifter in the
second loop of the interferometer. However, as shown below, the procedure
described specifies an ideal situation and there is a limit for measuring weak
signals using such a technique.

It should be noted that, to describe real experimental situations, an addi-
tive term I;pcon must be introduced in (8.35) to represent the incoherent part
of the intensity (background intensity). The main reason for the incoherent
effects is non-interference because of crystal imperfection (the crystal lattice
planes are not absolutely parallel throughout the interferometer), as well as
lattice vibrations and small temperature gradients. The term I, leads to

/

a new visibility V, A

v 4Ty cos(Asko/2)

_ . 8.39
sto2A; = cos?(Asko/2) + Ty + Lincon (8.39)



136 8 Four-Plate Interferometry in Phase-Space

15t N K 151 _ — K
Td_1.0, Afko_o 0 Td_0.1, Afko_o

(=1

b)
05\ 7% 4% /-\ /- /1

15 — K
Td=0.1, Afk()=2'824 0
-G
N .y , s\ ~ -
1 \\\ ’1, ‘\.—I' \\\ ‘II N ,’ \\VII
c)
0.5
AdkO
0
0 10 20 30

Fig. 8.14. Intensities Ko and K¢ behind the double-loop interferometer (see
Fig. 8.8) as a function of the phase shift Ak in beam path (d). a) No absorption
in beam (d) (T4 = 1) and no phase shift in beam (f) (Afko = 0). Figure 8.14a
can be compared to Fig. 8.9. Note that in Fig. 8.14a the intensities K¢ and K¢g are
plotted as a function of Agzko. b) Absorption in beam (d) (transmission Ty = 0.1)
and no phase shift in beam (f). The intensities have been attenuated accordingly.
c) Ayko = 2.824 has been chosen. This value corresponds to Ty = 0.1 (see Figs. 8.12
and 8.13). Ko shows a visibility of 1 because of Ipnin =0

This expression is always less than one for I;,c.on > 0. In order to measure
weak signals (see Fig. 8.14c), the background intensity has to be as small as
possible. This could be a serious constraint for considering real experimen-
tal conditions using neutrons. It should be mentioned that the background
intensity has no influence on (8.25) concerning the 50/50 beam splitter sys-
tem. Note also that an additional empty phase, which is a signature of an
interferometer, does not affect the aforementioned considerations about the
intensity and visibility.

Finally, as shown in Chap. 3, Sect. 3.4 (Part IT), we would like to point out
that similar results have been attained in double Mach—Zehnder interferom-
etry where photonic beams in fiber glass are used. Because a visibility near 1
is of great advantage for measuring largely attenuated beams, our approach
outlines a general method for investigating weak signals in double-loop inter-
ferometric devices.
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Two Comments on the Two-Loop System:

1. By a simultaneous measurement of the correlation function (see Sect. 8.2)
and of the modulated momentum distribution behind the interferometer,
the Wigner function of various quantum states can be reconstructed. A first
attempt of neutron quantum state reconstruction has been realized else-
where [56].

2. It should be mentioned that by using a two-loop neutron interferometer,
so-called geometrical phases can be investigated. Since Pancharatnam’s [57]
discovery in the fifties, a large amount of research work has been put into
the exploration of geometrical phases. In particular, Berry [58] showed that
a geometrical phase arises for the adiabatic evolution of a quantum me-
chanical state. In addition, neutron interferometry has been established as a
particularly suitable tool for studying basic principles of quantum mechan-
ics [24,59,60], providing explicit demonstrations [61] and facilitating further
studies [62,63] of geometric phenomena in double-loop systems where phase
shifters and absorbers are applied.
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Spin Interferometry



9 Spin-Echo System

The neutron spin-echo technique has become a standard tool for condensed
matter research [25,64]. In most cases the semi-classical description by Lar-
mor precession using the well-known Bloch equation is sufficient [65]. In this
case, the rotation angle depends on the time ¢t = [/v that the neutron spends
in a perpendicular precession field of length [ and, therefore, on the velocity
v of the neutron.

In this chapter we will show how beam polarization and its rotation within
a region of a constant magnetic field results from the interference of spin-
up and spin-down states. It is known that Larmor precession exists due to
the coherent superposition of a spin-up and a spin-down state with slightly
different momenta (see (9.10) below),

Ak = “‘ffé‘{ (9.1)

caused by the Zeeman energy splitting (see (9.11))
AE = hwy, = 2|p| B, (9.2)
where ¢ = —1,913un denotes the magnetic moment of the neutron, puy =

5,051.10727J/T the nuclear magneton and B the strength of the precession
field. M denotes the mass of the neutron and wy, the Larmor frequency. This
Zeeman shift is orders of magnitudes smaller than the momentum width of
the beam and can, therefore, be neglected in most cases. A description based
on the Bloch equation can be used, which relates the precession angle

;_ 2lulBl
D)

p=wr (9.3)
to the velocity v of the neutron and the distance [ the neutron travelling
inside the precession field.

More generally, the Larmor precession has to be seen as an interference
phenomenon in the longitudinal direction of the spin-up and the spin-down
components of the initial wave packet [66-68]. This leads to a spatial sepa-
ration of the wave packets and to non-classical states in neutron precession
experiments [69]. A quantum optical description will show how wave packets,
separated in ordinary space, become coupled in momentum space. The close
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connection to split beam interference experiments is striking and should be
mentioned [24]. The quantum optical description is even more appropriate
for the description of resonance spin-echo systems [26]. Neutron-photon in-
teraction within the resonance spin-rotator will be treated in the last chapter
of this book.

9.1 Basic Description and Formulation

The procedure of a spin-echo interferometer is sketched in Fig. 9.1.

a) w/2-Flip : The neutron beam, initially polarized parallel to the magnetic
guide field direction (say z), which stretches over the whole interferometer,
impinges on a flat flipper coil placed perpendicular to the beam. Inside this
coil (of magnetic field strength By), the spin of each neutron will be turned
to 90° with respect to the guide field. This 7/2-flip thus initiates Larmor
precessions, which act as clocks keeping track of the time elapsed since the
neutron hit the =/2-flipper.

b) Larmor Precessions : Inside a first magnetic field of strength B, the Lar-
mor precession angle ¢ of (9.3) is proportional to the time the neutron spends
traversing the field, i.e., it is a record of the individual neutron velocity v. The
quantity [ is the length of the first magnetic field B between the 7 /2-flipper
and the 7-flipper (= the field reversal in Fig. 9.1).

¢) w-Flip (Field Reversal) : One of the two components of the neutron spin
in the plane of the precession (say the (2-y) plane) is inverted, the other
one is left unchanged, by a 180° turn around a properly chosen axis. This
has the effect that the spin angle ¢ is transformed into —p with respect to
this axis.

Field reversal

B, B B B,
- 1-O"0 8O-t~
n/2 flip 7/2 flip

Polarized incident beam

Fig. 9.1. Sketch of the spin-echo interferometer (spectrometer) [25], see text
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d) Larmor Precession : Larmor precession in a second field region (B’ of
length {") will add another angle ¢’ to the apparent precession angle —p up
to the second 7 /2-flipper. At a possible sample between the field reversal and
the second magnetic field B’ (the sample is not shown here) the velocity of
the neutron could have changed from v to v’. Therefore, we can write:

, 2|p| (Bl B
o+ =000 2 . 4
h v ! (9-4)

(%

If BB =B,l' =1 and v = v (no sample) (this case is drawn in Fig. 9.1), the
difference of angles —¢ + ¢’ = 0.

e) w/2-Flip : The 90° flip turns one (say x) component of the precessing
polarization parallel to the guide field direction (say z). Hence, the initial
state has been recovered (spin-echo).

The basic idea of spin-echo is that in a static magnetic field, the Larmor
precession of the neutron polarization results from the beating of two waves
of different k vectors (Zeeman splitting) and equal frequencies (constant total
energy). The beat pattern is static, i.e., the spin direction at a fixed point in
the magnetic field does not change with time. At high precession numbers,
the polarization becomes equally distributed in the plane perpendicular to
the magnetic field due to the velocity distribution of the neutrons. This effect
can be retrieved by reversing the spin rotation in a second magnetic field (Fig.
9.1). We describe the process of spin rotation in the magnetic field quantum-
mechanically using wave packets. The results will be discussed below under
the aspect of the Wigner function taking into account intrinsic fluctuations
of the magnetic field. This point of view is relevant, because coherence effects
are strongly influenced thereby.

9.1.1 Wave Functions and Polarization

First we consider a monochromatic beam of particles. The beam is polar-
ized in the positive z-direction and can be described by the following wave
vector [1]:

1 1kr—wwt
‘wi>:f|+>w:fﬁ(‘+>z+‘_>2)7 f:ek ) (9.5)

where we have used the z-direction as the quantization axis. The spin states

are
1 0
+e= (o) 1= (1): (9.6)
We recall that

1
(). I—Mdﬂy=7;H%idﬂA
G = (6ar 01 62), Gult)e = Elt)ay 6y]%), = ), 52lE). = L),

O ) e (1) o

|+)e =

>%\
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0z,0y,0, are the Pauli matrices. The amplitude factor f describes a plane
wave. ' = hw is the constant total energy.

The beam now enters a first static magnetic field of strength B that points
to the z-direction. Inside this field, the single spin components of |¢);) are now
influenced by Zeeman splitting, and the wave vector is a superposition of spin
components with different amplitude factors

I
V2

x1 denotes a certain position of the particle in the first magnetic field B. The
wave numbers k4 are derived from the equation

%) (frlH)s + fo]=)2)s o =ehemmet, (9-8)

Rk WPkE

E=he=0r = on

£ |u|B = By & |u[B. (9.9)

Because (see (9.1))

h2
o7k ke)(k — k) = £[u|B — ke =k F Ak,

oM
Ap o~ MluB _wp - Ak |ulB
2k 2’ k  2F ’

(9.10)

where v = hk/M is the velocity of the neutron. The kinetic energies Fy =
E F |u|B of the spin components differ from F by a very small amount:

AE=E_ — B, =2|u|B. (9.11)

—
The components of the polarization vector P = (P, P,, P.) can be deter-
mined by using the Pauli matrices and [¢):

Py = (loalt) = (oS + F17) = cosl2(AR)a ],
Py = (loyl) = g (7o S — F1f-) = sinf2(Ak)za),
P. = {gl6:ly) =0, (912)

The polarization vector P rotates in the magnetic field as a function of the
position coordinate x; and lies in the z-y plane. If 21 =1, we get (9.3)

l
2(Ak)xy = WL = ¢ (9.13)

9.1.2 Mean Intensity of the Wave Packet

In order to measure the intensities Jy;(k) of i-polarized particles (i = z,y, 2),
the corresponding spin operator A4; has to be applied:
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Ayi = |£)i i(£] = 5(1 +6i), (9.14)
where the Pauli matrices (9.7) have been inserted. According to the concept
of the expectation value (1.17), the mean value J, . (k) of particles polarized,
e.g., in the (+z)-direction is given by (6 = |[¢)(¢])

Jio(k) = (Ary) = Tr(pA+,) = (¥ ’;(i +6,)

¥)

1 2

— 0P = (k1)

5 = %{1 + cos[2(Ak)z1]}. (9.15)

In a similar manner we get

1

The y-components can be constructed as follows:

1+ PR), i=ux,y,z. (9.16)

2

_ %{1 + sin[2(Ak)z1]).

Taylb) = 305 P) = | 574 01-)

The z-components are constant, and we obtain

1
Jiz(k) - 5

J1i(k) depends on k via Ak (9.1). Instead of a monochromatic beam, we
introduce the concept of a wave packet in order to take into account a slightly
polychromatic beam, bearing in mind a Gaussian distribution o (k) of wave
numbers k (7.8). Multiplying this distribution with Ji;(k), we are led to the
related spectral intensity distribution

| (k)|* = o (k) T (k). (9.17)
We define the parameter 7 as
Aky Ak || BM
=—r —<L1, Aky= 1
T kO k <1, 0 thO ) (9 8)

assuming o = Jdk/ko < 1. We consider the (+z)— direction of spins and
hence, we obtain

loy o (K)|? = a2(kz)% {1 + cos {QT:O(xlko)] } : (9.19)

The integrated intensity reads
1
Lo, = / o () Pdk = 2 {1 + cos[27 (1 ko)|e 2 (mko)*y (9 .20)

Let my be the number of spin rotations in the first magnetic field. Then m4
can be obtained via the relation 27(x1kg) = 27my or my = 7(x1kg)/7 and
the above formulas can be expressed by this parameter.
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9.1.3 Wigner Function and Spectra

In order to obtain the Wigner function W, of, say, (+z)-polarized neutrons
we consider (4.3). What we need is an expression for o, (k). This is best
achieved by inferring from (9.17) and (9.15):

1 *
aralk) = SR+ + (9.21)
These considerations lead to the following Wigner function [70]:

1 _Gsko—D? [ o 2p 0 g 2
Wia(,k,1,0,7) = —e 2t e [oko—(1=T)w1 ko]

7

+e—202[mk0—(1+7)zlk0]2

k
+2cos <27'k—0x1k0> ¢~ 20" (who—z1ko)* } (9.22)

Here x1 means, as mentioned, a definite position of the particle in the first
magnetic field B (Fig. 9.1). Figures 9.2 to 9.4 display three Wigner functions
for a parameter 7 = 1.10~* and for three different “positions” z1ky of the

4
x1k0=0, t=1.10

71000

k/k0 xkO

Fig. 9.2. Wigner function (9.22) at the beginning of the first magnetic field B
(Fig. 9.1)
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Fig. 9.3. Wigner function (9.22) in the first magnetic field B (Fig. 9.1). Number
of rotations my = 7(z1ko)/m = 200/7 = 63, 662. “Distance” of Schrédinger-cat-like
states A = 27(z1ko) = 400

neutron in the first magnetic field B. If x1k increases, the Schrodinger-cat-
like states begin to separate from each other. The difference A between these

states is given by

The position spectrum is obtained by means of

202k2
|¢+z /Wer x, k ,T1,0, T)dkj 4 g 0{ —202[wko—(1—7)z1 ko>
+e—202[wk0—(1+r)w1k0]
+2COS(QTxlkO)e—202[$k0—$1k0]2—2(¢77w1k0)2}’ (924)

and the momentum spectrum |a,(k)|? is given by (9.19):
o (B)? = /W+I(x,k,x1,a,7)dx. (9.25)

This function is plotted in Fig. 9.5 using the same parameters as for the
Wigner function above.
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x1k0=4.106, t=1.107*
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Fig. 9.4. Wigner function (9.22) in the first magnetic field B (Fig. 9.1). The number
of rotations m; = 7(z1ko)/m = 400/7 = 127,324. The “Distance” of Schrodinger-
cat-like states A = 27(z1ko) = 800

So far we have considered (+x)-polarized neutrons in (9.21). On the other
hand, (—z)- and (£y)-polarized neutrons can be accounted for as well, and
we get for the corresponding distribution functions

a-ak) = galB)[fe — J1', awy(k) = ZalB)fe Fof )"

The results are similar and easily obtained and, therefore, we omit a detailed
presentation of the calculation procedure.

9.1.4 Squeezing of Spectra
Similarly as in Sect. 7.4, we can evaluate, e.g., the momentum uncertainty

_X?2
Uy, —1
Al (9.26)

where I, = [1 + exp(—X?/2) cos(X/c)]/2 has been taken from (9.20) and
X = 20721ko. Equations (9.26) and (7.12) are comparable except for the
different normalization of the intensities Iy, and I;(X) (7.10), respectively.
Therefore, Fig. 7.13 (bottom) can be used for visualization as well. This
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1.05

Fig. 9.5. |ay. (k)| from (9.19) for 7 = 107" and ¢ = 1072, The quantities x1ko
correspond to those of Figs. 9.2 to 9.4

proves that for X = 7/2, or rather for a position coordinate x; = 7/(4o7kp),
a squeezed momentum spectrum exists in the first magnetic field.

9.2 Dephasing and Spin-Echo
After Two Magnetic Fields

We already pointed out in Sect. 7.6 that any physical system has intrinsic
fluctuations and inhomogeneous properties around certain values. There we
discussed density fluctuations and the surface roughness of a phase shifter in
neutron interferometry. Here we take into account fluctuations k = 0B/By
of the magnetic field, which are also assumed to be Gaussian:

1 (B — By)?
G(B — By) = Van(0B) exp{ 200B) }, (9.27)
where By is the mean value of B. Below, we shall average the Wigner function,
as well as the intensity and the spectra, using this Gaussian function with
respect to the fluctuations of the magnetic fields.
According to the spin-echo method, the beam enters a second magnetic
field of the same strength but pointing to the opposite direction in comparison
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to the first field (see Fig. 9.1). If, in addition, the second magnetic field also
has the same length, all rotations of the individual particles can be turned
back completely and the beam is again polarized in the z-direction upon exit
form the second field. In order to calculate the related functions, we define
the number of spin rotations m; = Ta1ko/7 and mg = Ta2ke/7 in the two
magnetic fields, respectively. We notice that ms has to be set = 0 in the first
magnetic field (0 < my < My qq) and My = My e in the second magnetic
field (0 S mo S mlmam).

The following abbreviations are used in the formulas below, where fluc-
tuations x are included:

v =|my —ma|, B=20km(m1+mz), f1=+1+0% k=06B/By. (9.28)

The averaged intensity I, the averaged momentum distribution [a, . (k)|?

and the averaged Wigner function W . (z, k, 21, 0,7, k) are finally obtained:

/ 2
J— % {1 + %cos (2;1;/) exp {;12 (27r202'y’2 + 2/6;2” }, (9.29)

11 1 [k 2
_ 2 _ = _— (X1
el = e [ o7 (1 - 1) ]

X {1 + cos <27r:07'> exp [—52(]“2/5_2)1 } (9.30)

2
L (E oy
20‘2 k‘o

X {A+ + A_ +2Ag cos <2w:7’> }7 (9.31)

_ 1
W+?c(xa k7’>/a 570-7 T) = E exp

0

As= g {20 (D) m-vaznr),

Ag = exp {—202 <§)2 [m —~']* — 5° (k/ko)® }, (9.32)

202

where m = Txkg /7 is connected to the position coordinate x. Equation (9.29)
describes intensity oscillations of z-polarized neutrons. They are damped by
an exponential factor that is proportional to the square of the number of ro-
tations. For zero fluctuations of B (6 = 0, 51 = 1), the initial intensity (9.20)
can be restored if m; = mq (or 4/ = 0). The momentum distribution (9.30)
is proportional to the original Gaussian k-spectrum, which is modulated by a
damped cosine term whose frequency depends on 4" = |mj; —mz|. The Wigner
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function (9.31) is depicted in Figs. 9.6 and 9.7. If my = ms =0, (or 7' =0), a
double Gaussian peak in space (variable m = Tzky/7) and momentum (vari-
able k/ko) appears. If, for example, m; = 127.324 and my = 0, i.e., at the end
of the first magnetic field (we choose M1 maz = M2 maxr = 127.324), a typical

m,=0.000, m,=0.000, x=0.000 m,=0.000, m,=0.000, =0.002

,’l'.;\ A
1l IO (A
e 7 ﬂl%"f' i
e st L
I ///l/",/,;'.,;g,; . sl

e

ez
S
I'g

m, =63.662, m,=0.000, x=0.000 m, =63.662, m,=0.000, x=0.002

0.3 03

0.2 0.2

e 7 st
= L = = V,
-0.2 . - '
1‘02\//
1
63.68
67
0.98 cscs 6366 638
k/k0 m
m1=127.324, m2=0.000, «=0.000 m1=127.324, m2=0.000, «=0.002
03 03
0.2 02
0.1
i 2 s Y - R
N 7% ¢\ A . -
- S -0.1 - =
0.2 g : i 02 )
1 1
127.34 127.34
098 ora 1272 T 0.98 o7ar  t2rae 17
ik, " Wk, o

Fig. 9.6. Behavior of the Wigner function (9.31) without (x = 0, left row) and
with field fluctuations (k = 0.002, right row), see text. 7 = 107%, o = 1072
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m,=127.324, m,=63.662, x=0.000 m,=127.324, m,=63.662, «=0.002
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Fig. 9.7. Continuation of Fig. 9.6

Schrodinger-cat-like state is achieved (identical to Fig. 9.4). The oscillating
term between the cat states is clearly visible. However, if x = 0.002, these
oscillations are considerably attenuated, as can be seen on the right-hand side
of the picture. The initial state can again be obtained in a second magnetic
field (Fig. 9.7). At the end of this second magnetic field, which has the same
length and strength (Fig. 9.1), we have mq = mo = 127.324. If k = 0.002, the
cosine-term has been damped out completely and the initial double Gaussian
peak has almost been halved. This demonstrates that the coherent separation
of a Schrodinger-cat-like state becomes progressively more difficult with in-
creasing spatial separation, which will result in an upper limit for separation
when zero-point fluctuations are considered. The vanishing of the oscillating
structure of the Wigner function indicates the transition from a superposed
coherent state to a mixed state. This is equivalent to the disappearance of
the off-diagonal terms of the density matrix (1.15).

The decoherence approach has many appealing aspects. It starts with the
observation that quantum mechanical predictions are different for closed and
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open systems. There are always influences from the environment that destroy
the phase relations between the superposed states of a real quantum state.
Therefore, this dephasing washes out the interference terms and results in a
statistical mixture that describes the probabilities for the specific outcomes
of an experiment [43-45]. The decoherence approach is seen as a rather prag-
matic one and it cannot exactly discern between micro and macro-systems.
Various calculations show that the influence of fluctuation is minimized for
Gaussian (coherent) states, but increases strongly for non-classical states, like
Schrodinger-cat-like states, as shown above [6,34]. The decoherence approach
gives a realistic interpretation of the measurement process and provides a
theory of dissipation (see also Sect. 7.6). The paper by W.H. Zurek [71] ex-
cellently reviews progress in the field, focusing on decoherence and the emer-
gence of classicality and offering a preview of the future of this fundamental
area.

9.3 Influence of Space-Dependent Inhomogeneities
of Magnetic Fields

The process of averaging as a consequence of unknown fluctuations by us-
ing single Gaussian functions like (9.29) for a magnetic field, or (7.23) and
(7.24) for thickness or density of a phase shifter, respectively, is definitely
a relatively coarse, albeit simple, mathematical trick for describing mixed
states in interferometry. In doing so, one is pretending that, e.g., every point
in the magnetic field is totally correlated with every other point with re-
spect to fluctuations, because no distinction has been made about the spatial
distribution of the fluctuations. One can expect that this type of averag-
ing yields the strongest possible damping of the interference term discussed
above.

One step towards an improvement of the situation would be to take into
account the two-dimensional Gaussian distribution functions G2(B, B’) of
magnetic field fluctuations. Two-dimensional Gaussian functions have already
been defined in Chap. 1, (1.4). Therefore, we write

AN 1 ex o 1 o 2
C2(B, B) = 2m(6B)2\/1 — p? P { 2(0B)*(1 - p?) (B = Bo)
208~ Bu) (B~ Bo) + (5~ 5o, (9.33)

correlating a magnetic field strength B (say at position x) with another
(slightly different) value B’ (say at position z’). The mean value By and
the mean deviation (6B) of B and B’ should be the same. —1 < p < 1
is the correlation coefficient. p = 1 means “correlated”, p = 0 means “not
correlated”, p = —1 means “anti-correlated”.
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Some properties of G2(B, B’) are:

a) [[ G2(B,B’)dBdB’ =1 ... normalization

b) [ G2(B,B")dB' = G(B — BO) ... marginal distribution

¢) [ Go(B,B')dB = G(B' — By) ... marginal distribution

d) Go(B,B’,p=0) =G(B — By)G(B' — By) ... independent variables

) 012 = [[(B — By)(B' — By)G2(B, B')dBdB' = (6B)?p ... covariance

f) G2(B,B’") = G(B — BO)EIeXp{—— (B = By) — (B — Bo)|*},

= VIGB)VT =2, lim Joexp {2} =), lm Ga(B,B)

— G(B—By)d(B—B'), Jim Go(B. B') = G(B—Bo)dl~(B+B')+ 2B,

)

The next step is to average the Wigner function Wi, (9.22) using
G2(B, B’). The outcome is denoted by W,:

Wi, = / Ga(B, B\W,.dBdB'. (9.34)

If we consider property f) above, it is obvious that B (which is contained in
the parameter 7, (9.18)) in (9.22) should be with (B + B’)/2. In doing so,
both B and B’ are kept in mind for the process of averaging. After inserting
W, z, the integral can be carried out and we obtain after a somewhat longer,
but elementary, calculation the following result:

ﬂQ

W = Wi [52 ( + P)] (9.35)

Here W, is the Wigner function (9.31), which is a result of averaging W,
over a single Gaussian function G(B — By). Thus, we can use W, simply
by replacing 32 with 32(1 + p)/2 in order to obtain W.,.

Some special cases can be distinguished:

1. Wﬂ(p =1) = W, ... maximum damping (correlated).
2. Wiy(p = —1) = W4, ... no damping (anti-correlated), equivalent to

8=0.
3. Waalp=0)=W,,[82 = 8%/2] = [[ G(B — By)G(B' — By)W,,dBdB’

.. mean damping (not correlated).

This case is probably the most reasonable one, because uncorrelated field
fluctuations are supposed to be realistic.

It should be mentioned that time-dependent fluctuations of the magnetic
field can also be considered as giving rise to a particular characteristic damp-
ing behavior [72].
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9.4 Experimental Verification

In an experiment described in [69], the generation of non-classical quantum
states was investigated with a single homogeneous precession field with suf-
ficiently low strength to resolve the wiggles by medium resolution time-of-
flight spectroscopy. A polarized polychromatic neutron beam (6A/Ag = 0.27)
with a mean wavelength A\g = 0.37 nm non-adiabatically enters and leaves a
magnetic field of mean strength B = 0.28 Tm, which is orientated perpendic-
ular to the polarization direction of the particles. The length of the field is
L = 0.57m. This field causes a Zeeman splitting of the wave packet into two
components with different momenta, which finally also leads to a separation
in real space. According to (9.19), the momentum distribution of the neu-
trons that enter and leave the precession field with their polarization aligned
along the (+z)-axis is given by (x1 = L)

@ ()[? o< [@o(K)[*{1 + cos[2L(Ak)]},

where |®y(k)|? is the incident momentum spectrum and 7 = 1.4 x 107°
according to (9.18) and the parameters given above. Treating the incident
wavelength spectrum for reasons of simplicity as Gaussian, one obtains

2000 . ; . ; . ; . ; . ;

B = 0.28mT
0.57 m

1500

1000

500

INTENSITY (200 s)

0,1 0,2 0,3 0,4 0,5 0,6
WAVELENGTH (nm)

Fig. 9.8. Comparison of experimentally measured (full circles) and theoret-
ically calculated ((9.36), full line) wavelength spectra [69]. The transmission
spectrum |®o(A\)|? (open circles) measured without any precession field is also
shown
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) (A= Xo)? YMBL
|D4(N)]° ox exp {—W 1+ cos A Al g (9.36)
Here v = 2u/h is the gyromagnetic ratio. It becomes apparent from

Fig. 9.8 that, in spite of this simplifying assumption, there is a reasonably
good agreement between the theoretically calculated and the measured wave-
length spectra. In particular, the respective positions of the intensity maxima
coincide. However, it is conclusive that their relative heights cannot be re-
produced with similar accuracy. The spectrum measured without precession
field is also indicated in Fig. 9.8. Notice that the plotted curve is not just
a least-squares fit to the experimental data (except, of course, of the back-
ground intensity), but is calculated analytically according to (9.36) using the
specific experimental parameters for g, (0A), B and L.
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10.1 Dynamical Spin-Flip

The crucial requirement of strong and homogeneous magnetic fields in spin-
echo spectrometers can be circumvented by the so-called zero-field spin-echo
method [26,73]. In this case, the spin rotation is achieved by a neutron mag-
netic resonance system (Fig. 10.1). A rotating field By (frequency w) is su-
perposed to a static guide field By, such that the resulting magnetic field
B(t) can be written as

- By cos(wt)
B(t) = | Bisin(wt) | . (10.1)
By

The Pauli equation (see below) can be solved exactly for this potential using
plane waves. For a beam initially polarized in the z-direction, the wave func-
tion behind the resonance system (dynamical 7/2- spin-flip) can be calculated
and conditions for a complete spin-reversal can be obtained.

Such a neutron magnetic resonance system (Rabi flipper) represents a
time-dependent interaction, so that in addition to the spin rotation an energy
exchange occurs according to the Zeeman energy (9.2) AEy = hwy, = 2|u|Bo
as shown in the next section. In a zero-field spin-echo system, a 7/2 spin
rotation is applied at the beginning, a w-rotation at the middle and an ad-
ditional 7/2-spin rotation at the end. The phases of the flipper fields are
synchronized. Thus a spin-up | T) = |+). and a spin-down state | | ) = |—).
with a slightly different energy interfere with each other, which results in a
Larmor rotation in the x/y-plane even in a zero magnetic field. The neutrons
also accumulate a velocity-dependent phase (because t = [/v) in the field-free
region between the first 7/2 and the w-flipper (length L) and the 7-flipper
and the second 7 /2-flipper (length Ls). When the phases accumulated in the
guide fields By are matching, the spin-echo condition is

wr(tl - tQ) = %(Ll - LQ) =0 — Ll = LQ, (102)
where w = w, = wy, is the resonance frequency of the rotating field B;. Below
it is shown that, using wave packets, a Schrodinger-cat-like state is obtained
in the field-free region.
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BO BO BO
Field-free Field-free
o region o region [<]
XN A
> @® Vs I>I<: Z>I<I 7 ® >
/2 flip = flip /2 flip
y

Polarized incident beam
z

Fig. 10.1. Sketch of a zero-field spin-echo system: between three dynamical spin-
flippers two field-free regions are seen, where spin rotation in the z/y-plane appears
(see text)

In the following section, a detailed description of the interaction of neu-
trons with a rotating magnetic field is given and conditions for frequencies
and amplitudes are derived for a dynamical spin-flip device (magnetic reso-
nance) [1,74].

10.1.1 Interaction of Neutrons with a Rotating Magnetic Field

Let us consider the Pauli matrices 65, 6, and &, (9.7), which are components
of the Pauli vector @ = (6,6, 6). They have the following properties: 62 =

A —
&5 = 62 = 1. The components P; of the polarization vector P = (P, P, P,)

of a free particle are defined via the Pauli matrices:

P = (6:) = (xloilx)/(xIx),» i=,y,2. (10.3)
The appropriate spin state |x) can be written as [1]
0 o (0
) = 10.6) =cos (2 ) 1)+ esin (2) ] 1), (10.9

where we have used the polar angles # and ¢. The polarization vector can
immediately be identified:

. P, sin () cos(¢) -
P=| P, | =|sin@sin(g) |, P*=1. (10.5)
P, cos(6)

The initial polarization of the particle (in front of the first x/2-flip in
—
Fig. 10.1) is given by # = 0 and P = (0,0, 1).
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Now, the time-dependent Schrodinger equation (Pauli equation) of neu-
trons in a space and time-dependent magnetic field B (7 ,t) is considered
(region of 7 /2-flip). Because of interaction of the spin-operators S; = (h/2)d;
of the particles (with magnetic moment u?) with the magnetic field, this
equation reads

N h2 — N

— — — 0 —
Hy(7r,t) = —WA—,UO‘ B(7,t)| v(7,1) :zhaw(r,t). (10.6)

We solve this equation firstly for a purely time-dependent field §(t) (as
shown in (10.1), which is switched on at time ¢ = 0 and switched off at time
t = T'. The space-dependence is taken into account in a later section below.
In the case of time-dependence of the magnetic field, one can expect that the
process is inelastic (the total energy is no longer constant).

The particles move in the x-direction. Therefore, the Pauli equation can
be written as follows:

0 h? 9? )
Zh&lﬁ(x,t) = T oMo 16, By cos(wt)
— 6y By sin(wt) — /’LOA-ZBO:l P(z,t). (10.7)

As always, a separation ansatz is made:

x2(t)

Because of the Pauli matrices, the wave function v (z,t) is a spinor. After
inserting (10.8) into (10.7), we have

b(z,t) = B(z)x(t) = D(z) (Xl(t)> . (10.8)

thzt)aatX(t) + {pB1[65 cos(wt) + 6, sin(wt)] + pBod,}

o1

— M 5} 5 (z) = C, (10.9)

where C' is a constant. Solving the z-dependent part of the differential equa-
tion, we obtain

02 2M 2MC
{axz_‘_hzc} &(x) =0— P(x) = Aexp |1 72 L
2M
+Bexp |—t hzcx

Because of the space-independent magnetic field, no reflections appear and
B can be chosen to be equal to zero. We have plane waves with A = 1/+/27
and C = (h*k?)/(2M) = E:
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&(z) = J%exp(zkm) = (k|z). (10.10)

The orthogonality of plane waves is given as

(2 |z) = /@*(m’)@(z)dk = %/exp[zk(ax —2')|dk = §(x — 1),

and (x|z) = 6(0) is not finite. The normalization is not finite until wave
packets are used.
The time-dependent part of the differential equation (10.9) reads

1h g 0 gt (t) + {uB1[64 cos(wt) + 6 sin(wt)] + pBod,} = (10.11)

In order to obtain a homogeneous differential equation, we substitute x(t) =
&(t) exp{—1Et/h}:

h—tf(t) + {uB1 6, cos(wt) + &, sin(wt)] + pBod . }E(t) = 0. (10.12)

Now the following quantities are introduced: 64 = 6+, and 6_ = 6, —10.
The result is
pB1

(et a_e™t) + puBoo. | £(t) = 0. 10.13
+

0

A unitary transformation

U(t) = exp{—wwtd,/2} (10.14)

transforms &(t) = U(t)&,(t) to a rotating coordinate system, and the result
is &.(t). If we denote € = wt/2, the unitary operator U(t) can be calculated
as follows:

U(t) = e =1 —1eb. +[(16)*/(2)]62 — [(1e)/ (3D)6% + —.
=1 et + [(10)*/ (2D — [(e)*/(3N)]6- + —...

_ <eXp{0_“} expo{ze}) (10.15)

using (9.7). The differential equation temporarily becomes a bit more com-
plicated:

pBi

00066+ oh00) 1 6:0) + {

hw N .
S o) + 6 e T ()]

By Ot >}5T< )=
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This equation is multiplied from the left-hand side with U(t)", where
U(t)TU(t) = 1. Thereby attention should be paid to

U 6.Ut)=6., UR)ToLU(t) = ™64, (10.16)

Finally, we get

0 hw . .
Ni@&r(t) = |5 0=+ 1uBi6s + pBod- & (1), (10.17)
where (64 + 6_) = 26, has been inserted. The following abbreviations are
now used:
2 2
wo = —yBy, w1 =-1B1, 7= # = f%. (10.18)

The quantity 7 is called “gyromagnetic ratio”. The differential equation be-
comes

gf(t)gtgr(t) = — 5[0~ )6 +wral, (10.19)
and the solution is
Iné, () — In&,(0) = —%[(wo — W)6 + w1 Gt (10.20)

We notice that &,.(0) = £(0), where £(0) signifies the initial spinor for ¢ = 0.

For example, £(0) = | 7)) = indicates an initial polarization in the

1
0
z-direction. We, therefore, obtain

(1) = 60 exp { = 3llwn )0 +w10.]1}

7
2
and after back-transformation

£(t) = £(0) exp { - z“;taz} exp { — M(wo —w)6. + wl&m]t}. (10.21)

N =

Defining a vector @ (t) = [wit,0, (wo — w)t], the solution can be written as

£(t) = £(0) exp { - z“;&z} exp { - 2?5)2(’5)}. (10.22)

For the time being, the problem has been solved theoretically. The point is
to discuss the results. For this purpose, the second exponential has to be
examined more precisely:

N — — 2 — 3
_ad(t) L ad(t 17 L7d() 1 [ L7d()
— — s =1- — + = — - = — 4+ —...
exp{ 10 9 } 10 9 +2! 10 5 3] 10 5



162 10 Zero-Field Spin-Echo

Discussing the single expressions sequentially, we obtain

_
t 1
?O‘T() = SlGawit + &2 (wo — w)t,

and, because 6,6, + 6,6, =0,
2] [ [ [

Altogether we obtain

=1cos [“;ﬂ — @ Tysin [a;t)]

Here, the time-independent unit-vector @ can be computed (see (10.18)) as
follows:

aft) = ty/wi + (wo —w)? =~t, /B + (Bo + %) = tBety,
1 B

B
ot 1 e
T, = 20 _ 0 _ _Dett (10.23)
a(t) Beyy By + w/y Beyy

In the rotating system, the neutron perceives the effective magnetic field
—
B.s¢. If the rotating magnetic field has a resonance frequency w = w, =

wo = —vBy, the action of the static field By has been compensated and §eff
has an z-component only. This case leads to spin-flip and will be discussed
below.

In summary, the total wave function ¢ (z,t) of (10.8) can be expressed as
((10.10) and (10.22))

V(@ t) = D)X (t) = \/% exp {zkx - z%t&z - Z?X;t}
x{icos {O‘S)] — 10 @psin {aéﬂ }5(0). (10.24)

The unitary operator U(t) = exp{—wwté./2} has already been evaluated in
(10.15). According to (10.23), the quantity o o reads as follows:

N
?a}o = 7?Beff/Beff = 7[(‘3}531 + Uz(BO +w/'y)]/Beff.
Moreover, we assume the incident beam to be polarized in the z-direction as

indicated in Fig. 10.1, thus writing £(0) = < 1

0 ) . Putting everything together
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and applying the Pauli matrices 6, and 6, (see (9.7)) and the identity matrix
1, we finally get

e~ ey [ 1

(e leosl =) o sinf 2 ) 1025
Zezwt/Z B]j;f Sin[#} . .

a(t) and Beys are defined in (10.23). Putting By = B; = 0, we obtain
Y(z,t) = [1/(v2m)] exp{kz — 1 £t} (é), as required for a free particle of

energy E = h?k?/(2M) polarized in the z-direction. Equation (10.25) is our
final result and the solution of the Pauli equation (10.7). It describes the wave
function of a neutron with a wave number k that moves in the z-direction
interacting with a time-dependent magnetic field B(t) given in (10.1).

In the next sections we discuss the consequences arising from these results.

10.1.2 Time-Dependent Polarization

We would like to consider the z-component of the polarization. From (10.3),
as well as accounting for normalization and using (10.25), the time-dependent
polarization P, (t) reads

WIo) _ oo [20] (Bo+w/n) =B} _ 4 E2

B0 =20y = |2 | T Berwpr i 2

As has already been mentioned, resonance frequency (index rf) appears, if
By = —w/v and P, ,¢(t) becomes

}. (10.26)

P, ,;(t) = cos? [a;t)] — sin? [a;t)] = cos(wit) (10.27)

using (10.23) and (10.18). For ¢ = 0, the initial polarization in the z-direction
P, .;(0) = 1 arises. Furthermore, P, ,¢[t = m/(2w1)] = 0, which means that
the polarization vector lies in the x/y-plane (7/2-flip). For P, ,f[t = T =
m/wi] = —1 a w-flip occurs. The particle is polarized in the (—z)-direction.

10.1.3 Probability for w-Flip

The probability Wi_s1;,(T') to have neutrons polarized in the (—z)-direction
can be expressed by

: 2 BT Bo+w/
1 sin [7 s/ 1+ (F5 7)2}
Wapiip(T) = 5[1 = Po(T)] = (3 " /7)2 . (10.28)
L+ (=5
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For a complete 7m-flip, two conditions have to be fulfilled.

1) Condition for resonance frequency (as has already been mentioned):
w=w, = —vBy

TB
= Wty (1) =sin? | 72,
2) Condition for amplitude resonance (index ar); from (10.23) we obtain for
t=T:at)=7TB; = -7
7r

= Wegtiprfar(T) =1, T=—.
w1

T = L/v is the transmission time through the dynamical spin flipper, which
can be converted into a flipper length L, depending on the velocity v of the
particle.

The two conditions above have to be fulfilled in order to achieve a -
flip. Resonance frequency is generally necessary for a spin-flip process and
amplitude resonance is sufficient to obtain a 7-flip.

10.1.4 Energy States of the System for Spin-Flip

In this section, we describe the energy states of the system undergoing a
m-flip and a w/2-flip.

In the external region, the neutron is supposed to be initially polarized in
the z-direction having an energy F. At time ¢ = 0, a purely time-dependent
magnetic field ﬁ(t) (10.1) is switched on. The z-component of this field is
constant and equal to By. By is sometimes called guiding field. A second,
but time-dependent magnetic field Bl of amplitude By, which rotates in the
x/y-plane with frequency w, is superimposed to By. Spin-flippers generally
have B; <« By.

We analyze the process of spin-flip theoretically as follows. At the very
beginning only By should be switched on and immediately afterwards the
field Bl. If initially only By is active, By = 0 and, from (10.23), Besy =
(Bo +w/7v) = a(t)/(yt). The wave function (10.25) becomes

1 B (et e
el B ()
1 [ B [eBer
zmexp{z_kx—ht]}< 0 )
1

- L fre EEHEL (1) o

¢0(xvt) =
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In the last calculation step, the total energy Ey can be introduced as
follows:

(% (x,t)zh%ﬁ}o(aj,t)
|tho(z, 1) [?
Initially, the system has, therefore, gained an energy amount of (Ey — E) =

|| Bo > 0. The kinetic energy of the neutron has not changed and amounts
to

Eo = = E+ |u|By > E. (10.30)

wo(ﬂﬁ t)( 2M)312w0(x t) . h2k2

E = = .
%ol 2M

The components of the polarization vector are:

Py = (1ol6ilbo) / {2olvo),

and we obtain ]_-7)0 =(0,0,1).
Now let us calculate the final energy after the w-flip at time ¢ = T. The
condition for resonance frequency gives w = —yBy = w;, as well as B.yy = By

and from the condition for amplitude resonance a(t) = yT'B; = —m follows.
Equation (10.25) yields

1 E 0
Yreprip(x, 1) = on exp {Z [kl’ - ht] } <_Ze—mB0t/2)

o ofia - EZHEL (0 gy

The total energy Er-fiip of the system after a 7-flip reads as follows:

= —1

Eﬂ—_flip =F - ‘,U,|BO = EQ - 2|/1,|BO = EO - AEO (1032)

As was already indicated at the beginning of this chapter, an energy ex-
change between the neutron and the magnetic field takes place (inelastic
process). When undergoing a m-spin flip, the particle removes an energy
amount of AEy = 2|u|By from the magnetic field. The process just de-
scribed is called neutron-photon interaction. It should be noted that for
usual spin flippers By ~ 10kG and, therefore, AEy =~ 0,12.10~%V, which is
more than 5 orders of magnitude smaller than the energy E of thermal neu-
trons. For pure spin-flip applications, such a small energy exchange is of no
consequence.
The components of the polarization vector are:

P?T-flip,i = <w7r-fli;v|&i|¢7r-flip>/<"/)7r-flip|w7r-flip>a

and we obtain ?ﬂ—-f”p =(0,0,-1).
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Finally, we would like to describe a 7 /2-spin flip. The condition for reso-
nance frequency again reads w = —yBy = wy, and B.ss = B;. The condition
for amplitude resonance reads t = T/2 and «(t) = v(T/2)By = —n/2. The
wave function (10.25) reads:

1 E —at|u|Bo/h
i oS} ()
1
= —=[Yo(2, 1) + tr-frip(z, t)]. (10.33)

V2

The energy E; /o415, that the system carries after a 7/2-flip can immediately
be identified:

U2 joeprip (s O po-pri (2, 8)
[V j2-frip (2, 1)]?

ETr/Q—flip =

AE,
= E=EFEy— |u|By = Ey — 20. (10.34)

As expected, the energy loss (AEp/2) of a 7/2-flip is half the energy loss

(AEp) of a m-flip. It should be pointed out that spin-flips from the (—z)-

direction to (+z)-direction entail energy gains of the same size, of course.
The components of the polarization vector are:

Pﬂ/2—flip,i = <77/f7r/2-flip\571’Ww/2-flip>/<¢w/2-flipWw/z-flip),
and we obtain for t = T/2

sin(wrT/2)
N
P joflip = —cos(c(;LT/2) , (10.35)

where wy, = 2|u| By /h is the Larmor frequency. If the field E)(t) is switched off
after a w/2-flip (see Fig. 10.1), the polarization vector has a certain position
in the z/y— given by this equation (see also below).

10.1.5 Energy Characteristics of a Dynamical Spin-Flipper

We would like to determine the time-dependent energy characteristics E;q(t)
of the total energy during a complete 7-flip. This is carried out by calculating
the following expression:

w*(a:,t)zh%w(x,t)
[ (z,t)[?

Here 9 (x,t) has to be taken from (10.25). Taking into account the condition
of frequency resonance w = —yBy and, therefore, a(t) = ytB1 = ytBeyy, the

Eio(t) =

(10.36)
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wave function ¥(x,t) reads as follows:

1 . ., ' Bit
Wi, t) = mem{e (BA1ulBo)/h <u| 1>|T>

B
e~ (E—lulBo)t/h g (Mhlt)l l)}, (10.37)

and the result is (w1 = —yBi)

t
Eioi(t) = Eg — AEysin? (“’21) : (10.38)
For t = 0, we obtain Fy,(0) = Ey (see (10.30)), Ejot
Eo—AEy/2 = Er /o f13p (see (10.34)) and By (t =T
Er f1ip (see (10.32)).
Expressed independently of absolute values, the equation above can be

written as:
Etot (t) - Etot (0) .92 wlt
= — — . 10.39
AF, sin 5 ( )

1t =T/2=n/(2w1)) =
:’/T/wl) = E()*AEO =

This nonlinear energy characteristic during spin-flip is represented in
Fig. 10.2.

0 :
-0.1f [E,;()-E,,(O))/(AE,)
-0.2¢ = —sin [((»1t)/2]
-0.3f
-0.4f
-0.5f
-0.6f
-0.7t

o
-0.8f = o
-09} S =

_10 L
/2 (0)1t) T

Fig. 10.2. Tllustration of (10.39) in which the decrease of the total energy Fio:(t)
during spin-flip causes the decline of the curve. The 7/2-flip is characterized by
t =T/2, where T = 7 /w1, and a 7w-flip appears for t =T
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10.2 Wave Functions in the Case
of Zero-Field Spin-Echo

We are now in a position to physically and mathematically describe the
process of a dynamical spin-flip as indicated in Fig. 10.1 (first 7/2-spin flip).
To this end, we divide the area of the spin flipper into five regions as shown
in Fig. 10.3. We shall treat each region separately.

o8]

Field-free Bo By 0 Field-free
region (<] (] [<] region
- @® 2N o
. F.)Olarized /2 ﬂlp y
incident beam
1.
A4 Vi Vi Vv Yy
E:Etot ® E-AEsin2(mt/2) L E_@
AE0/2=|M|BO E+ @ E+=Etot
® ®
t=0 t=T2 E.X

Fig. 10.3. Systematic illustration of conditions for a dynamical 7/2-spin-flip.
Five regions are shown. The corresponding wave functions 1 to v are cal-
culated below. Region I is an external region without any magnetic field. In
Region II a constant magnetic field By, is active. In Region III, in addition
to By, a rotating magnetic field B; is superposed. Region IV is again char-
acterized by Bp alone and Region V is the field-free region behind the spin-
flipper. The energy levels are drawn at the bottom (for an explanation see
text)
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Region 1 :
In this field-free region, a plane wave with spin-up orientation and total en-
ergy Fios = E = h?k?/(2M) impinges in the x-direction:

1 E 1
t) = — kx —1—t 10.40
Yr(x, t) mexp{z z =1 }<0> ( )
Region 11 :
Here the neutron with spin-up state | ) = (1) enters a constant magnetic

field By, which is oriented towards the same (4z)-direction. This is a purely
space-dependent problem. We have to solve the Schrodinger equation

[ n? o2

0
— m@ —+ |,LL|BO:| /(/}H(:L'vt) = Zhawn(l'vt), (1041)

using the separation ansatz ¥r(x,t) = @(x)x(¢)| 1) and we get

1{ 2 02

0

—x(t) = E. 10.42
9 ) (10.42)
In fact, in spin-echo devices, the relation E > |u|By is valid [26,66,67] and
we can neglect reflected waves. The solutions are, therefore, (compare to (9.9)
to (9.11)):

1 2M
@(ﬂf) = \/727 exp{zk+x}, k_i,_ = ?(E - ‘M|BO) =k— Akv
_ M|p|By B ﬁQkf_ B - E
Ak = —2r o = =E— AEy/2, x(t) = exp —ptr

(10.43)

The total energy E;,; = E of the system remains constant. The kinetic energy
of the neutron has been reduced from E to E; (see Fig. 10.3). Hence, the
wave function ¥(x,t) reads as follows:

i, ) = \/127 exp {uw _ zgt} (é) . (10.44)

Region 111 :

In this region, a time-dependent magnetic field Bl(t) rotating in the x/y-
plane is superposed to By, as indicated in (10.1) and Fig. 10.3. The neutron
should enter this field at time ¢t = 0. Because By < By for usual time-
dependent spin flippers, reflected waves can be neglected. Moreover, it is
assumed that the frequency resonance condition w = —vBy = 2|u|By/h is
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fulfilled (otherwise no spin flip is possible). At the beginning (index i), the
wave function reads

Yri(z,t) =

\/12? exp {zk+x - thth} (eXp{_Om/Q}) — duz, ).
(10.45)

This expression can also be obtained from (10.29), simply by replacing k
and F by k; and E, respectively. Furthermore, we neglect slightly differing
transmission times for both spin states during the 7 /2-flip. During spin-flip
(between t = 0 and ¢ = T/2) the wave function has the form (compare to
(10.37))

L Byt
Yz, t) = re”“”’Eﬂ/h{ewBot/h <N| 1 >| 1

2

et Bot/h i <|u|Blt> | l>} (10.46)

The condition for amplitude resonance of a 7/2-flip is t = T/2 = 7/(2w1),
with wy = —yB; = 2|u|B1/k. Each of the trigonometric functions becomes
equal to 1/v/2. At the end (index f) of the 7/2-flip we have

1 E 1
Y (2, 1) = —= exp {zk+z - l+t}(6“‘“m| 1) — e s T L)),

Vo h )2
(10.47)
If the polarization is calculated we obtain
(Y1, f |02 [t 5) sin(wrT/2)
PIH f=7——"——| Wuloylurs) | = | —cos(wrT/2) |,
(Y, ¢l r) A

(V11,162 [Ym, f) 0

(10.48)

and this result has already been obtained (10.35). The polarization vector
lies in the x/y-plane and has a fixed rotation angle (w;71/2) = 7By/(2B1).
The total energy can be determined directly and amounts to E;,; = F and
it has so been reduced by a value of || By, as seen in Fig. 10.3.

Region IV :
The wave function here is v (z,t) = ¥ur f(, t).

Region V :

Because of Zeeman-splitting, on exit from Region IV into Region V, the
spin-up component | 1) of the wave function ¢ry(z,t) receives a phase
factor e“(2¥)=v and the spin-down component | |) receives a phase fac-
tor e “4k)2v_ (From now on by zy we denote a definite position in the
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zero-field Region V.) This proves to be exactly the opposite procedure, com-
pared to a wave function entering a constant magnetic field that is oriented
perpendicular to the spin direction of the wave function as described in
Sect. 9.1.1 and (9.8). If a new wave number ky, and an energy E, is
defined by
i,
2M
and if we remember that ky = k — Ak (see (9.10)), the wave function in
Region V reads

kyy =k—2(Ak), Eyy =

(10.49)

1 By, 1

e 'R

V2m V2

¢V(Iv,f) _ (efzwLT/4+zkzv‘ T> . ZezwLT/4+zk++:zzv| l>)

(10.50)

The kinetic energy of the spin components are, therefore, £ and E, re-
spectively. However, the total energy remains constant and amounts to E.
From these considerations it can be concluded that a spin rotation in the
field-free Region V behind the 7 /2-spin flipper, as a function of the distance
xy in this region, can be anticipated. In Fig. 10.3 this process is indicated by
rotating arrows.

10.3 Polarization and the Wigner Function

In order to determine the polarization vector in Region V, we have to build
up

_ . (v |Gz |v) sinfwT/2 — 2(Ak)xv]
Py = o) <¢V|?y|"/)v> = | —coslwrT/2 — 2(Ak)zv] |, (10.51)
(v]o:lvv) 0

where xy denotes a certain position in the free-field Region V. The polariza-
tion vector rotates in the z/y-plane as a function of the distance from the
spin-flipper. Here we have a somewhat similar effect of spin rotation as in the
problem of spin rotation in a constant magnetic field described in Sect. 9.1.1.
However, here the rotation occurs in a region without any magnetic field
due to the dynamical (inelastic) spin-flip from the z-axes down to the z/y-
plane, where the spin components gain different Zeeman shifts on exit in the
field-free Region V.

In order to compute the Wigner function in the field-free region, it is of
advantage to reshape the corresponding wave ¢y (zv,t) (see (10.50)):

Yy (zv,t) (g+1 1) +g-11)), (10.52)

_ L1
V22
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and

E
g4 = exp {_Z;;t +1kry — zwLT/4} ,

E
g— = exp {Zi;t +ikry +olwpT/4 —7/2 — Q(Ak):cv]} . (10.53)
Equation (10.52) formally looks like (9.8). The calculation procedure in
Sect. 9.1 can, therefore, be applied here without changes. Especially, the wave
number distribution «(k) (see (2.3)) is included in our concept, in order to
take into account wave packets. For example, the spectral function

1

aria(k) = s0(B)gs + 9.1 (10.54)

4

can be constructed in accordance with (9.21). The index (zf) means “zero-
field” and (4=x) indicates that only the polarization in that direction is con-
sidered. Other polarization directions can be modelled in a similar manner
as indicated in Sect. 9.1.

The time-independent Wigner function W, s 4. (z, k) is built up in com-
pliance with (4.3) and we get

s

1 K K
Wesia(, k) = 27/6—“6 T 4 (k + 2) Qafrn (k — 2) dk'. (10.55)

10.4 Spectra of Zero-Field Spin-Echo

From (10.54) the momentum spectrum |, s . (k)| can be determined, keep-
ing in mind that in (10.53) the expression 2(Ak)xy = 2(Ak/k)kxy =~ 2Tkzy,
where 7 = Akg/ko and Akg = |u|BoM/(h?kg) (compare to (9.18)). Taken all
together, we obtain

—_

lo e (K)|? = LS e—““”;'?é”z 1+ cos | 27T — QTﬁ(zvko) .
’ 227 (cko) ko

(10.56)

Here the parameter T = (wpT/2 — 7/2)/(27) contains the flip-time T and
the Larmor frequency wy. The intensity reads as

Lt = /\azfﬂ(k)ﬁdk

1 _
5 {1+ cos2nT - 27 (wvko))e 20 ™ vk L (10.57)

These formulas are very similar to (9.19) and (9.20), except for the quantity
27T, which denotes a constant phase in the cosine-term (and except for the
different position coordinates z; and zv, of course). T signifies a constant
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phase shift due to the dynamical 7/2-spin-flipper. This is immediately self-
explanatory, because the rotating field of spin flipper causes spin rotation
and, therefore, a phase shift. The Wigner function looks like

1 _Gsko—1)?

Wepalo k) = e 2 {emzko<lf>mvkof+e2am<1+r>mo]2

_ k
+2 cos [ZWT - 2Tk($vko):| 20" (wko—avko)® } (10.58)
0

This formula is similar to (9.22) as well, except for the constant phase shift
27T present in the cosine-term. Thus, basically, there is no fundamental
difference between these functions and Figs. 9.2 to 9.5 can be interpreted

accordingly. If T =n, and n = 0,1,2, ..., there is even no difference between
the formulas. We express the parameter T' as follows:
- 1 fwT 7 1/ By 1
T —_ —_ e —_— 1 = - —_ ]_ ]. .
27r< 2 2) 4(31 > i (10.59)

where the parameter p = By/B; specifies the ratio between the guiding
magnetic field By and the amplitude B; of the rotating magnetic field of the
dynamical spin-flipper. Usually this ratio is much larger than 1 and hence
p > 1. In Figs. 10.4 and 10.5, two Wigner functions are drawn using the

6 4
ka0=2.10 ,t=1.10"", p=Bo/B1=101.

0.15 N
il
0.1 . /!,’.O‘Q‘\‘\"”” .
il i
o i
iy l',,',;;\ i
i e
0 R l"l’:’,’,',’",,’,'l.,""'i X
LA
—0.05
-0.1
2.001
x 10°

1.999
0 0

Fig. 10.4. The Wigner function (10.58) in the field-free region (Fig. 10.1) for
T=@p-1)/4=25
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6 4
ka0=2.10 ,t=1.10"", p=BO/B1=103.

0.15

1 |

0 - "".‘\
0.05 o !"‘

0 ,l,l,l,mm',',"l",:,'

it
~0.05
~0.1

2.001
1.02
N ¥
1.9995 x 10
0.98
1.999 K
o 0

Fig. 10.5. The Wigner function (10.58) in the field-free region (Fig. 10.1) for
T=(p—1)/4=255

parameters 7 = (Akg)/ko = 1.107% (9.18), o = (0k)/ko = 1.1072 and the
(dimensionless) position coordinate in the free-field region (zvkg) = 2.10°.
Furthermore, the above-mentioned parameter p is 101 and 103, respectively.
Because T = 25 is an integer, Fig. 10.4 looks like Fig. 9.3, but here the Wigner
function exists in a field-free region, whereas Fig. 9.3 illustrates a Wigner
function in a constant magnetic field. Figure 10.5 demonstrates the case where
p =103 and T = 25.5. As can be clearly seen, the oscillations between the
Schrédinger-cat-states have opposite phase compared to Fig. 10.4. The other
polarization directions can be obtained by using

azf,*x(k) = %a(k)[ng - g*]*, azf,:ty(k) = %a(k)[ng :F’Lg,]*,

and, because of the strong similarity, we do not carry out the calculations.



11 Summary

Quantum interferometry is an area of quantum optics. In this book, an at-
tempt has been made to describe quantum interferometric processes in phase
space using quantum mechanical distribution functions of both light waves
and matter waves.

After an introductory chapter of basic quantum theoretical concepts, we
have discussed in Part I quantum mechanical distribution functions such as
the Wigner function, the Q-function and the P-function based on a systematic
approach using both wave packets and coherent states. Properties of those
“quasi-distributions” are derived and examples presented. Squeezed states
and uncertainty relations are mentioned at the end of Part I.

The outcome of these considerations is a phase-space formalism, which has
been applied to optical interferometry in Part I1. The concept of wave packets
has been used in this case. Thereby, the beam splitter, the Mach—Zehnder
interferometer, a system of three Mach—Zehnders, double loop systems and a
Mach—Zehnder interferometer with two inputs have been discussed in detail.
There the momentum and the position distribution functions play an im-
portant role in obtaining appropriate representations of the wave functions
under consideration.

Part III is entirely devoted to neutron interferometry. After a chapter
about the dynamical theory of diffraction of neutrons in single crystals, the
Laue-type interferometer is introduced. The three and four-plate neutron in-
terferometer has been analyzed using the phase-space formalism. The investi-
gation of squeezing phenomena, as well as decoherence and visibility aspects,
are further important items in Part III.

The last part, IV, deals with spin interferometry. Both the spin-echo and
the zero-field spin echo system have been examined. The spin-echo system
investigates the spin rotation of particles in constant magnetic fields where
coherent superposition of spin-up and spin-down states with slightly different
momenta entails a quantum state that can be visualized using the Wigner
function. Fluctuations of the magnetic field lead to dephasing processes, de-
pending on the distance the particle travelled in the field. The interaction
of neutrons with a rotating magnetic field is discussed and the energy ex-
change between the particle and the field has been described. The quantum
state in a successive field-free region has been determined by using quantum
mechanical distribution functions.
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