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Preface

It has been almost four decades since Dan Walls and I commenced the first edition
of this book in Hamilton, New Zealand. In that time, quantum optics has spread
over a large domain of theory and applications. Quantum computing, little more
than a curious footnote to quantum foundations when I started, has grown into a
multi billion dollar industry. The parallel fields of quantum communication and
quantum sensors are impacting the wealth and security of nations. I have been
unable to include recent advances in quantum machine learning in optical tech-
nologies for practical reasons. The field is new and changing very fast. I am quite
sure that this will figure prominently in a future edition.

In four decades, I have accumulated a considerable debt of gratitude to a legion
of teachers, collaborators, students and friends in the field of quantum optics, and
theoretical physics more broadly, and the list grows steadily. There are far too
many to name here. This work would not have been possible without your help.

Lewes, East Sussex, UK Gerard J. Milburn
October 2024
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Quantisation of the Electromagnetic
Field

Abstract

The study of the quantum features of light requires the quantisation of the elec-
tromagnetic field. In this chapter we quantise the field and introduce a number of
quantum states of light, including, number states, coherent states, squeezed states,
cat states and GKP states. The properties of these states are discussed.

1.1 Field Quantisation

Quantum optics is a branch of quantum electrodynamics (QED) for low energy
scales of light and matter. Typically this means optical frequencies for the light and
electrons bound to atoms for the matter. It is concerned with the uniquely quantum-
mechanical properties of the electromagnetic field, which are not present in a classical
treatment of optics. We will begin by quantizing the electromagnetic field and return
to the quantised matter field in later chapters. We shall make use of an expansion of
the vector potential for the electromagnetic (EM) field in terms of free-field global
modes. The bosonic nature of the EM field implies that quantization reduces to
the quantization of the harmonic oscillator corresponding to each individual global
free-field mode. The state of each mode lies in a separate Hillbert space.

We shall also introduce states of the electromagnetic field appropriate to the
description of optical fields. The first set of states we introduce are the number
states corresponding to their being a definite number of photons in each mode. It
has become possible to experimentally prepare number states of the field with small
number of photons. A more typical optical field will involve a superposition of
number states, for example, the coherent state which has the minimum uncertainty
in field amplitude and phase allowed by the uncertainty principle, and hence is the
closest possible quantum mechanical state to a classical field. It also possesses a
high degree of optical coherence as will be discussed in Chap. 3, hence the name
coherent state. The coherent state plays a fundamental role in quantum optics and
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2 1 Quantisation of the Electromagnetic Field

has a practical significance in that a highly stabilized laser operating well above
threshold generates a coherent state.

Squeezed states are also minimum-uncertainty states but unlike the coherent states
the quantum noise is not uniformly distributed in phase. Squeezed states may have
less noise in one quadrature than the vacuum. As a consequence the noise in the
other quadrature is increased. We introduce the basic properties of squeezed states
in this chapter. In Chap. 8 we describe ways to generate squeezed states and their
applications.

While states of definite photon number are readily defined as eigenstates of the
number operator a corresponding description of states of definite phase is more
difficult. This is due to the problems involved in constructing a Hermitian phase
operator to describe a bounded physical quantity like phase. How this problem may
be resolved together with the properties of phase states is discussed in the final section
of this chapter.

A convenient starting point for the quantisation of the electromagnetic field are
the classical field equations. The free electromagnetic field obeys the source free
Maxwell equations.

V.B= 0, (1.1)
9B
VxE = ——, (1.2)
at
V.D. = 0, (1.3)
9D
VxH = —, (1.4)
at

where B = uoH, D = ¢E, 1o, g9 being the magnetic permeability and electric
permittivity of free space and poeg = ¢ 2 with ¢ designating the speed of light.
Maxwell’s equations are gauge invariant when no sources are present. A conve-
nient choice of gauge for problems in quantum optics is the Coulomb gauge. In the
Coulomb gauge both B and E may be determined from a vector potential A(r, t) by

B= VxA, (1.5)
g A (1.6)
TR ’

with the Coulomb gauge condition
V-A=0, (1.7
We then find that A(r, t) satisfies the wave equation

1 92A

V2A D)= —=—,
.0 ¢? 9r?

(1.8)

We separate the vector potential into positive and negative frequency components

A, ) =AY )+ A1), (1.9)
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where A" (r, 1) contains a superposition of terms that vary as e ' and A7) (r, 1) =
[A(_)(r, t)]T so that A7) (r, 1) contains terms that vary as ¢/’ withw > 0 .

For convenience we begin with a discrete set of global mode functions. This
implicitly assumes that the field is confined to a finite volume, V, of space. We
expand the positive frequency component of the field in terms of a complete set of
orthonormal spatial mode functions

AP, 1) =) crup(r)e . (1.10)
k

where the Fourier coefficients, ci, are time independent for the free field. The vector-
valued mode functions u (r) then satisfy the wave equation

(V2+%>uk(r)=0, (1.11)

in a volume V that contains no refractive material. The mode functions are also
required to satisfy the transversality condition following from the Coulomb gauge,

V-u)=0. (1.12)

The mode functions satisfy the conditions for orthonormality,

/ uwf (r)w (r)dr = 8 . (1.13)
1%

The mode functions depend on the boundary conditions of the physical volume
under consideration, e.g., periodic boundary conditions corresponding to travelling
wave modes or conditions appropriate to reflecting walls which lead to standing
waves. For example, the plane wave mode functions appropriate to a cubical volume
of side length L may be written as

w(r) = L73/2eWelkr (1.14)
where € is the unit polarisation vector. The mode index k represents several discrete

indices: the polarisation index, A = 1, 2, and the three cartesian components of the
wave vector K,

27 ng
kg = 7R (1.15)
wherea € {x, y, z}andn, = 0, 1, £2, .. .. The polarization vector RN required
to be perpendicular to k by the transversality condition (1.12).
The vector potential may now be written in the form
h 1/2 . ¥ .
A=Y <2ka0> [akuk (e aku;g(r)elwk’] . (1.16)

k
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The corresponding form for the electric field is
B \ /2 ' i '
E(r.n=i) (2—60> [aru e — afupme] . (1.17)
k

The normalization factors have been chosen such that the amplitudes a; and aZ are
dimensionless.

In classical electromagnetic theory these Fourier amplitudes are complex num-
bers. Quantisation of the electromagnetic field is accomplished by choosing a; and
aZ and to be mutually adjoint operators. Since photons are bosons the appropriate

commutation relations to choose for the operators a; and aZ are the boson canonical
commutation relations

lax, al] = [a],a;1=0, [a,a;1= 5 . (1.18)

The dynamical behaviour of the electric-field amplitudes may then be described by
an ensemble of independent harmonic oscillators obeying the above commutation
relations. The quantum states of each mode is a vector, | ), in independent Hilbert
spaces. The states of the entire field are then defined in the tensor product space of
the Hilbert spaces for all of the modes.

The Hamiltonian for the electromagnetic field is given by

1

H = 5/ dr (eoE? + uoH?) . (1.19)
1%

Substituting (1.17) for E and the equivalent expression for H and making use of the

conditions (1.12) and (1.13), the Hamiltonian may be reduced to the form

1
H= ho (a,jak + E) . (1.20)
k

The corresponding classical description of the EM field can be given using exactly
the same mode decomposition because the classical field satisfies a classical wave
equation. In that case, the operators, a, a' are simply complex variables «, a* € C.
If the field is deterministic these take definite values fore each mode. If the field
is stochastic these become complex valued random variables with some probability
density function P («, @*) on C such that

1 2 *
—/d aP(a,a™) =1 (1.21)
b4

where d?a = dxdy and @ = x + iy. In general no such description is possible in
the quantum case. We discuss this in more detail in Chap. 3.



1.2 Number States 5

1.2 Number States

The Hamiltonian (1.20) has the eigenvalues hwy(ny + 1/2) where ny is a posi-
tive integer integer (ny =0, 1,2, ..., 00). The eigenstates are written as |ny) and
are known as number or Fock states. They are eigenstates of the number operator
N = aZak

alaxlng) = nxlng) . (1.22)

The ground state or vacuum state of the field mode is defined by
ax|0)y =0. (1.23)

Thus the average energy of the vacuum state is

(0|H|0) = Zha)k (1.24)

Since there is no upper bound to the frequencies in the sum over electromagnetic
field modes, the energy of the ground state is infinite, a conceptual difficulty for
quantum field theory. However, since practical experiments measure a change in the
total energy of the electromagnetic field the infinite zero-point energy does not lead
to any divergence in practice. The operators ai, aZ are raising and lowering operators
for the harmonic oscillator ladder of eigenstates. In terms of photons they represent
the annihilation and creation of a photon with the wave vector k and a polarisation
¢ Hence the terminology, annihilation and creation operators. Application of the
creation and annihilation operators to the number states yield

aglng) = aglng — 1), a]lng) = Vg + Ung + 1) (1.25)

The state vectors for the higher excited states may be obtained from the vacuum by
successive application of the creation operator

(a)"
|ng) = |0) ng=0,1,2,.... (1.26)
The number states are orthogonal
(nilni) = 8kt (1.27)
and complete
o0
D Il =T, (1.28)

n=0

where I is the identity operator. Since the norm of these eigenvectors is finite, they
form a complete set of basis vectors for a Hilbert space.
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While the number states form a useful representation for high-energy photons,
e.g. y rays where the number of photons is very small, they are not the most suitable
representation for optical fields where the total number of photons is large. Most
optical fields are either a superposition of number states (pure state) or a mixture
of number states (mixed state). However recent experiments have demonstrated a
number of methods to generate number states directly. One of these will be discussed
in Sect. 14.2.1.

1.3 Coherent States

A more appropriate basis for many optical fields are the coherent states [2]. The
coherent states have an indefinite number of photons which allows them to have a
more precisely defined phase than a number state for which the phase is completely
random. The product of the uncertainty in amplitude and phase for a coherent state is
the minimum allowed by the uncertainty principle. In this sense they are the closest
quantum mechanical states to a classical description of the field. We shall outline the
basic properties of the coherent states below. These states are defined in terms of the
unitary displacement operator, for a single mode

D(a) = e?4' —@"a (1.29)

where « is an arbitrary complex number. One easily verifies DY (@) =D V(o) =
D(—a). The name ‘displacement operator’ follows from the relations

D' (@aD@)=a+a, D' (@a'D@) =a" +a* (1.30)

Using the operator ordering theorem

AtB _ ,A B ,—[A.B]/2 (1.31)

which holds when [A, [A, B]] = [B, [A, B]] = 0, we can write D(«) in normally
ordered form,

*

D(a) = e~ 9P /2p0d" y—aa (1.32)

or in anti-normally ordered form,
D(a) = lof/2ga"a 0d’ (1.33)

Using this expression we can prove that the number state matrix elements of the
displacement operator are [10]
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!
(n|D(a)|m) = /%e*‘“lzﬂa"*mLﬁ;m(|a|2) n>m, (1.34)

where Lf; (x) is the associated Lageurre polynomial.
The coherent state |«) is then defined by acting on the vacuum state

|y = D()]0) . (1.35)
It then follows that the coherent states are eigenstates of the annihilation operator a
as

ala) = aja) . (1.36)

Note that as a is a non-Hermitian operator its eigenvalues are not real.
The displacement operator acting on a coherent state transforms it to another
coherent state. To prove this we use (1.31)

D(a+ B) = D(@)D(B)e @) . (1.37)

Then we see that
D(B)|a) = > |o + B) . (1.38)

The coherent states contain an indefinite number of photons. This may be made
apparent by considering an expansion of the coherent states in the number states
basis. Taking the scalar product of both sides of (1.36) with |n), we find the recursion
relation

vn+ 1{n|a) = a{n|a) . (1.39)
It follows that
an
nla) = Olo 1.40)
(n]a) m( |or) (
Expanding |«) in the number basis
[ 1
lo) = ) [n)(nle) = (0]er) . (1.41)

Using the displacement operator,
(0l) = (01 D()|0) = e71**/2 (1.42)

which ensures the normalisation of the coherent state. Thus

ey @ 1.43
o) = e ngomm (1.43)
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The probability distribution for photon number in a coherent state is

2n
lex| e_\o,|2

Pn) = (1.44)

The mean and variance of this distribution as given by 7 = |«|>, An? = . The mean

is equal to the variance. This is the defining characteristic of a Poisson distribution.
The coherent states are not orthogonal. To see this we first note that

(Bla) = (0ID"()D(@)|0) (1.45)
Using (1.37) we see that
(Blar) = e~ (alP+IBP)/ 24" (1.46)
Thus
(Bla)? = eleFl (1.47)

Coherent states of different complex amplitudes thus become approximately orthog-
onal exponentially fast as the magnitude of the Euclidean distance between their
complex amplitudes increases.

The coherent states, while not orthogonal, do provide a resolution of identity

1 2
;/|oe)(oz|d a=1I (1.48)

To see this we expand the coherent states in the number basis

1 1 &
;/la)(oddza = — 3 /d2 aa* Mgle~ 1ol (1.49)
n,m=0

Changing to circular polar coordinates to evaluate the integral
o] 2
/d2 aa* Mot = / dr r”+m+le7’2/ de ¢! n—mo (1.50)
0 0
Using

2 .
/ do "m0 = 2z5,. (1.51)
0

and defining € = r2 we have

%/|a)(a|d2a :rg(n!)_l|n)(n|/(;oodee_ee" (1.52)
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The integral over € is the definition of the Gamma function and is thus equal to n!
and thus

1 T B
;f|ot)(o:|d a_r§)|n)(n| =1 (1.53)

Coherent states are also known as minimum-uncertainy states. Define the canon-
ical operators X1, Xp—the quadrature phase operators—as

Xi=a+a', X,=-i(a—a") (1.54)
These obey the canonical commutation relations
X1, X2]=2i (1.55)

These are equivalent to the canonical commutation relations for position g and
momentum p and as in that case all physical states must satisfy the Heisenberg
uncertainty relation

AX1.AX, > 1 (1.56)

where AA? = (A%) — (A)? is the variance in A. The coherent states satisfy the
equality with AX; = AX, = 1.
In the diagonal basis of X defined by

X = /OO dx x|x){x| (1.57)

—0o0

we have the following results

(x|n) = Qm)" Y42 "n)"'?H, (%) X (1.58)

where H, (x) is the n’th order Hermite polynomial. These are simply the energy
eigenstates of a simple harmonic oscillator for a suitably scaled definition of position.
The corresponding X -representation for the coherent state |«) is

(.xla) — (27_[)7]/461':\‘(0())67()6729{(0())2/4 (159)

where N (a), I(«) are the real and imaginary parts of « respectively.

The coherent states have a physical significance in that the field generated by a
highly stabilized laser operating well above threshold can be described as a coherent
state with slowly diffusing phase but fixed intensity (see Chap. 10). They form a
useful basis for expanding the optical field in problems in laser physics and nonlinear
optics. The coherence properties of light fields and the significance of the coherent
states will be discussed in Chap. 2.
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1.4  Squeezed States

A general class of minimum-uncertainty states are 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. In the case of pure squeezed states
we require

1
AX| = —— 1.60
1 AX, (1.60)

The coherent states are a particular member of this more general class of minimum
uncertainty states with equal noise in both quadratures.

There is a useful heuristic to picture minimum uncertainty states. We regard the
non -zero values of the quadrature phase variances AX; as indicative of intrinsic
quantum fluctuations. In Chap. 3 we will see this is to be interpreted as fluctuations
in the results of a class of measurements but for now we will simply imagine it
in semi-classical terms. We picture a coherent state as a bivariate random variable
X1, x2 corresponding to the two quadrature phase operators X1, X»>. The mean is
determined by the real and imaginary components of the complex amplitude and the
noise by the standard deviation in the quadrature phase operators, AX1, AX,. We
picture this as an uncertainty circle centred on the real and imaginary components
of the complex amplitude and with radius equal to unity. This heuristic picture is
illustrated in Fig. 1.1. In terms of this picture the squeezed states are seen as replacing
the uncertainty circle with an uncertainty ellipse.

The squeezed vacuum states are defined by a unitary transformation of the vacuum
0, &) = §(£)|0) where

S(&) = & @ E D2 (1.61)

where & = re=%¢. More generally the squeezed states are defined as displaced
squeezed vacuum states

|, &) = D(@)S(§)]0) . (1.62)

X, AN \

X,

Fig. 1.1 A pictorial ‘phase-space’ heuristic to capture features of a minimum uncertainty state a
coherent state b squeezed state
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We can calculate the moments of the squeezed states using the following canonical
transformation

ST(&)aSE) = acoshr —a'e™%? sinhr (1.63)

This can be give a heuristic interpretation in phase space by first defining the rotated
quadrature phase operators Y1, Y»

Yi+iYs= (X1 +iX2)e !, (1.64)
and then showing that
STE (Y1 +iY2)SE) =Yie +iYse . (1.65)

This is indicated in Fig. 1.1 with the inclusion of a displacement. Thus the squeezed
state has unequal uncertainties in the rotated quadrature phase operators Y; and
Y, as seen in the error ellipse shown in Fig. 1.1. The principal axes of the ellipse
lie along the Y; and Y» axes, and the principal radii are AY; and. AY>. A more
rigorous definition of these error ellipses as contours of the Wigner function is given in
Chap. 3.

The probability amplitude for the squeezed state |«, ) (withr € R)in the diagonal
basis of X is defined by

V(x:a,r) = (x| D(a)S(r)|0) (1.66)

This may be evaluated by noting that

X1S()|x) =xe "S#)|x) (1.67)
The we find that
V(s a,r) = (27[)7]/4er/26ifv(a)xfez"(x729'i(oz))2/4 (1.68)
The photon number distribution for a squeezed state is given by P(n; o, r) =
|(n|o, r)|* where

(nlee, r) = (n|D(e)S(r)[0) (1.69)

where for simplicity we have taken & as real. Let us first consider the squeezed
vacuum state for whichoe =0

P(n:r) = |(n|S(r)0)? (1.70)
We first make use of the normally ordered disentangling of the squeezing operator,

S(r) = e~ () a'?/2 ,~In(cosh(r))(@’a+1/2) tanh(r)a’/2 (1.71)
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Thus
(n]S()|0) = (cosh r)~1/2 (n|e~tanh() a’ /2|0 (1.72)

Clearly the probability of getting an odd photon number is zero, Pr(n = odd) = 0.
Using (1.25) we see that

12 (= tanh(r)/2)"/%/(n)!

(n|S(r)|0) = [cosh(r)]™ /)] (1.73)
and so
_ (tanh(r)/2)" (n)!
P(n;r) = cosh(r) ‘W n=024,.... (174

The amplitude (B8]0, r) (which we call the Q-amplitude for reasons explained in
Chap. 3) may be found by writing

]

(Bl0,7r) = Z(ﬂln)MIS(V)IO) (1.75)

n=0
using (1.73, 1.40). we see that this can be evaluated as

1 |B|> tanhr B*2

The photon amplitude for the displaced squeezed state can be found by using

(Bl0,r) =

[e.e]

(Bloe,r) =D (BIn)(nla, r) Z ’3 P e, r) (1.77)

n=0

Using (1.76), the left hand side may be written

(Bla,r) = exp [—iS(@B*) — |B —a|*/2 —tanhr(B — &)?/2] (1.78)

1
+/coshr

We may expand this in terms of g"e~!# 2/2 by making use of the generating function
for complex Hermite polynomials,

o0

Qa1 _ Z Hy (z) (1.79)

the result is

(nla, 1) = (n! cosh r)~ /231202200 pp () (1.80)
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P(n) (a) P(n)

r=1.0
0.15 /

r=0. 5

.Il”‘ _li'.lh .

10 30 40 50 10 20 30 40 50 60
n

Fig. 1.2 Photon number distribution for a squeezed state |, r). a Amplitude squeezing case; o =
5.0,r = 0.5 and r = 1.0. b Phase squeezing case « = 5.0, 7 = —0.5andr = —1.0

where

z—«/—a+7 (1.81)

and A = 1 tanh r. Thus the photon number distribution for a squeezed state

A" P rar ?) 2
P(nyo,r) = e | Hy (2)] (1.82)
n!coshr

This is equivalent to the form given by Yuen [6] for a slightly different definition of
a squeezed state known as the two-photon coherent state.

In Fig. 1.2 we plot the photon number distribution for a squeezed state |«, r)
with different coherent amplitudes, o and squeezing parameter, r. In viewing these
distributions it is important to understand the relationship between the quadrature in
phase with the coherent excitation and the squeezing of that quadrature. In the figures
we always choose r € R and vary the phase of the coherent excitation. If we choose
a € R real, then r > 0 corresponds to amplitude-squeezing as the fluctuations in
phase with the coherent amplitude quadrature are reduced, while r < 0 corresponds
to phase-squeezing as the fluctuations in quadrature phase to the coherent amplitude
are reduced. Note the oscillations in the distribution for the amplitude squeezed case.
This is a particular example of a general feature known as interference in phase-space

[8].

1.5 Two-Mode Squeezed States

Multimode squeezed states are important since several devices produce light which
is correlated at the two frequencies w; and w;. Usually these frequencies are sym-
metrically placed either side of a carrier frequency, @, so that w; + @, = 2w),. The
squeezing exists not in the quadrature operators associated with each mode but in a
collective quadrature operator for the modes.
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The two-mode squeezed vacuum state is defined by
10, &) = $12(5)|0) (1.83)
where |0) = |0); ® |0), is the joint vacuum state of the two modes and
* P
S(E) = 5 ing, (1.84)
One then finds that
ST(&)a1S() = aj coshr — aje'” sinhr (1.85)

with & = re'?. The coherenty excited two-mode squeezed states are then obtained
by displacing both modes independently,

a1, a2, &) = Di(a1) Da(a2)$12(£)10) (1.86)

The following moments follow

(ak) = o (1.87)
(ap) = % (1.88)
(alaz) oy — ¢'? sinh r cosh r (1.89)
(afay) = |ak| + sinh? r (1.90)

the third of these equations implies that the two modes are correlated. As we are
dealing with pure states this implies that the two modes are in entangled states, (see
Chap. 14).

In the case of the two-mode squeezed vacuum state we find that the variances in
each mode are given by

V(Xy) = V(¥;) = 2sinh®r + 1 (1.91)

These are certainly not minimum uncertainty states. Define the collective quadrature
phase operators

1
Xie= —(X;+X 1.92
+ \/5( 1 2) (1.92)
Vi L v 41y (1.93)

V2
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This is a canonical transformation and thus Xy, Y+ obey the standard canonical
commutation relations [ X4, Y;+] = [X_, Y_] = 2i. We then find for the two-mode
squeezed state that

(X1) = e cos?0/2 4 e sin” 62 (1.94)
(¥2) = e cos?0/2 4 T sin? 02 (1.95)
(X1X_)=0 (1.96)
(YyY_)= 0 (1.97)

The last two equations tell us that the collective modes are uncorrelated and, as we
are dealing with pure states, the joint modes are in separable states. Choosing 8 we
see that the separable states are squeezed minimum uncertainty states. Thus the local
modes are entangled while the collective modes are separable squeezed states.

In the number basis the two-mode squeezed vacuum state can be found using the
two-mode disentangling identity

ot ot ot T
e_’(a1“2_“1“2) — —tanhralaze—lncoshr(ala1+az'a2+l)etanhmlaz (1.98)

e

Then
S0y = (1 =212 " (=2)"|n. n) (1.99)
n=0

where A = tanh r. Clearly this is an eigenstate of photon number difference airal -
a;ag. We will make use of this in Chap. 14 when we discuss quantum teleportation.

1.6 Phase Properties of the Field

The definition of an Hermitian phase operator corresponding to the physical phase
of the field has long been a problem. Initial attempts by Dirac led to a non-Hermitian
operator with incorrect commutation relations [11]. This difficulty was addressed
in the work of Susskind and Glogower [12]. Pegg and Barnett [13] showed how to
construct a Hermitian phase operator. We will first discuss the Susskind—Glogower
(SG) phase operator.

Let a,a’ be the annihilation and creation operators for a single mode field. In
analogy with the classical polar decomposition of a complex amplitude we define
the SG phase operator,

¢i% = (aa )" (1.100)

The operator ¢!? has the number state expansion

o0
ei? = "In)(n+1|. (1.101)
n=0
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This is a displacement operator in the number basis. The eigenstates of e/¢ are the
(unormalisable) states

o0
€)= e"ln) for—m <0 <7, (1.102)
n=0

with eigenvalue ¢, Clearly these states are infinite energy states and, like position
and momentum eginstates, do not lie in the Hilbert space of physical states.
It is easy to verify that /% is not unitary. In fact

(1%, %] = 10)(0] . (1.103)
An immediate consequence of this is that the SG phase eigenstates are not orthogonal

1

i0") if\ _
1) = Gy -

(1.104)

although |(e"9,|ei9)|2 is very sharply peaked on 6 = @’. Nonetheless these states do
provide a resolution of identity,

1 - . .
—f dolefy (e’ =1 (1.105)
2r Jy
This immediately implies that
P©) = tr[le’?)(e"?|p] (1.106)

is valid probability distribution on —m < 6 < 7. In terms of quantum parameter
estimation, the SG operator is optimal [14]. The fact that the SG phase operator is not
Hermitian is an example of how non hermitian operators can describe certain kinds
of quantum measurements (see Chap. 7). Pegg and Barnett [13] defined a Hermitian
phase operator the measurement statistics of which converge, in an appropriate limit,
to the phase distribution of the SG operator. The question arises; does this distribution
correspond to the statistics of any physical phase measurement? Wiseman et al. [15]
demonstrated an adaptive scheme that comes arbitrarily close.

1.7 Cat States

Advances in new quantum technologies now make it possible to create highly non
classical states of the electromagntic field. A class of such states are known as cat
state. These are defined as symmetric and anti-symmetric superpositions of coherent
states;

los) = Nx(@)[ler) + | — a)] (1.107)
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where the normalisation constant is

Ni(o) = ; (1.108)

2 (1 £ e20P)

It is easy to check that these states have opposite parity, that is to say, they are
orthogonal eigenstates of the parity operator IT = ¢/7¢'¢, so that the ‘even’ cat, | ),
only has even number states while the ‘odd’ cat, |o_) only has odd photon number.
The two states are related by a|a+) = aas). Thus the cat states are degenerate
eigenstates of a2, with eigenvalues . The cat states have zero average amplitude
(a) = 0 but (a®) = o. The average photon number; (a'a)+ = || (tanh(|er|?)*!.
Cat states are used in certain quantum information schemes in quantum optics, see
Chap. 15.

1.8 GKP States

In Chap. 15 we will discuss quantum computing based on a type of oscillator state
invented by Gottesmann, Kitaev and Preskill known as GKP states [16]. As originally
defined these are not physical states, but they are well approximated by superpositions
of displaced squeezed states.

In terms of the continuous spectrum of the quadrature phase operators X1, X»
defined in (1.54), we define the translation operator T1(p) = e~irX1/2 Tr(q) =
€'9%2/2 where ¢ is a real number. These two operators are canonically conjugate
in that

Ti(p)Ta(q) = Ta(q)Ti(p)e'Pd/? (1.109)

Thus for p = 2/, ¢ = 2,/7 these operators commute and can be simultaneously
diagonalised. When 73 (g) acts on a state |1/) it displaces it in the X representation
(see (1.57)) as

xApY) = (x +ql¥) =¥ (x +q) (1.110)

The two orthogonal ideal GKP states as superpositions of two improper eigenstates
of Xy

0)= ) Th2kym)lx =0), (1.111)
k=—00

=) TEkJm)l=r) (1.112)
k=—00

It is immediately apparent that these states are un-normalisable. Instead, the ideal
encoding is approximated by a coherent superposition of Gaussian displaced squeezed
vacuum states, Fig. 15.17.
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0)= No Y. e TAEDkymlr), (1.113)
k=—00

D=~ Y ¥ F D+ 17271, (1.114)
k=—00

where D(k\/m) is the displacement operator defined in (1.29) and A = e . In
terms of the diagonal representation of X these can be written

0 1212 —_ 2
(x10) = N Z e AR 2 Ay exp [—%] (1.115)
k=—o00
o0 B _ 2
xh= N Z 672NA2k2(271A)71/46Xp [—W] (1.116)
k=—o00

where A = e™". In cases of practical interest A = A.The X representation, (y|s),
is given by the Fourier transform of these functions. As this takes Gaussians to
Gaussians we see that both functions are even functions of x, y. Note that these
state are invariant under the parity transformation, f1 = e~i274"a that transforms
X1 — —X1, X2 - —X», these code states will always have an even number of
photons.

Konno et al. [17] gave the first experimental demonstration of GKP states in
a travelling wave optical system using conditional homodyne measurements and
feed-forward. The GKP states are an important code for continuous variable optical
quantum computation. See Chap. 15.

1.9  Multi-mode States of the Quantum Field
We are not restricted to sources that excite a single mode of the electromagnetic

field. We will begin by discussing quantum states of the multi-mode field, with plane
polarisation, in terms of the (dimensionless) positive frequency operator,

o0
EM(t,x) = / dwa(w)e H@—kx) (1.117)
0

where d(w), @' (') are bosonic annihilation/creation operators satisfying
[a(w),a" ()] = 8w — o), (1.118)

and @ = c|k|. The negative frequency components are defined by E7)(t,x) =
(ED @ x)".
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We will assume that all modes are in the vacuum except for those propagating
in the +x direction with a carrier frequency centred on w = 2 and a frequency
bandwidth B much less than the carrier frequency. In that case we can change the
frequency variable to @ — w — 2 and extend the lower limit of integration over
the displaced variable to —2 — —oo. We will refer to this set of approximations
collectively as the ‘quantum optics approximation’. We then only need consider those
modes that contribute to the positive frequency operate defined as

a(t—x/c):f dw a(w)e @ (1.119)

—00

This operator represents the positive frequency components of the EM field in the
quantum optics approximation. In this form the operators a(¢) and a(w) appear
as Fourier transform pairs. In our units a(¢) has units of s~1/2 which ensures that
(a? (t)a(t)) has units of a rate. In what follows we will assume the detector is located
atx =0.

1.9.1 Coherent Pulses

Multimode coherent states are defined at x, r = 0 by quantum state functional of
complex valued functions &(w),

la()) = D(a())]0) (1.120)

We then find that (a(t)) = «(¢) and (a'(t)a(t)) = |a(r)|* with

ot(t):/oo dwd(w)e " | (1.121)

—00

The coherent amplitude of the state is determined by a Fourier transform. This is
what one would expect for a transform limited classical field. In such cases there is
no additional phase noise. Here we see that transform limited states are necessarily
pure states. The state contains no more phase noise than required by the uncertainty
principle.

1.9.2 Photon Number Pulses

We now define an N-photon (pure) state as a superposition of a single excitation
over many frequencies [24],

o] N
INs)zd%[/_wdwé(w)dT(w)] 0y . (1.122)
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Here & (w) is the probability amplitude that there is a single photon in a frequency
band between w and w 4+ dw. Normalisation of the state requires that

/Oo dolé(w)|* = /OO dilg(n> =1 (1.123)
where
£(1) =/OO dw e " E(w) . (1.124)

The average field amplitude of a single photon state is zero,
(Lla@®)[1) =0 . (1.125)

We can interpret this result as an indication of the random optical phase of a photon
number eigenstate. A phase dependent measurement on the single photon state, such
as homodyne detection, would give a null signal on average. The quantum coherent
nature of a single photon is revealed when we consider the probability per unit time
to detect the photon on a photon counter.

In the case of the single photon state (N = 1) this becomes

n(t) = (@' a@) = EOP (1.126)

The fact that n(¢) appears as the modulus square of a single, complex valued function
in (1.126) is a reflection of the underlying purity of the single photon state. In optical
terms we would say that the pulse is ‘transform limited’ although we need to bear in
mind that this is highly non classical state with an average field amplitude of zero.

A single photon source is a highly non classical source of light as opposed to
the typical semiclassical sources of a laser and thermal radiation. The key signature
of a true pure-state single photon source is provided by Hong-Ou-Mandel (HOM)
interference [22,23].

HOM interference is a fourth order interference effect. If two identical single
photons arrive on a 50/50 beam-splitter the probability to detect a single photon
at each of the two output ports—a coincidence—is zero. This is because there are
two indistinguishable ways this event can occur: both photons are reflected or both
photons are transmitted and the probability amplitudes for each of these paths cancel
exactly in the ideal case. If we introduce a time delay between the two photon pulses,
the probability to detect a coincidence drops from a value of 0.5 to near zero as the
time delay is reduced to zero.

In Fig. 1.3, we show a HOM scheme with two input fields with positive frequency
components a;,(t), bj,(¢) and two output fields determined by the frequency space
unitary transformation

L
V2

1 -
dour (@) (1) = E(Zlin(a))_bin(a))) . (1.128)

out (@) = —=(Gin (@) + bin(w)) (1.127)
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A

ain /b0,

T coincidence rate

Fig. 1.3 A scheme for a Hong-Ou-Mandel interference experiment. A beam splitter couples two
input field modes to two output field modes. The input field modes are prepared in identical single
photon pulses and a variable time delay 7 is introduced. Detectors placed in the path of the output
field modes show a suppression of coincidence events when the delay time is zero

The change in sign of the second equation here is an indication of the time reversal
invariance of an ideal beam splitter. Assume that at ¢ = 0 the a-mode is prepared in
the single photon state with amplitude function &,(¢) while the b-mode is prepared
in a single photon state at t = t with amplitude function &,(t — 7). To be specific
we will choose,

—yt/2
E(t):{aﬁe ;ig . (1.129)

The joint probability to count one photon in output mode-a and one photon in output
mode-b is defined by

P = [ [ @b oo ) (1.130)
0 0

In this case we find that this is a function of t and is given by

Pub(r)zé(l —e—V'f‘) . (1.131)

A good example of a single photon source which exhibits both a suppression
of second order correlation at zero time and good HOM interference visibility was
demonstrated by the group of Rempe [19] in Garching and also by the group of Kuhn
at Oxford [20]. This system is based on a Raman two photon transition in a three
level system inside an optical cavity [21]. One transition is driven by a strong time
dependent laser and the other is coupled to a cavity mode. A control pulse transforms
the atomic system from the ground to an excited state while simultaneously exciting
one photon in a cavity mode. The time taken to excite the cavity photon is determined
primarily by the duration of the control pulse and can be short compared to the cavity
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decay time. The photon is then emitted from the cavity via the usual process of cavity
decay. Under these conditions a good approximation to the single photon amplitude
function is the exponential in (1.129). The experiments of Rempe [19] and Kuhn [20]
verified the temporal shape of their photon amplitudes and phases in detection-time
resolved HOM and quantum homodyne experiments.

1.9.3 Pair Creation

Spontaneous parametric down conversion (see Chap. 8) is a multi-photon process
that takes place in certain crystals with a significant second order optical non linearity.
In this process a continuous wave or pulsed laser injects a coherent pump field into
the non linear crystal. A single pump photon with wave vector k,, is absorbed at
random times and a pair of photons called the signal (s) and idler (i) are created
such that k, = k; +k; and w, = w; + ws. These ensure momentum and energy
conservation.
We can write the two-photon state of the signal and idler as

20y = / doy / dewr f(@1, o2l (@1)a (@2)[0) (1.132)

Normalisation requires
S ~
| dandon |for o0 =1 (1.133)
—o0

This state is entangled if f (w1, w2) # fl (w1) fz(a)z). The nature of entanglement
can be seen using the Schmidt decomposition [24]

flor,em) =) /Ajgj@Dhj() (1.134)
J

where g, h ;j are an orthonormal set of mode functions and > j Aj =1
The two-photon detection rate is

2

r(t, 7) = Q2lal (Nas(a) (t + T)a; (t +7)[2) = Z VAjgih(t + 1)

J
(1.135)

where g(t), h(t) are the Fourier transforms of g (w), h(w). Inthe temporal domain we
see the entanglement is represented directly as correlations between pairs of temporal
modes. In many experiments only a few temporal mode pairs may be required.
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Problems
1.1 Derive the disentangling relation in (1.71). Hint: write

@ =a 2 _ fr(a’ 2 f(ata, fo(r)a? (1.136)

and differentiate both sides with respect to r to obtain differential equations for

Jx (), fz(r).

1.2 Show that the mean and variance of a squeezed vacuum state are 77 = sinh? r
and V[n] = 2 cosh? r sinh? r.

1.3 Calculate the SG phase distribution for; number states, coherent states and
squeezed states.

1.4 Calculate the mean and variance of the photon number in the two approximate
GKP states, (1.115, 1.116) with A = A.

1.5 Derive the result in (1.135).
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Quantum Theory of Optical Coherence

Abstract

In this chapter we introduce measurements via a simple model based on photo-
electric detection. Ultimately, all experimental results can be expressed in terms of
correlation functions evaluated at different spacetime points. We use this model
to discuss how optical coherence is determined by quantum states of light and
help us describe interference experiments.

2.1 Sources and Detectors

Non-relativistic quantum mechanics makes contact with reality through the Born
rule, a mathematical specification for how quantum states determine the statistics
of idealised measurement results. The same is true of quantum field theory where
measurement takes place in detectors and states are prepared by sources. Quantum
field theory, as usually presented, has little to say about sources and detectors, or
measurement for that matter. In the case of high energy fields one is often concerned
with sources that produce a few excitations and detectors that respond to small
numbers of excitations. In quantum optics, we are concerned with the quantised
electromagnetic field and sources and detectors that respond to very many excitations.
Inboth cases, sources and detectors are comprised of quantised matter fields, a subject
we will postpone to Chap. 9.

2.2  Photon Counting

The elementary measurement device in quantum optics involves the absorption of
a photon. This has important consequences since this type of counter is insensitive
to spontaneous emission. In such a device, measurement takes place by absorbing
a photon and thus is sensitive to the positive frequency components field £ (r, 1)
at the space-time point (r, ¢). This is nothing like the usual ‘projection postulate’
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description of measurement, as when one photon is counted the only thing we can
say for sure is that there is one photon less in the field. We follow the treatment of
Glauber [1].

The transition probability per unit time (i.e. the detection rate) that the detector
absorbs a photon at the position of the detector, r, between ¢ and ¢ + dt is proportional
to

Tri = |[(FIED (x, )i ’ 2.1

where |i), | f) are the initial and final states of the field. We only care about the final
state of the detector as it ultimately records the absorption. In order to obtain the
total detection rate we sum over all states of the field which may be reached from
the initial state by an absorption process. We can extend the sum over a complete
set of final states since the states which cannot be reached (e.g., final states which
differ from initial states by two or more photons) will not contribute to the result
since they are orthogonal to the state with one photon less than the initial state. The
total detection rate is

I(r,t) =Y GIEC @ 0l fIFIED (x, 0)li) (2.2)
-
= (|ED @, N ED(x, 1)i) (2.3)

where we have used the completeness relation ) 7l f£){(f] = 1. From the photo-
electric effect we expect the rate of absorption to be proportional to the intensity of
the field, so we define I(r, ) as the measured intensity of the field at (r, ¢). If the
field is in a mixed state, p the expression for I (r, t) becomes

I(x) = tr [E<—>(x)E(+>(x)p] , (2.4)

where we have defined the spacetime point x = (r, #). The normal ordering of the
operators (that is, all annihilation operators are to the right of all creation operators)
yields zero intensity for the vacuum state p = |0)(0|. This is a consequence of using
a detector based on absorption. Had we chosen a detector working on a stimulated
emission principle, problems would arise with vacuum fluctuations.

What would we expect the classical analogue of /(x) to be? In Chap. 1, we saw
that the quantum field resulted when we replaced the classical positive and negative
frequency components of the field by operators. Thus we might expect that the mea-
sured intensity for a the classical field to be I (x) = 8 (x)EM (x) = |EP ()2, If
the field was a single plane-wave mode this is a constant in time and space. Strictly
speaking this assumes that the classical field is completely deterministic and not
subject to amplitude and phase fluctuations. In that case we would replace E® (x)
by a stochastic process and average over the noise to get the measured intensity.

We can define a two-point correlation function for the field by generalising (2.4),

GO (x, x) =tr [E(_) (x)E<+>(x/)p] . (2.5)
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This is a first-order correlation function. The physical interpretation of this in terms
of a measurement will be treated in Chap. 7. It is based on measurements of the
field amplitude rather than intensity as in direct photon counting. Field amplitude
measurements are phase-dependent measurements unlike photon counting. Asitis a
measurement of the field amplitude it can be used to account for optical interference
experiments. As we will see the first-order correlation function of the radiation field
is sufficient to account for classical interference experiments.

The measurement of g (¢; t) by Hanbury Brown and Twiss in 1956 signalled
the birth of quantum optics [2,3]. In this experiment an intensity, or photon number,
correlation function for light was measured for the first time. To describe experiments
involving intensity correlations, it is necessary to define higher-order correlation
functions. The the n’th-order correlation function of the electromagnetic field is
defined by

G, Xt o) = [ PEC @) B () 2.6)

x ED (tpp1) ... ED (2n)]

Such an expression follows from a consideration of an n-atom photon detector [1].

2.3  Correlation Functions
A number of interesting inequalities can be derived from the inequality
tr[pATA] >0, 2.7)

which follows from the non-negativity of ATA for any operator A. Choosing A =
E™®(x) gives

GY(x,x)>0. (2.8)
In general taking A = E®(x,,) ... E®(x) yields

> a6V i xp) = 0. (2.9)
ij

Thus the set of correlation functions G(l)(x,-, x ;) forms a matrix of coefficients for
a positive definite quadratic form. Such a matrix has a positive determinant, i.e.,

det [G(1>(x,~, x,)] > 0. (2.10)
For n = 1 this is (2.8). For n = 2 we find

2
G (1, x).6 V2, 1) 2 |GV, )| @.11)
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which is the Schwartz inequality. Choosing

A=MED @) ... EP () + MED pg) ... EP (x2,) (2.12)
we find
G(n)(x17 MR Xn, x}’la M) xl) . G(n)(xn+]5 MR x2n7 x2n, MR xn+]) (2‘13)
2
Z G(n)(xla--~,~xn,xn+17~--,x2n)

If we have two distinguishable fields (say, by direction of propagation) we take
A=MEPOEMN ) + MESY () ESY () (2.14)

with x = (r, 0) and x’ = (r, ¢). Then

2
6L 0GR 0 = |6 0| . (2.15)
where
GR 0 =u[pET @ET@HEPN HEP )] . (2.16)

Note that Gg) is time independent.
An inequality closely related to (2.15) may be derived by choosing

A=nETWEN @)+ mET W E (x) (2.17)
This leads to
— _ 2
(ET0ED (0 ESP (0 ES )(x)|‘ (2.18)
2 2
= (EP@EP o (ET @EP o]

24  Correlation Functions and Optical Coherence

Classical optical interference experiments correspond to a measurement of the first
order correlation function. We shall consider Young’s interference experiment as
a measurement of the first-order correlation function of the field and show how a
definition of first-order optical coherence arises from considerations of the fringe
visibility.
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X

Fig.2.1 Schematic representation of Young’s interference experiment

A schematic sketch of Young’s interference experiment is depicted in Fig. 2.1.
The field incident on the screen at position r and time t is the superposition of the
fields at the two pin holes,

ED @ 0 =EN @m0+ E w0, (2.19)

where El-(+) (r, t) is the field produced by pinhole-i at the screen with
ei(k—w/c)s,-

El.(+) (r,t) = EI.H) (r,t —si/c)————, (2.20)
<

1

where s; = |r; — r| and El.(+) (ri, t —s;i/c) is the field at the i’th pinhole. For a
spherical wave k — w/c = 0, thus (2.19) becomes

EMN @, 1 —s1/c) N ES (e, 1 —s2/c)

ED(r, 1) = (2.21)
S1 52
In the experiment we expect s1 & 52 & R, so
1
ED ) = 2 (B o) + BV () (222)
where
x;i = (rj, t — s,-/c) . (2.23)

The intensity observed on the screen is proportional to

unozubﬂ”@oﬂ“mn]. (2.24)
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Using (2.19) we find that
11, x0) = GV (xp, x1) + GV (xa, x2) + 20 [G(l)(xl , xg)] , (2.25)

and the R~2 factor is absorbed into a normalisation constant. The first two terms
on the right-hand side are the intensities from each pinhole in the absence of the
other. The third term is the interference term. The correlation function for x1 # x»,
in general takes on complex values. Writing this as

GO (w1, x2) = |G (x| V1 (2.26)

we find

I(x1,x2) = GV (xp, x1) + GV (a2, x2) + 2 ‘G(l)(ﬁq, X2)‘ cos(W(x1, x2)) ,
(2.27)
The interference fringes arise from the oscillations of the cosine term. The envelope
of the fringes is described by the correlation function GV (x1, x7).

25 First-Order Optical Coherence

The idea of coherence in optics was first associated with the possibility of producing
interference fringes when two fields are superposed. The highest degree of optical
coherence was associated with a field which exhibits fringes with maximum visibility.
If GW (x1, x,) was zero there would be no fringes and the fields are then described as
incoherent. Thus the larger is GO (x1, x2) the more coherent the field. The magnitude
of |G (x1, x2)| is limited by the relation

1/2
600, x| = [6P 0GP0 | (2.28)

The best possible fringe contrast is given by the equality sign. Thus the necessary
condition for full coherence is

600, 0| = [6P w1, 16V 02 )] (2.29)
Introducing the normalized first-order correlation function

G (x1, x2)
[GO 1, x1)GD (x2, x2)]'/?

gV (x1,x0) = (2.30)

the condition for maximum fringe contrast is

gV x) =1, (2.31)
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or
gV (x1, xp) = & YE122) (2.32)
The visibility of the fringes is defined by

V= Inax — Imin (2.33)
Imax + Imin
This may be written as
211
ﬂ/:‘ “)‘—. 234
8 L+1D (239

If the fields incident on each pinhole have equal intensities the fringe visibility is equal
to |g1|. Thus the condition for first-order optical coherence |g("’| = 1 corresponds
to the condition for maximum fringe visibility.

A more general definition of first-order coherence of the field E(x) is that the
first-order correlation function factorizes

GV (x1, x2) = e (x)e™ (x2) (2.35)

Itisreadily seen that this is equivalent to the condition for first-order optical coherence
given by (2.31). It is clear that the coherent states are an example of such a field.
It is this coherence property of the coherent states which gave them their name. in
general, coherent states of the field lead to the factorisation

G (x1, .. X Xng1 - xom) =) . e T ) ug) .. e (ko)
(2.36)

Photon interference experiments of the kind typified by Young’s interference
experiment and Michelson’s interferometer played a central role in early discussions
of the dual wave and particle nature of light. These experiments detect the interfer-
ence pattern resulting from the superposition of two light beams. Classical theory
based on the wave nature of light readily explained the observed interference pattern.
The quantum-mechanical explanation is based on the interference of the probability
amplitudes for the photon to take either of two paths. We shall demonstrate how
interference occurs even for a one photon field. For full details of the classical theory
and experimental arrangements the reader is referred to the classic text of Born and
Wolf [7].

We consider an interference experiment of the type performed by Young which
consists of light from a monochromatic point source S incident on a screen possessing
two pinholes P and P> which are equidistant from S (see Fig. 2.1). The pinholes
act as secondary monochromatic point sources which are in phase and the beams
from them are superimposed on a screen at position r and time ¢. In this region an
interference pattern is formed. To avoid calculating the diffraction pattern for the
pinhole, we assume their dimensions are of the order of the wavelength of light in
which case they effectively act as sources for single modes of spherical radiation
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in keeping with Huygen’s principle. The appropriate mode functions for spherical

radiation are
\/Teik.r
=,/ — ex , 2.37
ug (r) L 1k (2.37)

where L is the radius of the normalization volume, and éx is the unit polarization
vector.

The field detected on the screen at position r and time ¢ is then the sum of the two
spherical modes emitted by the two pinholes,

ED (@, 1) = f(r, 1) (a1 + are’™?) (2.38)
with
. ek
r,1) =iJho/2————e 1" | 2.39
fe.n /> Jaxir 239

where s1 and s; are the distances of the pinholes Py and P, to the point on the screen,
and we have set s1 = sp = R in the denominator of the mode functions. The intensity
on the screen is then given by

I, 1) =1 (tr(pafal) +tr(pala) + 2ltr(palay)| cos q>) (2.40)
where
tr(pajaz) = ‘tr(pafaz) e'?,
n=If 0P
O = k(s —s2) .

This expression exhibits the typical interference fringes with the maximum of inten-
sity occurring at k(s; — s2) = 2nm with n an integer. The maximum intensity of the
fringes falls off as one moves the point of observation further from the central line
by the R~2.

We shall evaluate the intensity for fields which may be generated by a single mode
excitation and hence have first-order coherence. A general representation of such a
field is

ly) = g(b")]0) (2.41)

where |0) denotes the vacuum state of the field and b" is the creation operator for a
single mode. The operator b may be expressed as a linear combination of aI and
a; as

1

b= ﬁ(al +a), (2.42)
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where we have assumed equal intensities through each slit. We shall now consider
as a special case the field with only one photon incident on the pinholes, i.e.,

1
=b"0) = —(|1,0) + |0, 1 2.43
[¥r) |0) ﬁ(l ) +10, 1)) (2.43)

where |n1, ny), means that there are n; photons in mode k; and n, photons in mode
ko. This state of the field reflects the fact that we don’t know which pinhole the
photon goes through. From (2.40) this yields the following expression for the mean
intensity on the screen

I(r,1) = n(l + cos d) (2.44)

It is clear from this equation that an interference pattern may be built up from a
succession of one-photon interference fringes.

The quantum explanation for the interference pattern was first put forward by
Dirac [8] in his classic text on quantum mechanics. There he argued that the observed
intensity pattern results from interference between the probability amplitudes of a
single photon to take either of two possible paths. The crux of the quantum mechanical
explanation is that the wave function gives information about the probability of one
photon being in a particular place and not the probable number of photons in that
place. Dirac pointed out that the interference between the two beams does not arise
because photons of one beam sometimes annihilate photons from the other, and
sometimes combine to produce four photons. “This would contradict the conservation
of energy. The new theory which connects the wave functions with probabilities for
one photon gets over the difficulty by making each photon go partly into each of two
components. Each photon then interferes only with itself. Interference between two
different photons never occurs”.

An early experiment to test if interference would result from a single photon was
performed by Taylor [9] in 1905. In this experiment the intensity of a thermal source
was so low that on average only one photon was incident on the slits at a time. The
photons were detected on a photographic plate so that the detection time was very
large. Interference fringes were observed in this experiment. This experiment did not
definitively show that the interference fringes resulted from a single photon since
the statistical distribution of photons meant that sometimes two photons could be
incident on the slits. A definitive experiment was conducted by Grangier et al. [10]
using a two-photon cascade as a source. A coincidence technique which detected
one photon of the pair enabled them to prepare a one photon source.

Single photon interference in a two aperture device is the basis for various sugges-
tions for a quantum version of a Michelson stellar interferometer first used to measure
stellar diameters. The interference pattern is sensitive to source intensity variations
on the scale of 6 ~ /B where A is the wavelength and B is the separation between
the sub-apertures. If one can combine the light collected by the separate telescopes
along optical paths one can achieve a Young’s double-slit experiment. However loss
in the optical channels (typically fibres) dramatically limits the efficiency of this
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so-called direct detection method. Nonetheless this approach outperforms hetero-
dyne detection with classical communication for estimating the mutual coherence of
bipartite thermal light when the average photon flux is low [11].

2.6 Coherent Field

We consider a coherent field as generated by an ideal laser incident on the pinholes.
The state for this coherent field is a tensor product of two single mode coherent
states,

a1, a2) = fe1) ® |a2) (2.45)

representing two independent light beams. Such a state is easily produced by illumi-
nating the two-slit experiment with a coherent field so that

lr, @) = e *P10) = |a/v/2, a/V/2) (2.46)

where b = %(al + a2). The intensity pattern produced by this coherent field is

1(r, 1) = n*(Jae|> + || cos ) (2.47)

This example demonstrates the possibility of obtaining interference between inde-
pendent light beams. Experimentally, this requires that the phase relation between
the two beams be slowly varying or else the fringe pattern will be washed out. Such
experiments were performed by Pfleegor and Mandel [17]. Interference between
independent light beams is, however, only possible for certain states of the radia-
tion field, for example, the coherent states as demonstrated above. Interference is
not generally obtained from independent light beams. For example, it is easily ver-
ified that for two independent light beams prepared in Fock states, |¢) = |n1)|n2),
yields a zero first order correlation and there is no interference. The Fock states have
completely random phase.

The analysis leading to (2.44) bears out Dirac’s argument that the interference
fringes may be produced by a series of one photon experiments. However, Young’s
interference fringes may perfectly well be explained by the interference of classical
waves. Experiments of this kind which measure the first-order correlation functions
of the electromagnetic field do not distinguish between the quantum and classical
theories of light.

2.7 Photon Correlation Measurements

The first experiment performed outside the domain of first order coherence was
the intensity correlation experiment of Hanbury-Brown and Twiss [2]. Although
the original experiment involved the analogue correlation of photo-currents, later
experiments used photon counters and digital correlations and were truly photon
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correlation measurements. In essence these experiments measure the joint photo-
count probability of detecting the arrival of a photon at time ¢ and another photon at
time ¢t + 7 (regardless of how many are detected between these times). This may be
written as an intensity or photon-number correlation function.

Using the quantum detection theory developed by Glauber, the measured quan-
tity is proportional to (E) (1) E)(t + 1) EX) (¢t + 1) E)(¢)). In many cases the
probability of this joint detection event is stationary, which means it is independent
of the starting time ¢ after initial transients in the source have died out. We then define
the correlation function,

GP() = Jlim (EOOED ¢+ 1)EDP @+ 1)ED (1)) (2.48)

where t > 0. The operator inside the average is in normal ordered form. The nor-
malised second order correlation function is defined by

@ (7) = GP ()

g = — (2.49)
GO
In the case of a field prepared in a coherent state we find
2 1 2
G (1) = £*(0)e*(1)e(0)e(r) = ‘G( >(0)‘ (2.50)

where (¢) is the complex amplitude of the positive frequency components of the

field
| ho .
ety =1 eV ge ! (2.51)

For such a field g'® (r) = 1. Such a field is said to possess second order coherence.
This is a classical field state.

If the classical field has fluctuating complex amplitudes, described by a probability
density P(¢), then

GH(r) = / d’e P(e)e*(0)e* (1)e(0)e(T) (2.52)
In the case of zero time delay T = 0, we see that

fd%P@>Qd2—EFY

(&)

§?0) =

(2.53)
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where

le]? = fd2s P(e) |e|? (2.54)

and it is clear that g® (0) > 1.
If the distribution P(¢) is a Gaussian with zero mean amplitude we can use the
factorisation properties of the moments to show that

@) =1+ ‘g(l)(r)‘z (2.55)

which is an example of the Siegert relation. There are two cases of particular phys-
ical interest. The noise power spectrum for a stochastically fluctuating amplitude is
defined as [14]

S(w) = / ” dre TGV (1) (2.56)

—00

A field with a Lorentzian spectrum has

g @) =1+ (2.57)
while a field with a Gaussian spectrum (thermal light) has

g?@) =147 (2.58)

where y is the line-width.

For avaluesof 7 >> 1, = y‘l, the correlation time of the light, the correlation
function factorizes and g® (t) — 1. The increased value of g®(7) for T < 7. for
Gaussian fluctuations (chaotic light) over coherent light is due to the increased inten-
sity fluctuations in the chaotic light field. (Here “chaotic” is not necessarily “ther-
mal”, as chaotic light can be produced by many independent nonthermal sources.)
There is a high probability that the photon which triggers the counter occurs dur-
ing a high intensity fluctuation and hence a high probability that a second photon
will be detected arbitrarily soon thereafter. This effect known as photon bunching
was first detected by Hanbury-Brown and Twiss [2]. Later experiments [15] showed
excellent agreement with the theoretical predictions for chaotic and coherent light.
The preceding anlaysis does not rely on quantisation of the electromagnetic field but
may be deduced from a purely classical analysis of the electromagnetic field with
fluctuating amplitudes for the modes.

2.8 Quantum Mechanical Fields

The second-order correlation function can be used to characterise quantum mechani-
cal fields. We shall restrict our attention to a single-mode and two-mode fields. There
is a simple relation between g® (0) and the variance on the photon number for a
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single mode field described in terms of the annihilation and creation operators, a, a.
Itis
(a*?a?) V(n) —n

g2 =
where 7 = (a'a) is the mean photon number and V (n) = ((@"a)?) — (a"a)? is the
variance n the photon number. In the case of a coherent state we find g®(0) = 1
while for a number state, |n), we find g®(0) = 1 — 1/n.

If g (1) < g®(0) there is a tendency for photons to arrive in pairs. This situation
is referred to as photon bunching. The converse situation, 2@ (1) > g@(0) is called
anti-bunching. Equations (2.57, 2.58) indicate that g (t) — 1 on a sufficiently long
time scale. Thus a field for which g® (0) < 1 will always exhibit anti-bunching on
some time scale. A value of g®(0) less than unity could not have been predicted
by a classical analysis. Equation (2.53) always predicts g®(0) > 1. To obtain a
2@ (0) < 1 would require the field to have elements of negative probability, which
is forbidden for a true probability distribution. Photon anti-bunching is a feature
peculiar to the quantum mechanical nature of the electromagnetic field.

A distinction should be maintained between photon anti-bunching and sub- Pois-
sonian statistics, although the two phenomena are closely related. For Poisson statis-
tics the variance of the photon number is equal to the mean. Thus a measure of
sub-Poissonian statistics is provided by the quantity V (n) < n. Certainly a field for
which g® (1) < 1 for all 7 will exhibit sub-Poissonian statistics. However, it is pos-
sible to create fields for which g® () > ¢®(0) but which exhibit super-Poissonian
statistics over some time interval.

In the case of quantum fields the second oder correlation function is

GPU:t)= (" ®)a"t + 1)at + 1)a@)) . (2.60)

In the case of a stationary source, that is to say one in which all transients due to
switch-on have died out, we can define the stationary second order correlation as

GP@r) = Jim GPt:1) . (2.61)

In the case of a stationary thermal source, if we detect a photon at time ¢ it is very
likely that we will detect another photon a short time later. Thus G® () has a peak
at T = 0 and decays for increasing 7. This is known as photon bunching. In the case
of a photon counting in the output of a laser, G'» (t) is constant.

For photon number states discussed in Chap. 1, the photon counting statistics
is certainly not stationary. However most single photon sources deliver periodic
sequences of pulses for which each pulse is a single photon state. In that case we
expect suppression of G® (0) and a peak at every period of the pulse sequence. The
suppression is not surprising: if one conditions off a single count at r = 0 there are
no more photons left to detect from that pulse and one must wait at least until the
next single photon pulse comes along. Thus there are peaks at T = T, the period of
the source.
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Fig.2.2 The second order correlation function measured by Kuhn et al. using single photon source
showing the suppression at zero delay expected for a single photon source. The hatched area
represents correlations between photons and detector-noise counts. Reproduced, with permission,
as Fig. 4 of [4]

An experiment to demonstrate this suppression using a single photon source was
undertaken by Kuhn et al. [4]. In the experiment a sequence of single photon pulses is
emitted on demand from a single three-level atom strongly coupled to a high-finesse
optical cavity. The experimental results for ¢®(t) are shown in Fig. 2.2.

In the case of the two photon multi-mode state,

o0 2
12¢) = % [ /_ ooda)é(w)&;n(a))} 0y . (2.62)

the second order correlation function is given by
G2 (1) =265 + D) (2.63)

This is the product for the rate of a detection of a single photon at time ¢ and a second
photon at time ¢ + t. The pre factor of 2 is an indication of bosonic statistics, and is
called bunching in quantum optics.

This effect may be observed in a two-photon version of the HBT experiment,
Fig. 2.3. A two-photon state is directed towards a 50 : 50 beam splitter and a single
photon detector is placed in each output mode. Let b1 (¢), by (¢) represent the positive
frequency components of the field in each output. The second order correlation
function for the output fields is

N o+ 1 o+ o+ 1
(B] O3t + Dbyt + Db1D) = la{ aj (¢ + Dar( + Va1 ) = SEOPIEC + )P
(2.64)
while

1
(b] (1)bi (1)) = §<aZ (t)ai (1)) (2.65)



2.8 Quantum Mechanical Fields 39

~

e ——————
S
[\)
—~
~
~

autocorrelator

Fig.2.3 A quantum Hanbury Brown Twiss (HBT) experiment with a two photon pulse. The input
mode a; is prepared in the two photon state in (2.62). The input mode a; is in the vacuum state

The normalised second order correlation function is

bt 2
(D7) = (b1 (by(t + Dbt + D2 (1)) _ 15 +0) (2.66)

(bl (1)b1 (1)) (b (1)ba (1)) Holk

Note that this is always equal to 2 at zero delay. This is similar to thermal light. In the
case of thermal light however the functions & (¢) are complex amplitudes of a classical
Gaussian process and an additional average must be made of these amplitudes as in
(2.52). If £(¢) is given by (1.129) we find that this is independent of 7,

gP(r) =277 (2.67)

The peak of 2 at zero delay is the signature of photon bunching. An experimental
demonstration was presented by Wolf et al. [5] using a two-photon source based on
two trapped ions.

The original HBT experiment did not use two-photon states of this kind as the
stellar sources are chaotic (Gaussian). In the case of Gaussian light we note that
there is a simple relation between first order and second order correlation functions
given by (2.55). The second order correlation function for thermal light is given by
(2.58) and thus there is a connection between the first and second order correlation
functions.

If the stellar sources are not thermal we need a more complicated intensity inter-
ferometer. A novel type of two-photon interferometer for astrometry, which uses
photons from two separate sky sources was proposed by Gottesman, Jennewein and
Croke [12] that goes beyond the HBT interferometer.
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2.8.1 Squeezed State Photon Number Fluctuations
The _Variance of photon number for the squeezed state |, r), with r € R and o =
la|e!? is

V(n) = 2 cosh? r sinh? r + |a|?(cosh 2r — cos 26. sinh 2r) (2.68)

In the case that the 6 = 0,
V(n) = 2cosh® rsinh® r + o> 6 =0. (2.69)
while for

V(n) = 2cosh? r sinh? r + |a|?¢¥ 6 =7/2. (2.70)

The first case corresponds to the squeezed quadrature in the same quadrature as the
coherent amplitude and the second case the squeezed quadrature is orthogonal to the
phase of the coherent amplitude. We call the first case amplitude squeezed and the
second case phase squeezed. These two situations are depicted in Fig. 2.4. It is clear
that amplitude squeezed states can have reduced photon number fluctuations while
phase squeezed states have enhanced photon number fluctuations.

2.8.2 Cat State Photon Number Fluctuations

Cat states, introduced in Chap. 1, are an interesting example of anti-bunched light.
Consider the orthogonal states,

loes) = Na(@)[|ar) £ | — )] (2.71)
with

Ni(@) = — (2.72)

>

Fig.2.4 In a we show an amplitude squeezed state. In b we show a phase squeezed state
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Fig.2.5 Two fields are
combined on a beam splitter

with transmitivity as a first — > D
step to realise homodyne or
heterodyne detection E 1 (I" t) photo-detector

E2 (I', t)

The mean photon number is given by (ata)+ = |a|*(tanh(Ja|>)E!. Tt is easily
verified that (a' 2a?)4+ = |«|*. Thus

[tanh |oz|2]2 for |at)

®0) =
§ [tanh |o2] > for |o_)

(2.73)

These approach the same limit as |«|> — oo but have very different behaviour for
small |«|. This is because |4 ) have only even photon numbers and thus the photon
statistics are highly bunched, while the odd cat is anti-bunched as it contains mostly
a one photon component. The second order correlation function for cat states were
measured by Besse et al. [6] at microwave frequencies.

2.9 Phase-Dependent Correlation Functions

The even-ordered correlation functions such as the second-order correlation func-
tion G™™ (x) contain no phase information and are a measure of the fluctua-
tions in the photon number. The odd-ordered correlation functions G (x ...
Xns Xp+1 - - - Xnm) With n % m will contain information about the phase fluctuations
of the electromagnetic field. The variances in the quadrature phases AX % and AX %
are measurements of this type. These correspond to homodyne and heterodyne mea-
surements (see Chap. 7). These schemes require a reference signal known as the
local oscillator before photodetection. Homodyning with a reference signal of fixed
phase gives the phase sensitivity necessary to yield the quadrature variances.

Consider two fields E1(r, ) and E;(r, t) of the same frequency, combined on a
beam splitter with transmitivity 7, as shown in Fig. 2.5. This is a phase dependent
measurement as the intensity falling on the photo-detector depends on the relative
phase and frequency of the two input fields.

We expand the two incident fields into the usual positive and negative frequency
components

172 . P
Ejx,1n) =i (—260‘/) (ajel(kf'rf‘”t) — a/'.ef’(kj‘rfwt)) (2.74)
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The total field falling on the photo detector is given by

hew 1/2 ) )
Er(r,t) =i (W) (ce!®rr—on _ Fo-ilkpr—ot)y (2.75)
where
c=ynai +iy1—nay. (2.76)

We have included a 90° phase shift between the reflected and transmitted beams at
the beam splitter required by time reversal invariance.

The photo-detector responds with a detection rate proportional to (c'c). This is
given by

(c'ey = nia*a) + A —md'h) —iy/n(1 —n)((@'b) + (b7a)) . (2.77)

We will assume that the field E(r, t) is in a coherent state with a large and control-
lable amplitude, B = | B|e'?. We refer to this field as the local oscillator as it provides
a phase and frequency reference, while we regard E(r, ¢) as the signal field. In this
case we have taken the carrier frequency of the signal field which is the condition
for homodyne detection. To linear order in the field amplitude we see that

(cfey ~ (1 =B — 1Bl V(1 — m){Xosn/2) - (2.78)

where Xg472 = ae'® + ae™"%. If the reflected intensity of the local oscillator field
is subtracted, this is proportional to the mean of the quadrature phase of the signal
field.

We now turn to a consideration of the fluctuations in the photo-current. The rms
fluctuation current is determined by the variance of ¢'c. For an intense local oscillator
in a coherent state this variance is

(AcT®) ~ 1121 = n)* + BP0 = n){AXG ) (2.79)

The first term here represents reflected local oscillator intensity fluctuations. If this
term is subtracted, the photo-current fluctuations are determined by the variance in
X¢ 17,2, the measured quadrature phase operator. To subtract out the contribution of
the reflected local oscillator field balanced homodyne detection may be used. In that
scheme the output from both ports of the beam splitter is directed to a photodetector
and the resulting currents subtracted before subsequent analysis. Balanced homodyne
detection realises a direct measurement of the signal field quadrature phase operators
[16].
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2.10 Photon Counting Measurements

2.10.1 Semi-classical Theory

The photo-electric effect was one of the key experiments that lead to the develop-
ment of quantum theory. Einstein’s explanation of the phenomenon introduced the
idea of light quanta to explain photo-electron emission from a metal subjected to
illumination. The energy of ejected electrons was determined by the frequency of
the light falling on the metal while the number of electrons ejected per second was
determined by the intensity of the light.

In a typical photo-counting experiment, the absorption of light in a material results
in a photo-current. If the intensity of the light is low enough, the current is seen to be
composed of individual current pulses resulting from individual photon absorption
events. A simple integrator can count these events. The theory must describe the
statistics of this current/count in terms of the quantum state of the light impinging
on the detector. We will begin with a simpler semi-classical treatment in which the
average photo-current current is proportional to the classical fluctuating intensity of
the field.

As in all quantum measurement the actual observed phenomenon is a classical
random variable. In the case of absorptive photo-detection measurements we pos-
tulate a classical random variable that corresponds to whether or not a photon is
absorbed in a small time interval dt. We thus define a random variable, dN () € 0, 1,
that takes binary values. It follows that d N (t)2 = dN(¢). The current resulting from
this random variable is

t
J(@) = ef dN({h(t — 1) (2.80)

—0o0

where e is the elementary charge and % (¢) is a causal response function for the entire
measurement circuit, i.e A(t) = 0 for + < 0. Clearly the current is also a classical
stochastic process. We can now say that the classical stochastic process dN (¢) is a
conditional Poisson process conditioned on the quantum nature of the light.

The average current is determined by the average of d N (¢). This is simply the
probability, p;(¢), that a single photon is detected between ¢ and ¢ + dt. We expect
that, for a classical field, the rate of detection is proportional to the field intensity,
1(t) = 8T (1)ED) (1), and so we set

p1(t) = E[dN ()] = nEX)ED (1)dt = nl (r)dr . (2.81)

where 1 is a device dependent constant. This defines an inhomogeneous Poisson
process (a time dependent detection rate). Then

t
J(t) = en/ dt'h(t —t)I({) (2.82)

—00
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and o has units of (Watts . Ohms)~! and depends on the physical nature of the
detector. We will assume for simplicity that the response function is a unit top-hat
function a width of 7. Then define

1 t+T _
J&; T) = en? / dtl(t) =enl(t;T) (2.83)
t
and we have defined the time averaged intensity over a counting interval as
_ 1 t+T
I(t;T)= ?/ dtl(t) (2.84)
t

In the case of a single plane wave field, the intensity is a constant, so I(r; T) =
I, and p1(¢t) = aldt. The probability for no counts to occur in the time interval
[#,t 4+ T) may be found by dividing the time interval into N bins of size 6¢, or
8t = T /N. The probability for no counts to occur in the time interval is

Po(T +1,0) ~ (1 —IT/N)™ | (2.85)
In the limit of N — oo with T fixed we see that
Po(T +1,1) =e T (2.86)

In the case of a non constant intensity, the probability for no counts to occur in
the time interval is

N
Po(T + 1,0~ [0 = pr(w)), (2.87)
k=1

where t; = k8t. We can approximate pi () = ol (#;)8t and thus
1= pi) ~ e MW (2.88)

In the limit of N — oo with T fixed, the probability for no counts in the time interval
is

+T
Py(t; T) = exp |:—n/ dr’ I(t’)] =exp[-nTI(t:T)] . (2.89)
t
where
_ 1 t+T
[t:T) =~ / dr' 1(1) (2.90)
T J;

In the case of n counts in the interval ¢ to ¢t + T, we can specify a fine grained
history of detection events ftq, t>,...t, where t, means one count was observed
between #; and #; 4 dt. The fine grained probability is given as a function of the
history P,(t : T|t1, ta, .. . t).
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Suppose that n = 1 and this occurred at the end of the time interval. The proba-
bility for this history is

t+T
Pi(t;T|t; =t) = nI(T + t)dt exp [—77/ dr I(t/)] ) (2.91)
t

If we know that only one cont has occurred, but do not know when during the counting
interval it occurred, the probability for this even coarser-grained history is

t+T t+T
Pi(t;T) = 77/ dt; 1(t)) exp [—n/ dt’ I(t’)i| (2.92)
t t
=nTI@t; T)exp[—nTI1(t;T)] . (2.93)

Continuing this line of reasoning we encounter time ordered integrals of the form

t+T Iy )
/ dt, / dt,_1 .. / dnl(t)I(t,—1)...1(t) (2.94)
t t t
which is equal to
1 t+T n
fut; T) = -~ (/ dt’ I(t/)) (2.95)
n. l‘
The probability to count n photons is thus
1 - -
Py(t;T) = — (nTI@t; 7)) exp[-nTI(t;T)] . (2.96)
n!

This is a Poisson distribution with mean E[n] = i1 = nT1(t; T).
In the simplest case of a constant intensity /(¢, T) is independent of ¢ and T,
hence
I¢;T)=1 (2.97)

a constant. Thus
Py(T) = L ¢ (2.98)
n

where the average countisn = niT.

In the case of a thermal source, I = |a|? where « is a gaussian random variable
with mean zero, @ = 0 and covariance |«|? = Iy. The photon count distributions is
then given by

2 2
) = G [ e (299)
on! T n

1 i \"
T l4a\l+4a

where n = nT I.
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2.11 Quantum Mechanical Photon Count Distribution

In the quantum case, the detection rate is proportional to the average intensity /(¢) =
(EC) (1) ED)(1)). We now need to specify the quantum state of the field. Given that
Galuber’s theory assumes that detection corresponds to an absorption of a photon,
detecting n photons should mean that, whatever state the field started in, it now has n
photons less than when it started. The classical theory does not take this measurement
‘back-action’ into account. We will return to this question in Chap. 7 when we discuss
measurement in more detail. Here we simply give the result first derived by Mandel
[17] and usually referred to as the Mandel formula .

. Inl ()T - ,
P,(T)={: Texp[—nI(T)T] : (2.100)
where
. 1 (7 .
I(T) = —/ dt a’ (t)a(r) (2.101)
T Jo
where a(r), a’ () are given by (1.119) The notation (: ... :) denotes a normally

ordered average over creation and annihilation operators. This means that between
the colons we move all the creation operators to the left of the annihilation operators
as if they commute.

For a single mode field we get

P.(T) = tlpa’ "t a" M (2.102)

(T)" i (=nT)"

n! m!

m=0

If the field is diagonal in the number basis p = ), pxlk)(k|, we get

o _1\ym (n+m) )
PAT) = Y pk%ma? nebm gt gy (2.103)
k.m=0 nm:
& oD & () k!
_];p" ! mz=o m (k—(n+m))!
00 k nkfn . k—n
:;Pk<n>(ﬁT) 'E(—m ( N )

- k n k—n
= Zpk(n>(nT> (1 —nT)
k=n

This is a Bernoulli deletion process where the probability of not counting a photon is
1 — nT. We refer to nT as the quantum efficiency. The photon number distributions
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generated by a thermal light source in a single mode with frequency w

o
pn=(1=2g) > N (2.104)
n=0

where Ag = e~ P The resulting counting distribution is

(nTnp)"

) = gy

(2.105)

with ng = Ag/(1 — Ag). This is in the same for as the classical Gaussian result in
(2.99).
If the field is in a coherent state p = |ag) (|, the distribution is

P(T) = (2.106)

(nThp)" e_,]T;,O
n!
where 719 = |a|? is the mean photon number in the coherent state. This is a Poisson
distribution with mean &[n] = nTng. This is the same as the classical result in (2.98)
with I = ny.
The form of (2.100) is a special case of the general result

t
i) =/ dt’ R(t,t’)aji(t’)ad(t’) (2.107)

—0o0

where R(z, 1) is a detector response function and a(¢) is a filtered temporal mode
that is part of the definition of the detector [18],

aq(t) =/ dtG(t, v)a(r) (2.108)

—00

and G is the response function of the filter. In Sect. 14.2.2 we will discuss a non
linear filter where

x
G, 1) = / dwe 0= ¥ (w) (2.109)

—00

that describes a Raman single photon detector (quantum memory).
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2.11.1 Photo-Electron Current Fluctuations

The photoelectron current is given by the stochastic process in (2.80). For simplicity
we will take the response function to be h(t) = e~ so that

t
J (1) :e/ e VAN (2.110)
—00
The mean current is
4 ’
E[J(1)] :en/ e V=D 1" ydt (2.111)
—0o0

assuming that the intensity is a deterministic process. If this is not the case, and the
intensity itself is a stochastic process, then we need to write

t
E[J ()] = en/ e VORI () )dt (2.112)

—00

The mean squared current is
t t ’ "
E[J(1)J ()] = ¢*n° / / e VHTT=IIRIAN ()N ()] (2.113)
—0oQ —0oQ
This requires more care as d N H2 =dN@®). Discretising the integral gives

t s t t, / "
E[J()J (1)] = e2n2/ dt'e™ ' 1)) +2/ dz’/ dt’ e CH =R YT
—0Q —0Q —0Q

(2.114)
Thus the variance in the current is

t t t
E[J (1), J()] = 2n® / ar'e "1ty +2 / dr’ / dr"e? CTOE (), 1))
o0 —00 —0Q

) (2.115)
In the case of constant intensity this becomes
22

E[J(®),J@®)] = ?1 (2.116)

This is called the shot-noise. We will discuss the quantum case in Chap. 7.
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Problems

2.1 A beam splitter transforms incoming mode operators a;, b; to the outgoing oper-
ators a,, b, where

ao = /ma; —i/1 —nb;, by = .nbi —iy/1—na;

(a) Show that such a transformation may be generated by the unitary operator

U = o—ifa’btab’) 1 = cos2 6

(b) Thus show that if the incoming state is a coherent state |«;) ® |8;) , the outgoing
state is also a coherent state with

ap = /noy —i/1=npi,  Bo=/nBi —iy1—na

(c) Show that, if the incoming state is the product number state |1) ® |1), the out-
going state is

2n = DI @ 1) +ivn(l =n)(2) ®|0) + 10) ® [2))

Note that when n = 1/2 the ‘coincidence’ term |1) ® |1) does not appear, a result
known as Hong-Ou-Mandel interference [19]

2.2 In the experimental scheme of Fig. 2.3, light enters both input ports aj, a;. The
incoming state is the two-mode mixed state

1

— |1, 1)1, 1,] (2.117)
V2 wo L Wy L
where |n,,) is an n-photon state of a single mode with temporal mode function 1. (z)
(see (1. 122)) Calculate the second order correlation function for the output field,

(b ()b (1 + )b (t + 7)1 (1))

1 1
P = §|2/u 0)(2,, 0] + §|Oa 2,040, 2,1 +

2.3 Show that, for sufficiently long T
(Ll I (D) =1 (2.118)

for the single photon pulse |1,) given in (1.122).
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Representations of the
Electromagnetic Field

Abstract

A full description of the electromagnetic field requires a quantum statistical treat-
ment. The electromagnetic field has an infinite number of modes and each mode
requires a statistical description in terms of its allowed quantum states. Each mode
is described by an independent Hilbert space. In this chapter we introduce a num-
ber of functional representations for the density operator of the electromagnetic
field: the P-function, the Wigner function and the Q-function.

3.1 Classical Phase-Space Distributions

We saw in Chap. 1 that the classical electromagnetic field can be described in
terms of a probability distribution P(c, @*), over the complex amplitudes o € C
for each mode. A similar description can be given for a classical simple harmonic
oscillator by writing & = x + iy and treating x, y as the dimensionless canonical
coordinates in the classical phase space. Classical states are specified by giving the
distribution P(«, @*) and observables are real valued, infinitely differentiable, func-
tions f (o, @*) € R on phase-space. The average of a classical observable for a state
Pla, a*) is
2

d
E[f (o, a*)] = / 7“]‘(0:, aMP(a, o) 3.1

States of maximal knowledge would correspond to P(a, a*) = 8*(a — ag), for
which an observable takes the deterministic value f (oo, o).

Quantum states are specified in terms of the density operator p and have no natural
phase space representation. However a number of phase-space representations have
been invented as a means for computing operator averages. We might expect that
deterministic distributions in terms of delta functions would be problematic due to
the uncertainty principle and this is indeed the case.
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3.2 The P-Representation

The coherent states |«) (see Sect. 1.3) form a complete set of states, in fact, an over-
complete set of states. They may therefore be used as a basis set despite the fact that
they are non-orthogonal. The following diagonal representation in terms of coherent
states was introduced independently by Glauber [1] and Sudarshan [2]

o= /d2app(a, o)) (] . (3.2)

This is clearly a statistical mixture of coherent states provided P («, ™) is a true
probability density on phase space. However it is easy to see that there are many
quantum states for which such a distribution does not exist. The simplest example is
a number state, p = |N)(N|. Taking matrix elements with a coherent state |3), this
requires that there exists a distribution Py (ct, @*) such that

e 11PN a—pp?

e 1Al N = fdzcxPN(oz, a¥)e e P wN | (3.3)
Evaluating the left hand side at 8§ = 0 implies that Py(«, @*) must be negative
on some region in the complex plane. This is not possible for a true probability
distribution. In the exercises we treat the case of a squeezed vacuum for which no
Glauber-Sudarshan representation exists.

Nonetheless there are many physical states that do have a valid P-representation.
It is obvious that the P-representation of the coherent state |a) is

P(alag) = 8P (@ — ap) . (3.4)

where §©@ (x +1iy) = 6(x)8(y). A thermal state also has a P-representation. In that
case

1 _
Pra,a®) = —e 4P/ (3.5)
mn
where 71 is given by
) 1
= haltsT — 1 (36)

Using this we can evaluate the photon number distribution for a thermal state (see
exercises).

The P-representation assumes a central role in quantum optics as it gives normally
ordered moments of the field by treating « as a random variable and integrating over
the complex plane,

(@ "a™y = trla’ap] = fdzap(“a af)a* "™ . C))
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The P-representation does not give the marginal distributions for the quadrature
phase operators directly. The probability distribution for X; = a + a' for a system
prepared in the state p is given by

P(x) = (x|plx) (3.8)

with X1|x) = x|x). If p has a Glauber-Sudarshan P-representation,

P(x) = /dzaP(a)|(oz|x)|2 , (3.9)

where (o |x) is given in (1.59). On the other hand the marginal distribution of P ()
for the real part of « is simply

px) = / dyP(x +iy), (3.10)

—0o0

which is clearly not the same. This is reflected in the moments. While
(X)) = /dzoeP(a)(a+a*) (3.11)
we find the second order moment is given by
(x3H =1 +/d2aP(oc)(a+oz*)2. (3.12)

as the P-function only gives normally ordered moments by direct integration. This
is another reason why we cannot regard the P function as a true probability density
in a classical phase space.

In classical stochastic processes an important role is played by the characteristic
function as a moment generating function. Let P(«, @*) be such a classical distri-
bution function for a system with a single degree of freedom. The characteristic
function is defined by the complex valued moment

x(,n%) = / d?a P(a, a*)e’™ 1% = F[M 1] (3.13)

It then follows that

n m

—x (1, n") ) (3.14)

an*n 87]m =0

Analogously the characteristic function for a state with a Glauber-Sudarshan P func-
tion is defined by

xn(m,n*) = / Ao P (o, a*)e"™ 1" = (14" 7"y (3.15)
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This determines normally ordered moments using (3.14), thus the subscript. Inverting
the Fourier transform we see that

1 H ok
P(a) = ;/danN(n, e ¢ (3.16)

3.2.1 Wigner’s Phase-Space Density

The first quasi-probability distribution was introduced into quantum mechanics by
Wigner [4]. It differs from the P function in that the marginal distributions correspond
to the correct quantum distributions as given by the Born rule. The Wigner function
may be defined as the Fourier transform of the symmetrically ordered characteristic
function

Xs(m) = (" 1) = [ pe® 9] (3.17)
Thus

1 * *
W) = / Pys(nyel (3.18)

The Wigner function is a Gaussian convolution of the Glauber-Sudarshan P function,

W) = ; /dzﬁp(ﬁ)e—z‘“—/-‘”2 (3.19)

While the Wigner function does give the quantum marginal distributions, it is not
necessarily positive and thus cannot be a true phase-space probability density. For
example, the symmetrically ordered characteristic function for a number state |n) is
given by the average value of the displacement operator,

xs(m) = (n|D()|n) . (3.20)

This may be calculated by first finding the matrix elements of the displacement
operator in the number basis,

(m|D(n)|n) = /ge—“/z(n)"""w‘"(|n|2) m>n (3.21)

where L‘[I,(z) are associated Laguerre polynomials. Taking the Fourier transform we
find that the Wigner function for a number state |n) is

W (er) = (;i"e—z'“‘inmmﬁ (3.22)

which is clearly negative for n odd.
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The Wigner function for coherent squeezed states, |«, ), are Gaussian (and pos-

itive). Writing X; = « + o™* and X, = —i (¢ — ™) we find that
1 2r e—2r
War (x1,x2) = o expl——-(x1 = ¥)* = ——(x2 = 2)°] (3.23)

The Wigner function can be experimentally determined using the equality [5]
2 .
W(a) = —tr[D(@)I1D' (x) p] (3.24)
T

where IT = ¢/7@'4 is the parity operator. A simple procedure was implemented by
Banaszek et al. [6] based on photon counting. A simple example is the Schrodinger

cat state of the form

1 . .
Ix) = ﬁ@””ﬂaw + e — ap)) (3.25)

This is not a parity cat but can be generated by a Kerr non linearity (see Chap. 4).
The Wigner function is given by

1
xw%1ﬂ)=;[W4m+wM«m+2Jwgmwcmnmamﬁw»] (3.26)
where

Wei(a) = e Hotaol? (3.27)

A contour plot of the Wigner function is shown in Fig. 3.1. The Wigner function for
parity optical cat states was reported by Ourjoumtsev et al. [7]. They were generated
by subtracting a single photon from a squeezed vacuum state (See chapter).

Hofheinz et al. [8] measured the Wigner functions for the Fock state superposi-
tions, |0) 4+ |N), of a microwave field in a superconducting resonator (see Chap. 11).
The results are shown in Fig. 3.2.

3.2.2 QFunction

The Q-function (or Husimi function) is defined as the diagonal matrix elements of
the density operator in the coherent state basis,

Q(a) = (a|pla) (3.28)

Clearly the Q-function is positive and bounded by one. Using (1.48) we see that the
normalisation integral is

1 2
—/dammzl (3.29)
T
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Fig.3.1 The Wigner function contours for the cat state |x) with agp = 2. Blue indicates regions of
negativity
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Fig.3.2 A comparison of the predicted and measured Wigner representation of Fock state superpo-
sitions |0) 4+ |NV) in a superconducting microwave resonantor. [Reproduced with permission from

[8D]
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i 1

X1 X2—>

apparatus 1 system apparatus 2

Fig. 3.3 A schematic representation of the Arthurs and Kelly scheme [9] for the simultaneous
measurement of the two non commuting system operators X1, X»> by coupling them, respectively,
to the commuting quadrature phase operator Yz(l) and YZ(Z) of two distinct bosonic modes. The
coupling is taken as impulsive as is the simultaneous projective measurement of the two apparatus
observables resulting in the real values x1, x2

The Q-function is a true probability density for a special class of measurements.
Suppose we set out to simultaneously measure the quadrature phase operators X1, X»
as defined in (1.54). As these operators do not commute the allowed physical states
are constrained by the Heisenberg uncertainty principle (HUP), (1.55). However
this does not prevent us from making simultaneous measurements of the quadrature
operators so long as sufficient noise in added by the measurement so as to ensure
the resulting conditional state does not violate the HUP. In other words, they can
be measured simultaneous, but not arbitrarily accurately. The construction of such
a measurement scheme was first given by Arthurs and Kelly [9]. We follow the
presentation of [10].

We couple each quadrature phase operator of a field mode to two distinct readout
modes and simultaneously readout a quadrature phase operator on each those two
field modes, see Fig. 3.3. The impulsive interaction between the system and two
distinct apparatus operators Y2(1) and Y2(2) is described by the unitary ‘scattering’
operator

i
Uipi = exp[—E(Xle(l) + X7 )] (3.30)

where the apparatus operators are part of a canonically conjugate pair [Yl(] ) , Yz(] )] =
2i. The input state of the three systems before the interaction is |{/);]0)1|0), where
|) is an arbitrary system state and |0) ; are oscillator ground states (vacuum states).
After the interaction the output state is

W our = Uint|¥)510)110)2 (3.31)

In the Heisenberg picture this interaction displaces the conjugate apparatus operators
by X1, X» respectively as

v\ - uf

int

yPul =y +x; (3.32)

int
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the first detector recording the system observable X and the second detector record-
ing the system observable X». To read out the results, we projectively measure the
apparatus observables Y. 1(" ) immediately after the interaction with the result x; for
Jj =1, 2. The joint probability density operator for these two results is given by Q-
function of the arbitrary system state |) with @ = x1 + ixp. It follows from (3.32)
that the uncertainty of the apparatus operators after the measurement is given by

(AYV)our = 1+ (WIAXAY) (3.33)

This shows that each measurement apparatus is adding a small amount of noise for
each system quadrature operator. This is the price paid for a simultaneous measure-
ment of these two non commuting operators. The noise added by the measurement
enforces the moments of the Q-function to correspond to anti-normally ordered
moments of the system annihilation and creation operators

1
—/d2oc o "™ = (Yla"a" ") (3.34)
T
The preceding discussion might appear a little abstract. In Chap. 7 we will see that
the Q-function describes heterodyne detection of a cavity field mode.

The Q-functions for displaced squeezed states |, r) are easily seen to be Gaussian.
See (1.77). The Q-function for a number state, |n) is given by

_ el p

Oy(a) = 78 (3.35)
While this is positive, it has zeros—a very unusual feature for a putative phase-space
probability density. This is a general feature of the Q-function of highly non classical
states and parallels the negativity of the Wigner functions of non classical states. The
zeros of the Q-function can be considered a defining feature of non classical states.
In fact, the Q-function is a holomorphic function and is determined by a Gaussian
envelope and zeros in the complex plane. The number of zeros can characterise the
non classicality of the state. This is known as the stellar rank [11].

3.2.3 Generalised P Representations

An expansion in non diagonal coherent state projection operators was suggested by
Drummond and Gardiner [12] and is called the generalised P-representation,

P(a, B) =/du(t¥, BYP (e, B)Ala, B) (3.36)

where u(«, §) is an integration measure chosen to ensure normalisability,

/Dd,u(oc, B)P(x,B) =1 (3.37)
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and

lo) (B

(B*|a)
This representation is not necessarily positive, in fact it is complex in general.
Nonetheless it can used as an effective way to compute normally ordered moments
for any state. In Chap. 8 we will see it can be used to give a powerful stochastic
description of quantum dynamics in the doubled complex plane.

The definition given by (3.36) leads to different representations depending on the

integration measure. The Glauber-Sudarshan representation corresponds to

Ala, B) =

(3.38)

du(a, B) = 8P (" — B)d*ad?B (3.39)

3.2.4 The Complex P Representation

The complex P Representation is defined by du (o, ) = dadpB, where («, B) are
treated as complex variables which are to be integrated on individual contours C
and C’. The conditions for the existence of this representation are discussed in [12].
This representation may take on complex values so in no sense can it have any
physical interpretation as a probability distribution. However, as we shall see it is an
extremely useful representation giving exact results for certain problems and physical
observables such as all the single time correlation functions.
Consider a density operator, expanded as

1
— / / (| p| B*) ) (B*|d*ad” B (3.40)
D JD’

Using the residue theorem we write this as

(@lpl B)(B*]) _A(‘f‘ LR[NPy
==/ 3 B ey

(3.41)
Exchanging the order of integration we see the complex P function is
1 Co d*a'd*p’
Pap) = [ [ @iol 8 e CEEE L G
4n? Jp Jor (@ —a)(B =B
The complex P representation of a coherent state |z) is
1 -1 -1
Pr(e, p) = — (@ —2)" (B —2x) (3.43)
514
In the case of the number state |n) we find
!
L S
Py(a, B) = 1.2¢ @p)y Tl (3.44)
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To see this, use (1.41, 1.46) and write

ygdadﬂp( 8) Z L’;_m| B g (3.45)

n,m=0

Substituting (3.44),

1 & (n)? - -
p=——s dadB o~ 1= g=Fl=m) iy | (3.46)
472 ZO n''m'!

n,m=

Choosing any contour of integration encircling the origin and using Cauchy’s theo-
rem,

1
—@Qdz7"=01if n >0, (3.47)
2mwi
=1ifn>-1, (3.48)
=0if n< -1 (3.49)

we find p = |n)(n| as required.
In the case of the squeezed state |z, r) the complex P representation is

P., (o, B) = Ne(ot—Z)(ﬁ—Z*)+Cothr[(a—z)z—i-(ﬁ—z*)z] (3.50)

The normalisation constant A is found by integrating along the imaginary axis for r
real. The resulting normalisation for this choice of contour is

1
N=——— 3.51
27 sinhr ( )

As an example of the use of the complex P representation we shall consider

the photon counting formula given by (2.100). Using the diagonal coherent-state
representation for p we may write the photon counting probability P, (T) as

2 m
P (T) = /‘dzzP(Z)w exp[—|z | (T)] (3.52)

An appealing feature of this equation is that P, (T") is given by an averaged Poisson
distribution with P (z) in the role of a probability distribution over the complex field
amplitude. It is a close analogue of the classical expression (2.99). We know however
that P(z) is not a true probability distribution and may take on negative values. In
such cases we may consider a generalisation by way of the complex P representation
for p. The photocount probability is then given by

/ T m
P (T) = ?g dzd7 P(z, Z/)w expl—zz'n(T)] . (3.53)
cc’ m!
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We shall demonstrate the use of this formula to calculate P, (T) for states for which
no well behaved diagonal P distribution exists.
For a number state with density operator p = |n)(n| we have

1 /

P(z,7) = ——5 7 nl(zz) "D (3.54)
472

and the contours C and C’ enclose the origin. Substituting into (3.53) for m > n

the integrand contains no poles and P,,(7T) = 0 while for m < n poles of order

n —m + 1 contribute in each integration and we obtain

Pu(T) =Y (Z)um’"a — ()" " (3.55)

as obtained previously.
For a squeezed state with density operator p = |«, r){«, r|, where o and r are
assumed real, we have

1
P(z,7) = —E(sinh " lexpl(z — a)(Z — @) + cothr[(z — &) + (2 — a)?]]

(3.56)
and the contours are chosen along the imaginary axis in z, z'. The integral then gives

Pu(T) =) <Z>M(T)m(1 — w(1))" " Py (3.57)

with the photon number distribution given by (1.82).

3.2,5 Positive P Representation

The integration measure is chosen as d it (, 8) = d*ad?p corresponds to the positive
P representation P («, B). In this case the phase space has doubled. It can be proved
that P («, B) always exists and is positive for any density operator.

For this reason we call it the positive P representation and it has all the mathemat-
ical properties of a genuine probability. It also has an interpretation as a probability
distribution [13]. By using four apparatus instead of the two used in the Q function
model, we can get a positive distribution that nonetheless gives normally ordered
moments by direct integration. The positive P representation is useful in represent-
ing quantum irreversible dynamics as a stochastic process in the doubled phase space
variables.
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Problems

3.1 The Glauber-Sudarshan representation for a thermal state is given in (3.5) as

1 _
Pr(a, o) = —elal’/i (3.58)
T

Show that the photon number distribution is given by

fll’l

pn = (n|pr|n) = W (3.59)

3.2 Prove that the Wigner function is a Gaussian convolution of the Glauber-
Sudarshan P function, (3.19).

3.3 Find the Q function and the Wigner function for the cat states in (1.107).
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Quantum Dynamics in Simple
Nonlinear Optical Systems

Abstract

In this chapter we will analyse some simple processes in nonlinear optics where
analytic solutions are possible. This will serve to illustrate how the formalism
developed in the preceding chapters may be applied. In addition, the simple exam-
ples chosen illustrate many of the quantum phenomena studied in more complex
systems in later chapters. This chapter will serve as an introduction to how quan-
tum phenomena such as photon antibunching, squeezing and violation of certain
classical inequalities may occur in nonlinear optical systems. In addition, we
include an introduction to quantum limits to amplification.

4.1 Single-Mode Quantum Dynamics

A single-mode field is the simplest example of a quantum field and suffices to illus-
trate a number of quantum features such as photon antibunching and squeezing. To
illustrate these phenomena we consider the degenerate parametric amplifier.

4.1.1 Degenerate Parametric Amplifier

One of the simplest interactions in nonlinear optics is where a photon of frequency
2w is absorbed and converted into two photons each with frequency w. This process
known as parametric down conversion may occur in a medium with a second-order
nonlinear susceptibility x ® [1]. A more detailed discussion on nonlinear optical
interactions is given in Chap. 8.

We begin with the simplified interaction Hamiltonian for a single cavity mode in
degenerate parametric interaction

h . . .
H = hoa'a — iTX (E*a?e¥* - pa’ 2e72r) @1
© The Author(s), under exclusive license to Springer Nature Switzerland AG 2025 63

D. F. Walls and G. J. Milburn, Quantum Optics, Graduate Texts in Physics,
https://doi.org/10.1007/978-3-031-84177-4_4

4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-84177-4_4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-84177-4_4&domain=pdf
https://doi.org/10.1007/978-3-031-84177-4_4
https://doi.org/10.1007/978-3-031-84177-4_4
https://doi.org/10.1007/978-3-031-84177-4_4
https://doi.org/10.1007/978-3-031-84177-4_4
https://doi.org/10.1007/978-3-031-84177-4_4
https://doi.org/10.1007/978-3-031-84177-4_4
https://doi.org/10.1007/978-3-031-84177-4_4
https://doi.org/10.1007/978-3-031-84177-4_4
https://doi.org/10.1007/978-3-031-84177-4_4
https://doi.org/10.1007/978-3-031-84177-4_4
https://doi.org/10.1007/978-3-031-84177-4_4

64 4 Quantum Dynamics in Simple Nonlinear Optical Systems

where y is the second order nonlinear susceptibility and E is the complex amplitude
of the pump field treated as a classical undepleted coherent state at a carrier frequency
twice that of the quantum mode. If we work in the interaction picture we have the
time independent Hamiltonian

H; = —i%(az —a'?y, 4.2)

where we have chosen the phase of the pump such that g = yx E is real. The Heisen-
berg equations of motion are

da 4 da'

=oaf, =
g dt

aa = oa. 43
7 ga (4.3)

The solution is
a(t) = a(0) cosh gt + a' (0) sinh g¢ 4.4)

which has the form of the squeezing transformation, see (1.63). As such, we expect
the light produced by parametric amplification to be squeezed. This can immediately
be seen by introducing the two quadrature phase amplitudes

Xi=a+a', X»=—i(a—a") 4.5)

which satisfy the Heisenberg equations of motion

D _exy, 2o x (4.6)
dar 842, i 841 - .
The solution is
X1(t) = X1(0)ed,  Xo(1) = X2(0)e ™' 4.7)

These equations demonstrate that the parametric amplifier is a phase-sensitive ampli-
fier which amplifies one quadrature and attenuates the other. The variances are given
by

VIX1(1)] = VIX1(0)]e*$',  V[X2(1)] = V[X2(0)]e (4.8)

In the case of a coherent state or vacuum state, V[ X1(0)] = V[X»(0)] = 1, the prod-
uct of the variances satisfies the minimum uncertainty relation. Thus the de-amplified
quadrature has less quantum noise than the vacuum level. The amount of squeezing
or noise reduction is proportional to the strength of the nonlinearity, the amplitude
of the pump and the interaction time.

We shall next consider the photon statistics of the light produced by the parametric
amplifier. First we analyse the light produced from an initial vacuum state. The
intensity correlation function 2@ (0) in this case is

cosh2gt
@) = 14 22287 4.9)

sinh? gt
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This indicates that the squeezed light generated from an initial vacuum exhibits
photon bunching ¢® (0) > 1. This is expected for a squeezed vacuum for which
photon pairs are generated simultaneously.

4,1.2 Wigner and Q Function

The full photon statistics of the light generated in parametric amplification may
be calculated via a quasi-probability distribution. The P function becomes singular
due to the quantum correlations which build up during the amplification process.
However the Wigner distribution and the Q-function remain positive and Gaussian.

The Wigner function describing the state of the parametric oscillator at any time,
¢, may now be calculated via the symmetrically ordered characteristic function,

x (0, 1) = tr[p(0)en® O-ma()y (4.10)

Using (4.4) we find that for an initial coherent state, |«),

2
1
x(n, 1) = expna™ () — n*a(t) — % cosh2yt + Z(n2 + n*?)sinh2y7] (4.11)

where «(t) = « cosh xt + «* sinh x¢. This may be written as
x(n. 1) = N @O+ A (4.12)

where n7 = (n, —n*) and a (1) = («(1), a*(¢)) with

1 (sinh2xt cosh2xt
) (coshZ)(t sinh2xt) (4.13)

The Wigner function is then given by the Fourier transform of x (n, t) we find
that

2 1
W(a,t) = —exp |:—E(a — (x(t))chl(oc - oc(t))] 4.14)
b4
where a” = (o, «*). This is a bivariate Gaussian distribution with mean «(f) and

covariance matrix C = A. In terms of the real variables x| = o + ™ and x» =
—i(ax — a™), the Wigner function takes the form

W(a, 1) = % exp [—%(x —x)R'x— x(t)):| (4.15)

where

1 2xt 0
R=> (eo e_m) (4.16)
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As the Q function is a Gaussian convolution of the Wigner function, the Q function
itself must be Gaussian. In this case it is given by

Oa,t) =

! T 4—1
m exp |:_§(05 —a(t) A7 (x — Ol(t)):| (4.17)

where

1 /01
A_A+§<10>. (4.18)

4.2 Two-Mode Quantum Dynamics

4.2.1 Non-degenerate Parametric Amplifier

The non-degenerate parametric amplifier is a generalization of the degenerate para-

metric amplifier considered in the previous section. In this case the classical pump

mode at frequency ), interacts in a nonlinear optical medium with two modes at

frequency w1 and w; . These frequencies sum to the pump frequency, w, = w1 + ws.

It is conventional to designate one mode as the signal and the other as the idler.
The Hamiltonian describing this system is

H= hwlaIal + ha)gagag +ihg (afaze_iwl’t — alage_iwl”> , (4.19)

where aj(ay) is the annihilation operator for the signal (idler) mode. The coupling
constant g is proportional to the second-order susceptibility of the medium and to
the amplitude of the pump field.

The Heisenberg equations of motion in the interaction picture are

1 _ oal (4.20)
— = 9a .
ar 8%
day 4.21)
—= = oq .
dt 8ai
The solutions to these equations are
a1 (t) = a;(0) cosh g¢ + a] (0) sinh gt , (4.22)
ax(t) = a(0) cosh gt + a; (0) sinh gt . (4.23)

If the system starts in an initial coherent state |o1) ® |«2), the mean photon number
in mode one at time ¢ is

ni(t) = (af(t)al (1)) = |og cosh gt + o sinh gtl2 + sinh? gt 4.24)
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The last term in this equation represents the amplification of vacuum fluctuations
since if the system initially starts in the vacuum («; = op = 0) the mean number of
photons is given by sinh? gz.

The intensity correlation functions of this system exhibit interesting quantum
features. With a two-mode system we may consider cross correlations between the
two modes. We shall show that quantum correlations may exist which violate classical
inequalities.

Consider the moment (airalagaz). We may express this moment in terms of the
Glauber—Sudarshan P function as follows:

(@ aralar) = / Py / Pl PlaPlar, a2) . 4.25)

If a positive P function exists the right-hand side of this equation is the classical
intensity correlation function for two fields with the fluctuating complex amplitudes
a1, ap. It follows from the Holder inequality that

f o danlen Plool? Py, @) (4.26)
12
< |:/ d*ayd*aslay|* P(ay, 0!2):|
12
X |:/ d2a1d2a2|a2|4p((¥1,(¥2)] .

This may be written in terms of an inequality for the operator moments
i ot 12 2y, 12 212
(alardlay) < [(al a®)(a} a2)] , 4.27)

a result known as the Cauchy-Schwarz inequality. If the two modes are symmetric,
as for the non-degenerate parametric amplifier, this inequality implies

(alaralaz) < (a] %a}) . (4.28)

Because we have assumed a positive Glauber-Sudarshan P function, this is a
weak inequality and there exists certain quantum fields which will violate it. It is
more usual to express the Cauchy—Schwarz inequality in terms of the second-order
intensity correlation functions defined for a single-mode field,

2
[¢9] =P O (4.29)
where
2 (azazakak)
8 (0) = ——=—+— (4.30)
(akak)2
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and

220 = {aiayaias). 4.31)

(alar)(alas)

A stronger inequality may be derived for quantum fields when a Glauber—
Sudarshan P representation does not exist. Using (4.27),

(alara}an)? < ((a]a)?)((@har)?) . (4.32)
and symmetry, this implies
1l T2 2
(alalazaz) ((a) “ap)) + (a]a1> (4.33)

or

1
g7 0) < PO+ — (434)

(a;ar)

We now show that the non-degenerate parametric amplifier if initially in the
ground state leads to a maximum violation of the Cauchy—Schwarz inequality (4.29),
as is consistent with the inequality (4.34). That is, the correlations built up in the
parametric amplifier are the maximum allowed by quantum mechanics.

In the degenerate parametric amplifier model In this system the following con-
servation law is easily seen to hold,

ni(t) —nz(t) = n1(0) —n2(0) , (4.35)

where ni(t) = aZ (t)a(t). Using this relation the intensity correlation function may
be written

(n1(Ona(1)) = (n1(1)%) + (n1 (1) (12(0) — n1(0))) . (4.36)

If the system is initially in the vacuum state the last term is zero, thus

(1 (Dn2(0) = (@] ()al ()ar (War (1) + (a] Dy (1)), (4.37)

which corresponds to the maximum violation of the Cauchy-Schwarz inequal-
ity allowed by quantum mechanics. Thus the non-degenerate parametric amplifier
exhibits quantum mechanical correlations which violate certain classical inequal-
ities. These quantum correlations may be further exploited to give squeezing and
states similar to those discussed in the EPR paradox (see Chap. 13).

In the interaction picture, the unitary operator for time evolution of the non degen-
erate parametric amplifier is

U(t) = es'@la—ma) (4.38)

Comparison with (1.84) shows that U (¢) is the unitary two-mode squeezing operator
withr» = —gt. Itis thus clear that the individual signal and idler modes are correlated



4.2 Two-Mode Quantum Dynamics 69

but not squeezed. In fact they have a reduced state that is equivalent to a thermal
state with mean photon number sinh? gr.

In order to see squeezing in a multi-mode system like this we need to be more
careful in how we define the quadrature phase amplitudes that can be measured. This
is done using homodyne detection as we describe in Chap. 7, and explicitly requires
a frequency and phase coherent reference field that we call the local oscillator. We
will define the squeezing with respect to the quadrature phase amplitudes of the field
at the local oscillator frequency wr o = w),/2 and phase reference 6(2].

The total field, given by the sum of the signal and idler modes, has positive
frequency components in the laboratory frame given by

ET@) = a1(t)e™ ' + ay(r)e ' (4.39)

where a () are given in (4.20) and w1 + wy = wp/2. Now define w1 = w,/2 —
€, w2 = wp/2 + €. These are sidebands at half the pump frequency. The total field
may now be written as

E(1) = (@' + ax(t)e e~ ' 4 (af ()™ + af(1)e')e' '/ (4.40)

We are thus led to write this in terms of the quadrature phase amplitude operators
defined by the carrier frequency w,/2 and phase reference 0, (see Chap. 7 for a
discussion of homodyne detection).

E(@) = Xg(t, €)cos(wpt /2 +0) — Xgyz2(2, €) sin(wpt /2 + 0) 4.41)

where
Xo(t, €) = % [((al(z)e"" T a;(t)e_m) ell 4 h.c.] . (442)
X/ (t, €) = \l_ﬁ [(@e? —al®e ) e +he] . @43)

If the system starts in the vacuum state, the homodyne detection signal at frequency
€ = 0 will have a variance given by

Xo(t,e =0) = cosh2gt + cos 20 sinh 2g¢ . (4.44)
Thus for & = 0 we find

V[Xo(t, e = 0)] = %8, (4.45)
V[Xr/2(t, e =0)] = e 28" (4.46)

Changing the phase of the local oscillator by 7 /2 enables one to move from enhanced
to diminished noise in the homodyne signal.

The full quantum correlations present in the parametric amplifier may be rep-
resented using a quasi-probability distribution. If both modes of the amplifier are
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initially in the vacuum state, no Glauber P function for the total system exists at any
time. However, a positive Gaussian Wigner function may be obtained.

We may define a two mode characteristic function by a simple generalization of
the single-mode definition. For both modes initially in the vacuum state this may be
expressed as

+ * t *
x (1, ma, 1) = (0]e™D (l)—mal(l)enzaz(f)—ﬂzaz(l)|O> (4.47)

— o3 (mOP+m®P)

where

n1(t) = ny cosh gt — 5 sinh gt (4.48)
n2(t) = ma cosh gt — n3 sinh gr . (4.49)

Performing the Fourier transform, the Wigner function is then given by,

4
W(ay,ap,t) = —5 exp [—2|oe1 cosh gt — oz’zk sinh gt|2 — 2|ap cosh gt — o sinh gt|2]
b4

(4.50)
Making the change of variable 81 = a1 + 5 and B = a2 + a we see that
4 LB | 1B
W(ay, az,t) = —3 exp |:—§ ( T + prT (4.51)

in which form it is particularly easy to see that squeezing occurs in a linear combi-
nation of the two modes.

The photon number representation of the signal and idler modes, starting in a
vacuum state, follows from the two-mode squeezing operator (see (1.99)). It is

oo

= tanh o1)" 4.52
b gt ,,Z:o( anh g1)"|n); ® |n)2 (4.52)

¥ ()

In this form it is easy to see how the non-degenerate parametric amplifier is a zero
energy eigenstate of the photon number difference between the two modes.

The non-degenerate parametric amplifier exemplifies many features of general
linear amplification. One such feature is the limit placed on the amplifier gain if the
output is to be squeezed. To see how this limit arises, and to see how it might be
overcome, we write the solutions (4.22) in the form

af" = G'"%al" + (G - 1)/l (4.53)

where G = cosh? gt is the gain and we now regard the initial operator as the input
operators and the final operators as the output operators. It is clear that if the input
state to mode-1 is an arbitrary state and the input to mode-2 is the vacuum that,

(nf"') = G(n{") + (G = 1) (4.54)
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where n; = afal . The first term shows that the output photon number is G times the
input photon number in mode-1. This suggests we regard G as the energy gain of the
system. The second term arises from the vacuum in mode-2. This is the necessary
noise that must accompany amplification in the quantum domain [3]. The noise of
amplification means that we cannot amplify a squeezed state in mode-1 without
decreasing the squeezing.

4.2.2 Cubic Quantum Dynamics

In cavity opto mechanics the radiation pressure force couples mechanical motion to
optical field modes. The force on a mirror is proportional to photon number inside
the cavity. Consider an optical cavity with one mirror harmonically confined by an
elastic spring. The centre of mass motion of the mirror is described by a simple
Harmonic oscillator. The Hamiltonian is

2

H, = é’_m + maw? g (4.55)

where m is the effective mass of the bound mirror and w,, is the resonant frequency.
We introduce ladder operators, b, b as

9= h (b+b") (4.56)
2mwy,

mhawyy,
2

(b—b" (4.57)

p=—i

As g, p] = ih we see that [b, b1 = 1. The Hamiltonian for the cavity mode is given
as usual by H, = ha)CaTa, where a, a' are the annihilation and creation operators
for the cavity field mode.

The interaction energy between the mechanical and optical degree of freedom is

H; = fana (4.58)

where f is the force per photon. we write this in terms of the ladder operators as

H; = higo(b+b"a'a (4.59)
where
g0 = _f (4.60)
N 2hmw,,

is the opto-mechanical coupling constant in units of frequency. The interaction
Hamiltonian is of cubic order in the raising and lowering operators.
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The full Hamiltonian is
H = homb b + hwea'a + hgo + bHa'a . (4.61)
If we move to an interaction picture, we get the transformed hamiltonian
H; = hgo(be™'“n! + bTei®n!)gTq (4.62)
The Heisenberg equations of motion are

db

— = —igge'®'a’ 4.63
7 igoe a'a ( )
d

d—‘; — —igo(b+ba (4.64)

As a'a is a constant of motion we can solve for b(r)

)
b(1) = b(0) — 2L (piont _ 1) (4.65)
[6)]

m

Substituting this into the equation of motion for a we see that

d 2
29 i) +bTO0)a—iataa (4.66)
dt W

The second term here appears like a photon number dependent phase shift of the field.
This is called a Kerr non linearity, and is discussed in the next section. It is expected
here for the following reason. The radiation pressure force changes the momentum
of the mechanical system. This causes the position of the mirror to change due to the
harmonic motion of the mirror. However a changing position causes a detuning of
the cavity. We thus see that the radiation pressure force will couple back to produce
an intensity dependent detuning of the cavity.

There is another way to see this induced Kerr effect. Clearly a’a is a constant of
motion. Using the canonical transformation

b— b+ 4% (4.67)

W

the full Hamiltonian can be written

W W

H = haoy, (bT 4 g—OaTa) <b + ﬁcﬁa> — hx(ata)? (4.68)

where y = g% /. The term proportional to x is called a self-Kerr interaction and
is quartic in the annihilation and creation opertators for the field.
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4.2.3 Kerr Quantum Dynamics

We will consider the self-Kerr interaction in more detail and generalise it to a cross
Kerr interaction between two field modes. Consider the Hamiltoninan for a single
mode field

H = hwa'a + hix(a’a)? (4.69)

In the interaction picture, the Hamiltonian is
H; = hx(a'a)? (4.70)
The Heisenberg equations of motion are

da

= —ixa—2ixa' 471
7 ixa—2ixa'a 4.71)

As a'a is a constant of motion the solution is
a(t) = a(0)e 2x1@a+1/2) (4.72)
If the system starts in a coherent state |«), the mean value of the amplitude at time
t > 0 is given by
(a(t)) = ae™ 1 (g|e2inta"a g (4.73)

Using e=1%'%|q) = |we~i?) we see that
. . - 2 —2i
(a(t)) = ae™ X (o 2Xl) = geixi—lal (=721 (4.74)

where we used (1.46). This function is clearly periodic with a period given by T =
x /2. However at times such that ¢ = &, the mean value is 7 out of phase with
the initial amplitude.

We can get a better idea of what is happening by looking at the dynamics in the
Schrodinger picture. Define the nonlinear transformation of a single mode coherent
state, |«), as

o, 0) = e~ 0@ @ ) (4.75)

Using the number state expansion of coherent sates we see that
2 e A 2
o, 0) = e 12N " —— i) (4.76)
neo Vn!

If we set & = xt we get the Schrodinger picture dynamics due to the Kerr self-
interaction. Setting 6 = 2w we see that the state is simply the initial state, |o).
Setting & = m we get | — «), the same as the initial state with a = phase shift.
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()

Fig.4.1 The Wigner function (multiplied by 7 /2) for a Kerr cat-state with « = 2, 0 = 7 /2 versus
hte real and imaginary parts of «. Note the negative values between the two peaks

Something more interesting happens at rational fractions of . Setting 6 = 7 /2
we see that

—in?7)2 _ 1 neven
¢ = { —inodd @77
SO

la, 7/2) = Ng(e 7/ *a) + ™4 — a)) (4.78)

where N, is a normalisation constant. These superposition of coherent staters have
come to be called cat states as they are superpositions of distinguishable semi-
classical states reminiscent of Schrodinger’s famous gendanken experiment on the
quantum control of feline metabolism. Note that these states are not parity eigen-
states. This is a direct result of the Kerr nonlinearity commuting with the photon
number operator. The Wigner function for this state is shown in Fig. 4.1. Cat states
were first investigated in [4,5]. In fact we can get more general single mode cat states
using & = 277/K. Then n?/K = n(n/K) so we only need to find n mod K to get the
periodicity of the cat state. This is an effective measurement of photon number mod
K. We plot the Q-functions for some examples in Fig. 4.2. Such states are known as
fractional revivals and are common in integrable non linear quantum dynamics. We
use the Q-function for this purpose as the fractional revivals are easy to see.

4.3  Universal Bosonic Dynamics

We saw above that a cubic non linearity can be transformed to a quartic self interac-
tion. Kerr interactions generate states with negative Wigner functions. It is easy to
see that Hamiltonians that are linear and quadratic in the annihilation and creation
operators cannot generate states with a negative Wigner function (see Sect. 3.2.1).
The Wigner function is given in terms of the displacement operator and the parity

—irat
operator [T = ¢7'7% ¢ as

W(a) = ;tr(D(a)nD*(a)p) (4.79)
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K=1 K=2 K=4

2 4 6 i " ) 3 n - 6 4 2 0 2 4

Fig.4.2 The Q-function contours in the complex plane for a Kerr cat states witha = 4,60 = 27 /K
As IT has eigenvalues %1, it is clear that
|tr(D(@)TID (@)p)| < 1 (4.80)

What is the class of states that explore significant regions of negativity?

The answer is provided by a result of Lloyd and Braunstein [7]. They proved
that universal simulation of a single bosonic mode is possible if the Hamiltonian
includes operators that are at least cubic in the creation and annihilation operators,
for example

{a,a’,a? a2, (@"a)?}, (4.81)

is universal. The first two operators generate displacements (Heisenberg-Weyl group)
the next two quadratic operators generate the squeezing transformations (SU(1,1)).
The quartic operator is the Kerr nonlinearity. Starting from the vacuum state, all
states in the Hilbert space can be reached by time dependent Hamiltonians involving
the four operators. The first four generate only positive Wigner functions. Adding
the Kerr non linearity gives us the entire state space including access to states with
negative Wigner functions.
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Problems

4.1 Verify (4.17).

4.2 Frequency conversion is another process that can occur in a material with a
second order non linear susceptibility. When pumped by a coherent classical field
with frequency w), it converts a photon at frequency w; to a frequency w; (and
conversely) with w, = @, — w1 > 0. The Hamiltonian for frequency conversion is

H = hwlaIm + ha)za;az + hg(aIazei‘””t + ala;e*i‘“l”) (4.82)

Show that the photon number sum of the signal and idler modes is a constant of
motion.

4.3 Show that a non degenerate parametric amplifier with a squeezed state at the
input to the signal mode (labelled 1) and a vacuum state in the input to the idler
mode (labelled 2) will decrease the squeezing at the output. Show that the maximum
gain before squeezing is lost is

2

- (4.83)
VX' + VIX5']

Gmax

4.4 Let the initial state of the mechanical system be a coherent state |SB),, so that
b|Bo)m = BolPo)m and the cavity field state be arbitrary with number state expansion
[¥) =", znIn). Show that the the state at time ¢ > 0 is

o
WO)em = Y _ zne " In)e ® SEPD B, (1)), (4.84)
n=0

with the displacement

gon

m

Bu(t) = Boe ™ Om! — S (1 — e7iom) (4.85)

If the cavity is prepared in a coherent state |«g) and the mechanical system is
prepared in a thermal state

P = ni / B PP/ gy (g (4.86)

n
where 7 is the average number of phonons in the mechanical oscillator

i = (ePhom — )71 (4.87)
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where 8 = (kgpT)~! is the usual Boltzmann inverse temperature, show that the state
of the total system at time ¢ > O is then given by

—ixt(nz—mz)

1Bn) (Bnl @ |n)(m|
(4.88)

1 2= apate
— ol 2peIBF/m N T

t) = d
Py =e n / pe n'm!

n,m=0
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Open Quantum Systems

Abstract

No quantum system is ever completely isolated. At the very least, it must be
coupled to the outside world when we make measurements. In this chapter we
discuss techniques to treat open quantum systems. We consider the system of
interest as weakly coupled to an environment which remains close to a steady state.
We first derive a master equation for the density operator of the open system in the
Schrodinger or interaction picture. Using the quasi-probability representations for
the density operator, the master equation may be converted to a c-number Fokker—
Planck equation. We describe an alternative formulation in terms of quantum
stochastic differential equations, replacing the Heisenberg equations of motion
for closed quantum systems.

5.1 Master Equation

An optical cavity, say a Fabry-Perot cavity, is open to the external world through
photon loss out of the end mirrors. The cavity mode is the system of interest and
evanescent coupling of the cavity field to the many mode field outside the cavity is
responsible for this loss. Moreover, we can drive the cavity using external sources
through the same coupling mechanism. We will refer to the external field as the
environment and the cavity field as the system. We make measurements of the external
field in order to infer the state of the cavity field.

We consider a system described by the Hamiltonian H; coupled to an environ-
ment described by the Hamiltonian H,, modelled as a large number of harmonic
oscillators, for example, the modes of the external electromagnetic field. There is
a weak interaction between the system and its environment given by an interaction
Hamiltonian V. The total total Hamiltonian can be written H = Hy; + H, + V. The
dynamics of the total system plus environment, pr, is given in the interaction picture
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dor _ 1
ar h[v(t),PT]~ (GRY

The reduced density operator for the system is defined by the partial trace p(t) =
tre[pr]. We let the state of the environment be a time-independent steady state p,
typically a thermal equilibrium state. If we assume that, by some intervention, we
can initialise the system state as p(0), the total initial state is then

pr(0) = p(0)p, (5.2)

This is a considerable idealisation as an open quantum system is usually always
coupled to its environment but we will assume that this can be changed by a suitable
preparation procedure acting at time # = 0. As we will see in the next chapter, this
is typically a measurement.

The solution to (5.1) can be written in terms of the time ordered integral

PT(l)—pT(0)+Z< O [ [ (53)
th—1
< [T v e v, V). 6o

Taking the partial trace over the environment we see that

p(r)-p(0>+2< O [ [ (5.4
th—1
[ stV @), V@), VG, oo

The ability to make sense of the partition into system plus environment implicitly
assumes that the interaction between them is weak. If this is not the case, we need
to find a new partition so that all components of the system are much more strongly
interacting with each other than each component is interacting with the environment.
If we can find such a partition then we can use second order perturbation theory to
write

: t
p (1) = p(0) — %/0 dtitre[V (1), pep(t1)] (5.5
1 t 131
- ﬁ/o dtl/O diytre[V(t1), [V (12), pep(t2)]1]

Note that we have also taken p7 () & p.p(t). This is consistent with a second order
perturbation approximation. It implicitly assumes that the environment relaxes back
to its steady state much faster than the system state is changing. We will need to
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check the consistency of this assumption with second order perturbation theory. We
now see that

dot) i
dt  h

1 t
tre[V(t),pep(t)]—ﬁfo duitee[V (1), [V(t1), pep D]l (5.6)

We will assume that the interaction, V (¢), is not diagonal in the basis that diago-
nalises p.. In that case the first term is zero. For example, in the case of a damped
bosonic mode we take

V(t) = Ma T (@) + alf(r)ei®0t) (5.7)
where
L) =) gibre™ (5.8)
k

where by, bZ are annihilation and creation operators for bosonic modes in the envi-
ronment. They could represent the many-mode field external to a cavity field or
quantised elastic waves (phonons) coupled to an isolated nano-mechanical oscilla-
tor. The physical difference between these two cases appears in the choice of gi
as a function of k. Substituting into (5.6), we find that the following integrals are
required,

t

Ii(1) = / dt (DT (1)) e/ 0+ (5.9)
0
t

L(t) = / dr (DT ()T (1)) e 0+ (5.10)
0
t

L) = / dti (DT (1))l 0= (5.11)
0
t

L(t) = / dty (DT () (1y))e i @0t=) (5.12)
0

The integrals can be evaluated once we have calculated the four two-time correlation
functions

it ) = (DOT) =Y gkgu (bibp)e @ (5.13)
kK’

ot n) = (T OT 1) = (01, 0) (5.14)

c3(t, 1) = (PO () = Y gugh (bbf,)e ™ @™ (5.15)
k, k'

ca(t,n) = (DT OT ) = Y gt gw (bibi)e' @~ (5.16)

k,k’
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where w, o’ are the frequencies associated to the modes labelled with wave numbers
k, k’.Inthe case of electromagnetism the dispersion relationis w = ck. In the physical
cases of interest in quantum optics, these will turn out to be functions of the time
difference r — t; a situation we refer to as stationary correlations.

5.1.1 Thermal Environment

We need to specify the moments (byby/), (bkbz,), (bekr) which depend on the state
of the environment. For an environment in thermal equilibrium at temperature 7 we
set (bkby) = (bb},) = 0 and

(bkb,fﬁ = (n(w) + Dy x (5.17)
(bjb) = (@) p (5.18)

where the mean thermal excitation of mode £ is

1

T (5.19)

n(w) =

and B = (kgT)~! where kp is Boltzmann’s constant. We then find that the only non
zero correlation functions are

c3(t,1) = ) gl (@) + e (5.20)
k

ca(t,t) = Y |gelPii(w)e = (5.21)
k

which are functions only of the time difference reflecting the stationary statistics of
a thermal field. We convert the sums to integrals using a density of states function

p(w),
eyt 1) = / dwp(@)]g(@) (@) + Dt (5.22)
0

calt 1) = / ” dwp (w)|g(w)[*ii(w)e @ (5.23)
0

In quantum optics, at optical frequencies, the functions p(w), | g(a))|2, n(w) are
slowly varying over a bandwidth B around w = wgy with wy > B. We then make a
change of variable € = w — wy, I’ =t — ] and write
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t 00 o
L) = / df// dwp (€ + wo)|g(€ + wo)*ii(e + wo)e " (5.24)
0 —wo

o0 t
~ / dw p(e + wo)|g(e + wo)|*i(e + wp) / dr'e”'€"  (5.25)
0

—00

o0 o
~ / dw ple + wo)lg(e + wo)| (e + wo) / dr'e '’ (5.26)
0

—00

where we have anticipated that the integral over € is expected to lead to a rapidly
decaying function of time and extended the upper limit of the time integral to infinity.
Using

/ dt e ' = 78(e) £ PV[é] (5.27)
0

where PV denotes the Cauchy principal value part. If we now define the damping
rate as

y = p*(w0)g* (o) (5.28)

and

® de 1 5
A= PV / £ p(e + w0)lgle + wn) i€ + w) (5.29)
o0 2T €

then

Iy = yn(wo) —iA (5.30)
In a similar way we can find

Iz =y@(w) +1)—iA (5.31)

The imaginary parts constitute small frequency shifts and we will ignore them. The
resulting equation of motion for the system is the master equation

i—f =y@+ )Dlalp + yaDla'1p (5.32)

where we have set n = n(wg) and defined the super-operator
i1,y LAt
D[Alp = ApA' — EA Ap — E'OA A (5.33)
Equations of motion for the expectation values of system operators may be directly

derived from the master equation, (5.32). For example, the mean amplitude of the
simple harmonic oscillator is given by

da) _ [ dp]_ v
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with the solution
(a(®) = (a(0))e "% (5.35)

This is in the interaction picture. In the Schrédinger picture it is
(a()) = (a(0))e™ " =712 (5.36)

The mean amplitude decays towards zero. On the other hand the equation of motion
for the mean photon number is

dia*a)
dt

= —y(a'a) +yn, (5.37)

with the solution
(@’ a() = (@' (0)a)e ™" +i(l —e"). (5.38)

In the steady state this approaches 7 and indicates thermal equilibrium with the
environment.

The photon number distribution defined by p,(¢) = tr[p(¢)|n)(n|] obeys the
Markov master equation

dpn(t)
dt

=ty(n = Dppr +1-(n+ Dppy1 — (4 (n) +1-(n)) py (5.39)
where the transition rates are given by

te(n) = yi(n + 1) (5.40)
t_(n) =y@+ n (5.41)

In the steady state the detailed balance condition holds,

[ (n)pss,n = t+(}’l - l)pss,n—l (542)

and the steady state solution is found by iteration

ty(k—1
Pss,n = Pss,0 l_[ +l‘( &) ) (5.43)

After normalisation we get

1 1 " 1
Pss,n = 7 <}7l :l_ 1) = = e~ "Bheo (5.44)
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At optical frequencies there are very few thermally excited photons at laboratory
temperature n(wg) < 1. It is for this reason that most tests of quantum founda-
tions have been done at optical frequencies (see Chap. 13). In this regime we can
approximate the irreversible dynamics by the zero temperature master equation in
the Schrodinger picture,

d
d_‘t’ = —iwola’a, p] + yDlalp (5.45)

The solution to this equation can be written in terms of time ordered integrals [2]

p(t) =) Na()p(0) (5.46)

n=0

where the super-operators N, (¢) are given by

t tm t
Ny (1) =/ dtm/ dtm_1...fzdtlS(t—tm)j'S(tm —tm_1)...98(1)
0 0 0

(5.47)
with
Jp = yapaT (5.48)
S(t)p = e—i(wo—iy/z)m*apei(w0+iy/2)m*a (5.49)
No()p = S(t)p (5.50)

We will refer to the super-operators J as the jump operations. Their action on a
photon number eigenstate is

Jln)(n| = ynln — 1)(n — 1| (5.51)
The operations S(#) are called the no-jump operations as

S®)In){n| = e n)(n] . (5.52)

5.1.2 Squeezed Environment

As we have seen an environment in thermal equilibrium leads to stationary two-time
correlation functions. There is another important situation in which this is true. It is
the case of a pure squeezed environment in which modes at different frequencies are
entangled.

In this case the phase dependent moments are non zero [1]

(bbr) = M(@)8Rwy — w — &) (5.53)
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where (beZ,) = (byby)*. If we make the change of variables w = wy — €, ' =
wp + €' we see that this can be written as

(beby) = M(wp — €)8(e + €) (5.54)

This indicates that modes symmetrically displaced around wq by € are correlated.
In the interaction picture we only need the function M (e) and we assume this is
symmetric and slowly varying around zero. The moments for the phase independent
terms are
(bkbl) = (N(@) + D8 (@ — o) (5.55)
(bkbz,) = N(w)§(w — o) (5.56)
where |M (w)|? = N(w)(N(w) + 1).

Following the derivation of the thermal master equation using similar approxima-
tions we find that the master equation for a squeezed environment takes the form

d
d—‘; — y(N + D)Dlalp + yNDla'Ip (5.57)
—i—%M(ZaT,oaT —a'?p—pa"?H + %M*(2a,oa —a’p — pa?)

where M = M(wp) and N = N (wp) with [M|?> = N(N + 1).

5.2  The Fock State Master Equation

The previous examples have assumed that the external cavity fields are gaussian;
vacuum, coherent or squeezed. A rather more interesting case is to consider the
response of a cavity to a single photon input. In these cases an elegant master equation
method has been developed by Combes and coworkers [5].

Let X be a system operator. First define the Heisenberg operator

WX =Uto (X QI f) U@ (5.58)

where I 1 is the identity operator acting on the field. Note that because U (¢) describes
an interaction between the system and the field, j; (X) is, generally, a joint system-
field operator. A typical example of relevance to us would be X =a'a.

The objective is to find the moments of such time evolved operator. For example,
if the initial state of the system is |7) and the initial state of the field is the one photon
state |1¢). Then define the joint initial state as | 1¢) = |7) ® |1¢) the moment of
ji(X) is defined by

a'(X) = (n, 1] (X)), 1e) (5.59)



5.2 The Fock State Master Equation 87

For example, if X = a’a then ! (a*a) = (7 (1)) is simply the mean photon number
inside the cavity at time .

The next step is to write down an equation of motion for the arbitrary moment
wt“(f( ). We then discover that this couples to other diagonal and off diagonal
moments. As an example, consider the equations for the case of the number operator,
i = a’a. A word of caution, the operation Dy [A] is not the same as what appears
in the master equation. It is defined as

1.
DAl =LTAL — E(L'LA +ALTL) (5.60)

a form that is sometimes called the adjoint Linbladian. We want the case in which
L — /«ka, so the first term here is the opposite way around from what appears in the
master equation. This results from using the cyclic property of trace in the moments.
We then find that

15
W = —ko ! (@) — V(@M (@ () + w0 @hHEw)  (5.61)

We thus find that we need the equations for zzr,m (a) and zzr,lo(a). These are easily
found using (19) in Gough et al. [5].

dw (a)

% _ _%w;” (@) — JKE() (5.62)
dw,%(a) ;

% _ —%wtlo(a) — JRE(1) (5.63)

The initial conditions are

@y () = (nla’aln) (5.64)
@’ () = (nla‘aln) (5.65)
@%a) =0 (5.66)
ol (@) =0 (5.67)

Solving the off-diagonal equations we find

ol (a) = —/ke !/ /0 tdr’g(ﬂ)e“’/z (5.68)
w0y = —ke ™ !/? /0 td;’g*(r’)e“’/z (5.69)

Thus
@ = —kw (i) + ke 2 /O LA EOED +E R (5.70)
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15 t 20
Fig.5.1 The mean photon number in a one sided cavity driven by a single photon input atz = 0

In this case wt“ (n) is the unconditional intracavity photon number (aT(t)a(t)).
With the choice

e V21> 0
§() = {6/7 ‘2o - (5.71)
we find the solution
4 2
@'a) = %e_’” (1 - e—W—K)f/?) . (5.72)
Y — K

This is plotted in Fig. 5.1.

5.3 P Representation

An operator master equation may be transformed to a c-number equation using the
Glauber—Sudarshan representation for p. It is necessary to first establish the rules
for converting operators to an equivalent c-number form. We know the relation
ale) = ala). What is a¥|a)?

To answer this question it is convenient to use the Bargmann state ||«) defined by

) = el 2 |qr) (5.73)
Using (1.32) we see that
) = %' |0) (5.74)
It follows that
9
a'lle) = Ll (5.75)
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If we write the Glauber-Sudarshan P-representation in terms of the Bargman states
we get

0= /d2aP(a)e*‘“'2||a><a|| (5.76)
Then
atp = /dzaP(a)e_lalziHa)(aH (5.77)
Jo

We integrate this by parts to get
i 2 0 ~laf?
a'p = | dalla)(«|| —aP((x)e (5.78)

- /d2a|a)(oz| (a* - iP(oz))
o

We can use this relation to represent the term a'p that appears in the master
equation in terms of a differential operation on P (o). We are thus led to the following
replacement rules

ap - aP(a) (5.79)
pa’ > o*P(a) (5.80)
ad
atp — ((x* — —) P(a) (5.81)
o
]
pa — (a — ) P(x) (5.82)
da*
Similarly we can see that
t T
a'ap > (o — — JaP(x) (5.83)
da
§ d N
pa'a — |a— a” P(x) (5.84)
da*

Using these rules the equivalent P representation for the master equation (5.57)

is
IP(a d d 9’ 92 9’
a(z - B (@a + MQ*) * % <M* a2t Mﬁ) * VNaaaa*} P(@)

(5.85)

When |[M| > N this equation has “non positive-definite” diffusion, hence the P

representation is unable to describe the system in terms of a classical stochastic

process. Alternative representations will be discussed later in this chapter. When

M < N the equation has the form of a Fokker—Planck equation. We shall discuss

some useful properties of Fokker—Planck equations below.
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A general Fokker-Planck equation in n variables may be written in the form

IP(x)
ar

_iA. )_i_liil)..( P( 5.86)
ax; O 2ox oy, P | PO ©-

(There is an implicit sum over repeated indices). The first derivative term determines
the mean, or deterministic, motion and is called the drift term, while the second
derivative term, provided D;; is positive definite, will cause a broadening or diffusion
of P(x,?) and is called the diffusion term. The drift vector A has components A ;
and the diffusion matrix is D has components D;;. The different role of each of these
terms may be seen in the equations for the first and second oder moments,

dxi)

T = () 87
d 1
<§m=umm»+mMMH5wmw+MM» (588)

We see that A; determines the motion of the mean amplitude whereas Dy enters
into the equation for correlations.

In the case of the damped harmonic oscillator interacting with a thermal bath,
(5.85),withM =0, N =n,

dlo)  y
TR (o) , (5.89)
d{a*a) " _
Fran —y(a o) +yn. (5.90)

where the average (...) refers to an integral over P («),
(" Moy = / d> aa* "a"P(@) . (5.91)

Noting that the P-representation gives normally ordered moments, these equations
are equivalent to (5.34, 5.37). In the case of a squeezed bath, the role of the terms
multiplied by M can be seen in the phase-dependent second order moment,

d(o?)
dt

= —y(az) +yM (5.92)

For many problems in nonlinear optics it is sufficient to know the steady state
solution. That is the solution after all transients have died out. We shall therefore
seek a steady state solution to (5.86). The steady state is given by the solution to

a 19 0
——A; ———D;; Pg(x) =0 5.93
[ ox, jx) + 2 9% 9%, ,,(x)] ss (%) (5.93)
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If we define the probability current with components

19
Jie, 1) = Aix)P(x. 1) = 55— [Dij(x) P(x. 1)] (5.94)
J

at steady state we have Jss(x) = 0, which implies

Djj(x)

d1n Pgg a
=2A;(x) — —[Dij(x)] (5.95)
ij ij

Writing Pgg(x) = exp[—¢ (x)] we need to solve

_ 10D
=2(D ]),'j [Aj 3 axi

_p()
axi

} = Fi(x) (5.96)

(implicit summation over repeated indices). The form of this suggests we regard
Fj(x) as a generalized force, and ¢ (x) the corresponding potential. The system of
equations (5.96) can be solved by integration if the so called potential conditions are
satisfied
8%¢ AF; 3F 8%¢
3)6,'3)(]' - 3)6,' - 3Xj - 8)6‘/' ax,‘

(5.97)

so that the function ¢ (x) is well behaved and the multivariate integration is inde-
pendent of the path of integration. This is always true in one dimension. Given the
potential conditions, the steady state solution is

Py (x) = Ne ¢® (5.98)

with
-1 19D
o(x) = [ dx; 2[D™);j | —Aij + z——— |dx; (5.99)
2 0xg
(There is a sum over repeated indices.). For further discussion of the steady state
solution in multivariate Fokker-Planck equations see [3].
In systems where the diffusion matrix is diagonal and constant D;;(x) = o'§;; the
potential conditions become

_9p(x) _ 2Ai(x)

5.100
0x; o ( )

Hence the turning points of the potential correspond exactly to the steady state

solutions, that is the steady state solutions to the first-order moment equations.
Turning to the time dependent solutions, in the case where the drift term is lin-

ear in the variables and the diffusion coefficient is a constant, a solution to the
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Fokker—Planck equation may be found using the method of Wang and Uhlenbeck
[4]. Consider the Fokker—Planck equation

P (x) 9 1 92
=—a;— (x; P —djj——P 5.101
o a ox; (x; P(x)) + 2% 5o, (x) ( )

The Green’s function solution to this equation given by the initial condition
P(x,0) = 8" (x — x0) (5.102)
is

P(x, 1) = [x"det[=(1)]] /> exp [— x -z’ =" (x —x(t))] (5.103)

where
Xj(t) = xjoe’ (5.104)
and
S = =y _ glatap) (5.105)
a; +aj

The solution for a damped harmonic oscillator initially in a coherent state with
P(a,0) = 82(a — ap) is

(5.106)

— one—Y1/2)2
Plen ) = [mi(l —e "] exp [_W}

il —evh)

This represents an initial coherent state undergoing relaxation with a heat bath. Its
coherent amplitude decays, and fluctuations from the heat bath cause its P-function to
assume a Gaussian form characteristic of thermal noise. The width of the distribution
grows with time until the oscillator reaches equilibrium with the heat bath. The steady
state solution is the same as that given in (3.5).

5.4 QRepresentation

The Q-function is defined by Q(x) = («|p|a). We can covert a master equation

to an equation of motion for the Q-function by first normally ordering all operator

products. Let f(a, a’) be a function that can be expanded in a power series of ¢ and
s

a' then

[a, f(a,a’) ] = o (5.107)
dat

[, fa.ah =~ (5.108)
da
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Noting that
paTa = ana — [aT, pla . (5.109)

we use the results in above to write

)
pata =atpa+La. (5.110)
da
Then
+ i, 9
(a|pa'ala) = al{ala ,0—|—£|oz) (5.111)
2 a
=\|le|"+a— ) O(w) (5.112)
do

Following this procedure we may convert the master equation in (5.57) into an
equation for the Q function,

30 y [0 ., vy [ . 9 9? 92

or 2 (aa“+ dar ) +3 [M g2 T Mg TN l)aaaa*] Q

(5.113)

This differs from the corresponding equation of motion for the P function only

through the phase independent diffusion coefficient which is N + 1 rather than N.

This is sufficient to give a positive definite diffusion matrix when the bath is in an
ideal squeezed state, reflecting the fact that the Q function is always positive.

As the diffusion matrix is positive definite we can immediately apply the method

of Wang and Uhlenbeck to obtain the solution for an initial coherent state. The result

is

1
O, 1) = (4’det= (1))~ /> exp[—zu(t)Tz—lu(t)] (5.114)
where
(e —ape2N
u(t) = (Ol* _ O{E‘;e_yl/z e (5115)
and
_ 1 ( —sinh2r cosh2r+41Y\ _, M N+1 —yt
E(t)_§<cosh2r+l — sinh 2r ) N1 ome )dmeT)
(5.116)

The variances for the quadrature phase operators for the oscillator are then easily
found to be

VX)) =7 = De V" +2(N+RM)(1—e ") +1  (5.117)
V(X)) = (@7 + De V" +2(N —RM)(1—e 7 )+1  (5.118)

Note that the steady state variances are squeezed.
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5.5 Wigner Representation

We can convert the operator master equation into an equation of motion for the Wigner
function. This is best accomplished by deriving an equation for the characteristic
function,

x(B) = [D(x)p] (5.119)
where D(«) is the displacement operator (see Chap. 1). Thus
ax(B) dp
= D(a)— 12
ot . [ @) dt } (5.120)

To illustrate the technique we shall derive the equation of motion for the Wigner
function of a damped harmonic oscillator. Writing D in normal order (see (1.32))
we get

T _ ﬂ*
atD = (— + _8/3) D (5.121)
(B ®
Da = — (5 + 3/3*) D (5.122)

While writing D in anti normal order (see (1.33)) we get

i_(_B"
Da _( -+ 8ﬂ>D (5.123)
(B9
aD = (_2 _ 3/3*> D (5.124)

Then using these rules the master equation (5.57) yields the following equation for
the characteristic function

ax(B)
ot

yM

=-= B*2x(B) — ﬂ x(B) (5.126)

The equation for the Wigner function is obtained by taking the Fourier transform of
this equation as

W(a) = / d*p P Py (B) (5.127)

Using constructions like

/ d*p PP (B) = — o W) (5.128)
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we find that

i Z<ia+ ’ “*> Q+Z[M* L VAP S L
at 2 \da  da* 2 dor* 2 do? 2" dardar*
(5.129)
A comparison of the three equations of motion for the P, Q and Wigner functions
show that they differ only in the coefficient of the diffusion term being y N, y (N + 1)
and y (N + 1/2) respectively. However, the additional +y and +y /2 in the equations
for the Q and Wigner function are sufficient to ensure that these equations have
positive definite diffusion. We conclude that the Q and Wigner function must always
be positive and Gaussian for the solutions to the master equation (5.57) if we start
from a coherent state.

5.6  Generalized P Representation

In our study of nonlinear problems we shall find systems which either do not give
Fokker—Planck equations in the Q and Wigner representations or no steady state
solution may readily be found. For some systems a steady state solution in terms of
a Glauber—Sudarshan P representation does not exist. For such systems the complex
P representation is sometimes useful in deriving a steady state solution to Fokker—
Planck equations. The positive P representation is useful when it is desirable to have
a Fokker—Planck equation with a positive definite diffusion term, as is necessary in
order to deduce the corresponding stochastic differential equations.

Master equations may be converted to a c-number representation using the com-
plex P representation by an analogous set of operator rules used for the diagonal P
representation. The state may be written as

p=/DA(06, B P(a, B)d (e, B) (5.130)

(see Chap. 3). The non-diagonal coherent state projection operator is defined as,

|oe) (B
(B*|a)

Aa, B) = (5.131)

The following identities hold
al(a, B) = al(a, B), a'Ala, B) = (ﬂ + %) (5.132)
A prat = pA@.B) A pla = <a n %) (5.133)

By substituting the above identities into (5.130), defining the generalized P repre-
sentation, and using partial integration (providing the boundary terms vanish) these
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identities can be used to generate operations on the P function depending on the
representation.
In the case of the complex P representation

ap < aP(a, B), a'p o (,3 - _> P(a, B) (5.134)

,oaT < BP(a, B), pa < (oz — %> P(a, B) (5.135)

This procedure yields a very similar equation to that for the Glauber—Sudarshan P
function. We assume that, by appropriate reordering of the differential operators, we
can reduce an operator master equation to an equivalent partial differential equation
for P(a, B, t). Define the column vector a = («, 8)7. We need

// A(a,ﬁ)wcmdﬁ: (5.136)
cJc 4
9
cJc o
1 3 9
+§Dij(¢¥)af“iaj]/\(a,,3)

We now integrate by parts and if we can neglect boundary terms, which may be made
possible by an appropriate choice of contours, C, C’, at least one solution is obtained
by equating the coefficients of A(«, 8),

P Bt _ |:A —+liaD ]P ‘ 5.137
a7 ()aa] 2 9, a, ij(e) | Pa, B, 1) (5.137)

This equation is sufficient to imply (5.136) but is not a unique equation because
the A (o, B) are not linearly independent. The Fokker—Planck equation has the same
form as that derived using the diagonal P representation with o™ replaced by 8 . It
should be noted that for the complex P representation, A () and D;; (et) are always
analytic in e, hence if P («, B, t) is initially analytic (5.137) preserves this analyticity
as time develops.

In the case of the positive P representation, the differential representation rules
remain the same. In addition, using the analyticity of A(w, f) and noting that if
a =oy +ioy, B =Py +ifythen

iA(a, B) = = —iiA(oe, B) (5.138)

—’BA(Ot B) = aﬂx Ala, B) = —I%A(a B) (5.139)
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Thus we also have

i ) P(a, B) < (ﬁ +iai> P(a, B) (5.140)

Ax

a,o<—>(,8—

pa < (a — E) P(a, B) < <ot +l%) P(x, B) (5.141)

The positive P representation may be used to give a Fokker—Planck equation with a
positive definite diffusion matrix. We shall demonstrate this in the following.

We assume that the same (5.137) is being considered but with a positive P repre-
sentation. The symmetric diffusion matrix can always be factorized in the form

D(a) = B(e)B(a)” (5.142)

We now write
A@) = Ay(a) +iAy () (5.143)
B(a) = By (@) +iB () (5.144)

where Ay, Ay, By, By are real. We then find that the master equation yields

dP(a, B, 1)

. . 1 . .
= {_ajA; (@) = 87 A3 (@) + 5 [afa;B;k(a)B;k(a) (5.145)

1 ) . 1 . . .
+2§afaj¥3;k(a)35"(a) + 53} a]y.B;k(a)Bj"(a)“ P(a, B, 1)

Again, this is not a unique time-development equation. However, the Fokker—
Planck equation now possesses a positive semidefinite diffusion matrix, in a four-
dimensional space, with vectors

@ = (ay, @y, Brs By) - (5.146)

Problems

5.1 Use the squeezed ME to calculate the equations for the quadrature phase ampli-
tudes.

5.2 The photon number distribution for a laser may be shown to obey the master
equation

dpy An A(n+ 1)
Tt T I O 1 5.147
dt 1+n/nspn 1 1+(n+1)/nspn ynp, +vm+ Dpus1 ( )




98 5 Open Quantum Systems

where A is related to the gain, n; is the saturation photon number and y is the cavity
loss rate. Use detailed balance to show that the steady state solution is

An, /y)"
Pssn = N% (5.148)

where N is a normalisation constant.

5.3 The interaction picture master equation for a damped harmonic oscillator, driven
by a resonant linear force, is

d
d_ft’ =i&la+a’, pl+yDlalp (5.149)

Show that the steady state is a coherent state and find the amplitude.

5.4 A model for phase diffusion of a simple harmonic oscillator is provided by the
master equation

d )
d—‘t) = —TI'a’a, [a'a, p]] (5.150)

Show that the Q function obeys the Fokker—Planck equation

e _L + +2
Z==—a+—« — alf — —a* —
ot 2 \ da da* da dor* a2 da* 2

9 9 a9 92 92
( * —|af? 2 a*Z)Q (5.151)

Thus show that while the mean amplitude decays the energy remains constant. Using
polar coordinates, @ = re'?, show that the model implies a diffusion process for the
phase.

5.5 Show that in terms of the quadrature operators X| =a +a', Xo = —i(a —a’)
the master equation (5.57) may be written

d
2= L1 (X1 o)) =i X (X, o)) (5.152)

—gezr[xl, (X1, p]] ge—”[xz, (X2, pll (5.153)

where {, } is an anticommutator and we have taken N = sinh 2r, M = sinhr coshr
for an ideal squeezed bath. Show that the first and second terms describe damping in
X1 and X» respectively, while the third and fourth terms describe diffusion in each
quadrature phase amplitude.
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Classical and Quantum Langevin
Equations

Abstract

In this chapter we give an alternative, but equivalent description of open quantum
systems using a stochastic extension of Heisenberg’s equations of motion. This is
analogous to Langevin’s description of Brownian motion. However care must be
taken in the quantum case to ensure that the commutation relations of the system
observables obey equal time commutation relations. This requirement is satisfied
by using operator noise terms rather than classical fluctuating forces. We show
how this provides a useful way to compute correlation functions for the field
emitted by an open system, a source, into its environment via the input-output
relations for fields scattered from the source.

6.1 Stochastic Differential Equations

The quantum master equation approach to open quantum systems is analogous to the
classical description of Brownian motion given by Einstein. His description of dif-
fusion focusses on the time dependance of a classical probability density, while the
quantum master equation focusses on the dynamics of the density operator. Langevin
gave an alternative description which added fluctuating forces to Hamilton’s equa-
tions of motion for the Brownian particle. In this chapter we seek a quantum version
of this approach.
Consider the first order differential equation

dX
=y =X+ BXEWD) (6.1)

where & (¢) is a rapidly fluctuating stationary noise source. Stationary means that the
two-time correlation function E[£(¢)& (¢ + )] is independent of r and we assume

/ dTE[E(E( + )] = 1 6.2)
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This implies that the units are: [o] = [X]7 ! and [8] = [X]T /2.
Langevin assumed that, on time scales relevant to the system dynamical time
scales, we can approximate the fluctuating forces by

E[E0EW)] = 8t —1) (6.3)
E[E®]= 0 (6.4)

This is a Markovian assumption for which correlation time of the noise is zero. The
spectrum of the noise defined by

o
S(w) = / dTE[E(DE(t + T)]e " (6.5)
—00

is independent of frequency. Clearly this is not physical as it would imply that
the noise power is infinite. This entails a difficulty in interpreting (6.1) as a well
defined physical description, mirrored as a mathematical difficulty. We have written a
differential equation for X () assuming that the trajectories are differentiable however
the assumed nature of the force terms is inconsistent with this assumption.

One way to proceed is not to make the Markov assumption for the fluctuating
forces by implementing a finite correlation time or a roll-off in the noise power
spectrum. This leads to the Stratonovich approach to stochastic differential equations.
While it is physically more reasonable, it makes calculations more difficult due to
the non-zero correlation times for the noise. In particular it implies that the noise and
the system state at equal time are correlated.

Gardiner [1] addresses the problem in a set of assumptions:

e The chain rule of standard calculus applies
e The infinitesimal increment of a quantity is equal to its rate of change times dt.
e The noise and the system state at equal time are independent.

Stratonovich rule takes the third assumption as false. The Ito rule takes the first
assumption as false. We will follow the Ito approach.

We will summarise some of the rules required for Ito calculus. The Ito form
corresponding to the Stratonovich form (6.1) is

1
dX = [a(X) + E,B(X),B/(X)]dt + B(X)dW (1) (6.6)

where d W (¢) is defined by the Wiener process

t
W(r) = f £(t)dt' (6.7)
0]

Following Gardiner [1], we can show that W(z + At) — W(¢) is independent of
W(s) fors < t and

E[AW®)*] = At (6.8)
E[AW@®)]= 0 (6.9)
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Consider the Ito form d X = a(X)dt + b(X)d W (¢). The noise is independent of
the system so that E[d X] = a(x)dt. Now consider d F (X) using a modified chain
rule

df (X) = f'(X)dX + %f”(X)(dX)2 (6.10)

where the prime indicates differentiation with respect to X. Anticipating that
E[dW (1)?] = dt, we use the Ito form to write

1
df (X) = [f'(X)a(X) + Ef”(X)b(X)z]dz + £ (X)b(X)dW (1) (6.11)
For example, if f = X2, compute the increment in variance

E[dX(1)*] — d(E[X(D)])?* = b(X)?dt (6.12)

As an example, consider the Ito SDE, d X = a(¢) + b(t)d W. The solution is

t

X(5) = X(0) + /0 dsats) + /0 b(s)dW (s) (6.13)
Then the covariance is,
E[X(1), X(0)] = EIX(1)X ()] - EIX@IE[X()]  (6.14)
and
E[X(1), X(12)] = fo ! /0 " beNbEHEAW (AW (Y] (6.15)

min(t,t)
= f b(s)%ds (6.16)
0

6.2 Quantum Stochastic Differential Equations

We will consider a system-environment coupling in the rotating wave approximation
and interaction picture of the form,

Vip(t) =ih /OO do k(w)(ab() e — aTb(w)e ")) (6.17)
0

where a,a’ are system bosonic operators and b(w), b(w)" are bosonic reservoir
operators. § = @ — 2. In Chap. 5 we saw that k (w) is slowly varying near the system
frequency €2 and is only non-zero in some finite band around this frequency. We take
K = k(£2) and write
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b(t) = f " dob(w)e i@ (6.18)
0

with [b(w), bT(0)] = §(w — o).
We now make a change of variable in the integration

o
b(t) = / do'b(0 + Q)e™ !
—-Q

00 B o,
= [ do'b(w)e !
Q

where b(w') = b(w' + Q) which does not change commutation relations. If we
assume that the bandwidth of the system-environment coupling is non-zero around
the system frequency, €2, and that this frequency is very large, we make the approx-
imation

b(t) = / - dwb(w)e " (6.19)

—00

Then, [b(1), bT(t)] = 8@t — 1').
We now write the Hamiltonian in the interaction picture as

Vip =il (ab (1) —a"b(t)) (6.20)
The unitary evolution operator for Schrédinger picture, U (¢), is

dU

— = Vr(abt (1) = atbe)U @) 6.21)

Now define

t
B(t) = / di'b(t) 6.22)

—00

so that d B(t) = b(t)dt. We then see that
dU@t) =U(t +dt) — U(t) = /x(adB' (1) — aTdB(t))U(t) (6.23)

This is interpreted as a quantum Ito differential equation. Taking the trace over the
environment we see that

w[dB(1)dB(t)] = ndt (6.24)
tr[dB(#)dBT ()] = (1 + Ddt
tr[dB(t)dB(t)] = 0
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This looks a lot like what we would have if d B(¢) is treated as a complex valued
Wiener increment. We can make the trace over the bath implicit by simply defining

dBT()dB(t) = ndt (6.25)
dB(t)dBT(t) = (1 + Dt
dB(t)dB(t) = 0
In particular for zero temperature we write d B(t)d BT (t) = dt. For amore complete
discussion of the quantum Ito calculus see [3].
We can now check the consistency of this approach with the master equation

method of Chap. 5. We compute the change in the total state of the system over a
time increment

p(t +di) = Ut +dn)pO)UT(r +dr)
(U@ +dU@)pO)U (1) +dUT (1))
[1+ k(@dB'(t)—a'dB@) + g(adBT(t) —a'dB1))?]

xp(t) x
[1 —k(adB (1) —a'dB(t) + g(adBT(z) —a'dB1))?]

The system state at time ¢ + dt is then

ps(t +dt) = trp(p(t +dt))
= ps(t) + Vxtr[(@d B (t) — a’dB (1)) p(1)]
—Vitr[p(t)(ad B (t) —a’dB(1))]
+§tr[(adBT(z) —d'dB1))*p]
+Stlp(adB' (1) — a'dB (1))
—ktr[(@adBY(t) — a'dB(1)pt)(ad BT (t) — a'd B(1))]

This is the same form as derived in Chap. 5.
We are now in a position to define quantum stochastic differential equations for
a damped bosonic mode. We define

a(t +dt) = U'(t +dn)aO)U(r + dr)
= [1 — Vk(adB'(t) —a'dB@®)) + %(adBT(t) —da'dB(1)?]
xa(t) x
[+ x(@dB (1) + a'dB@) + g(adB*(t) +atdB1)?
= a(t) — Vkl[(adB'(t) — a’dB(1)), a(1)]
+§[(ad8*<r> —a'dB()), [(ad BT (1) — a'dB(t)), a(1)]]

= a(t) — JxdB(1) — %a(t)dt
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We thus find that
da = —%a(t)dt — JKdB() (6.26)

The solution is
t
a(t) = a©)e ™ — J / 24 B(r) 627)
0

The mean photon number is

t t
(@"(a@)) = @ 0)a)e ™ +« / dt / diye *C=1=)/2q BT (1) d B(12))
0 0

(6.28)
Now use the Ito rules to evaluate integral over (d Bf()d B()) = 8(t1 — 1p),

t t min(t,t")
/0 d, /0 dis f(1)g()(d B (1)dB(1)) = i /0 di f(m)g()  (6.29)

and

t
(@" (0)a(0))e ™" +kn f dt'e=¥=1) (6.30)
0

(@t (0)a(0))e™ +ii(1 — e~ ") (6.31)

(@' (ta())

This agrees with (5.38).

6.3 Input-Output Relations

An apparently different approach to open quantum systems was introduced by Yurke
and Denker [2] using infinite transmission lines for electronic circuits as illustrated in
Fig. 6.1. This approach adopts a scattering theory perspective and we can adapt our
approach to it by distinguishing input and output field operators in the environment.
We regard the Heisenberg form of d B(¢) as the output field,

UT(dt)dBt)U (dt)
[1— Vk(adB'(t) —a'dB(1))1dB(t)[1 + k(adB (1) — a'dB(1))]
= dB(t) + Jra(t)dt

dBout

Writing d B(t) = a;, (t)dt, dBoy: = aou:(t)dt, we see that
ous (1) = N/ka(t) + ain (1) (6.32)

This is called the input-output relation in quantum optics.
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Aout (t)

§ a(t)

1

Fig. 6.1 Left: A transmission line model of dissipation in a LC oscillator. Then local system is
capacitively coupled to input and output fields that propagate away from the system never to return.
Right: the equivalent optical scheme is a single-sided cavity

The solution in (6.27), can now be written as
a(t) = a(0ye"* — Jx /0 l dt'e ™2 da, (1) (6.33)
We can check the equal-time canonical commutation relations using (6.27),
la@®),a" O] = e +« /0 t dn fo [ dipe™® 1 =OF D g, (1), a] ()] (6.34)

Note that, without the quantum noise term, the right hand side decays to zero. The
quantum noise term should be treated as if it was a quantum version of the Ito stochas-
tic integral similar to (6.15) as [a(?#1), at ()] = 8(11 — rn). We then implement the
Ito rule to evaluate the upper limit of the integrals as

t t t
/ dt f diye W=D /D g 1) = / dt'e <=1 (6.35)
0 0 0

In which case we see that [a;, (1), a;(n (t)] = 1. Itis easy to see that
[a(®),ain ()] =0. (6.36)

If we specify the initial condition in the remote past we may write the solution as

t
a(t) = —/k / dt'e ¥ =12g. (") (6.37)
—00
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where we assume that the decay completely suppresses the dependance on the initial
conditions. Recall that we are working in the interaction picture. Transforming back
to the laboratory frame,

t ] ,
at) = —/x / dt' e~ 2HDE= g () (6.38)
—00

We now use the approximation of (6.19) to write a(t), a;,(¢) as a Fourier transform
we find that

o =K ()
a(w) = m (6.39)
Combining this with the Fourier transform of (6.32),
dour (@) = Vka(w) + ain(w) (6.40)
we get
- _ Kk/2 —i(2 —w) - 6.41
Gour (W) = — [m} ajn(w) (6.41)

This implies that there is a frequency dependent phase shift between the input and
output field. The intensity does not change in the long time limit. Every incident
photon is eventually reflected. The short time solution is discussed below.

6.3.1 Number State Input Fields
As an example of the use of the quantum stochastic differential calculus we consider

the case where the input field is prepared in a single photon pulse of the form given
in (1.122), with N =1

1g) = / do &(0)a) (@)|0) . (6.42)

we find that (a;fn (Dain (1)) = |E(1)|*>. We will use as an example

—yt/2
E(1) = {6/76 ; 28 . (6.43)

This is similar to the output field from a single sided cavity when a single photon is
injected into the cavity at = 0.
After interacting with the cavity this state is transformed to

|mM:/ doE (@)l (@)[0) . (6.44)

—00
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It is then easy to see that the probability per unit time to detect a single photon in the
output field is

3 —iQ—-w)) - —iwt
{a ()ut(t)aout(t) ‘/ < TiQ— ))%—(w)e

2
, (6.45)

In the time domain the output pulse is a convolution of the input pulse and the cavity
response. Thus the temporal pulse is phase shifted by §¢ and broadened.

By ignoring transients in this calculation, we are effectively ignoring the pos-
sibility of reflection of photons reflected directly off the cavity from the source to
detector. If the detector cannot distinguish these photons from those that enter the
cavity to be re-emitted, an interference dip can occur in the overall detection rate as
we now show.

Using input-output relation, ay,s (t) = a;,(t) + /ka we see that

(@b (Daous (1) = ila’ (Da (D)) + (@], (Dain () + Vic(a],(Oa(®) + ain(Ba’ (1))
(6.46)
The last term is an interference term between the two indistinguishable ways a
photon can be detected: either it can be reflected directly from the input mirror into
the detector or it can be absorbed by the cavity and remitted into the output field.
Using (6.33), the rate of detection in the output field is determined by

(0 s (1) = kla Oa@) +ye " — 2 (2 1) (e
y —K

The first term is given by (5.72),

4 2
(ata) = (7/1’7';)2(“ (1 — e—W—K)’/z) . (6.47)

This is plotted in Fig. 6.2.

The output detection rate is zero at finite ¢. This is an interference effect due to
the indistinguishablity of photons reflected from the cavity and transmitted by the
cavity. In the long time limit we see that <61qu (Dapy (1)) = (aiTn (t)ai, (t)) consistent
with long time limit in (6.41).

6.3.2 Two Sided Cavity

The situation depicted in Fig. 6.3 is a two-sided cavity. In this case there are two sets
of input and output fields. The stochastic differential equation is

fl—f — _iQa - M a(t) — JRaain(t) — Jpbin () (6.48)
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<aj)m‘, (t)aout(t))

Fig. 6.2 The output intensity for a single photon input to a one sided cavity at ¢+ = 0. Note the
interference point where the rate goes to zero

Fig.6.3 A two-sided cavity
with two sets of input and
output fields. The total
damping rate from the cavity

is kK = kg + Kkp §

bin(t) bout (t)

S —

am aout

The relationship between the external and internal fields is

i) = — Falin(@) + Ebbin(@)) (6.49)
N K/24i(Q2—w) '

where the total decay rate is ¥ = k, + k. The input-output relations are

Gout (1) = ajn(t) — «/Ea(t) (6.50)
bour (t) = bin(t) — kb (1) (6.51)
Then
(@) = e~ Kp)/2 — (2 — w)]&ifz(w) + VKaKpbin (@) (6.52)
(Ka +xp)/2 +1(2 — w)
For a symmetric cavity x, = «; = k this simplifies to
s (@) = [(2 — w)ain(w) — kbin(w) 6.53)

K+i(2—w)
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6.4 Two-Time Correlation Functions
Let c(¢) be any system operator, then
[e(t), Vicain(t)] = g[C(I), a(t)] . (6.54)

Since ¢(t) can only be a function of a;, () for earlier times ¢’ < ¢ and the input field
operators must commute at different times we have

[e(®),aim(@)N =0 t' >1 (6.55)
Similarly
[e(®), aou ()1 =0 1 <1 (6.56)
We then see that in general
[e(t), Vkain(t)] = k0t —1")[c@), a(t)] (6.57)
where
1t>0
oy={1t=0 (6.58)
0tr<0

The commutator for the output field may now be calculated to be

[dout (1), @y ()] = [ain (1), a; (1] (6.59)

as expected.

For the case of a coherent or vacuum input it is now possible to express vari-
ances of the output field entirely in terms of those of the internal system. For
an input field of this type all moments of the form {a(f)a;,(t")), (aT(t)ain(t’)),
(al (na(t), (a) (t)a® (1)) will factorise. Then,

(@bt (1), Gous (1)) = (@’ (1), a(t)) (6.60)

where we define (A, B) = (AB) — (A)(B). In this case there is a direct relationship
between the two time correlation of the output field and the internal field. Consider
now the phase dependent two time correlation function

(Gour (1), aout (1)) = k(a(t), a(t")) — Vi (lain (1)), a(®)]) (6.61)
= «{a@®),a)) + k0@ —){{al),a®)])  (6.62)
= k{a(max(t,t")), a(min(t,t))) (6.63)

In this case the two time correlation functions of the output field are related to the
time ordered two time correlation functions of the cavity field.
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These results mean that the usual spectrum of the output field, as given by the
Fourier transform of (6.60), will be identical to the spectrum of the cavity field.
The photon statistics of the output field will also be the same as the intracavity
field. A difference will arise in the phase-sensitive spectrum such as in squeezing
experiments.

6.5 Parametric Oscillator

We now calculate the squeezing spectrum of the output of a parametric oscillator
comprised of the degenerate parametric oscillator discussed in Sect. 4.1.1 inside
an optical cavity. The system is stable so long as the amplifier gain is less than
the damping rate. At some critical driving intensity, ‘threshold’, this breaks down.
Below threshold the equations for the parametric oscillator are linear and hence we
can directly apply the linear operator techniques. When the equations are nonlinear
such as for the parametric oscillator above threshold, then linearization procedures
must be used (see Chap. 8).

Below threshold the pump mode of the parametric oscillator may be treated clas-
sically. It can then be described by the interaction picture Hamiltonian

H = hAa'a + zg(sa* 2 _¢*a?) — ih/klb(t)a" — b (t)a] (6.64)

where a, a’ are the bosonic operators for the cavity field, € is proportional to the
product of a coherent driving field and the nonlinear susceptibility of the medium,
b(1), bT(¢) are reservoir operators introduced in (6.19). The detuning from the pump
frequency is defined as A = Q — w),/2 where Q is the cavity frequency. We consider
here the case of a single ended cavity with loss rate «.

The quantum SDEs are

d —iA—5 in
E(;’I'>=< ZAE* 21'A6_%><:T>_\/E<ZT> (6.65)

The eigenvalues of the systematic part of this system are
K
Ay = —3 £V |€|? —4A2 (6.66)

The system has a stable fixed point at the origin if || < 2A and unstable if |e|? >
4A? + k2 /4. In the frequency domain

a(w) \ _ —i(A—w)— % € -1 ain (@)
(Ww)) - ﬁ( e ia—io) - 7> (a;-"n(w)) (©67

Combining this with the input-output relation in the frequency domain

Gour (@) = din(w) — Vika(w) (6.68)
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we find that
Gour (@) = w(w)ain(w) — v(w)éf,, (w) (6.69)
where
p@) = - <G Ti@—2) (6.70)
i(A — o) + 57 = Jel?
V(@) = k. 6.71)
i(A —w)+ 5] —lel?
Notice that
l@)* — @) =1 (6.72)

so that the linear transformation is a frequency dependent squeezing transformation.
Suppose the output field is directed towards a balanced homodyne detection (see
Sect. 7.3) that measures, in the lab frame, the quadrature amplitude

Xo(1) = Agur (e O700 4 AT (1)l @0 (6.73)

where A, (1), Aj;m(t) are the positive and negative frequency components of the
output field in the lab frame and where 6, 21 ¢ are the phase-shift and frequency of
the local oscillator with respect to the output field. This definition is equivalent to
moving to an interaction picture at the frequency of €7 ¢. Setting Q10 = w, /2 the
detuning becomes A = Q2 — Q1 . In terms of the the interaction picture operators
we are measuring the output field

Xo(t) = dour (e +a’, (1)e'” (6.74)

We will assume the resonance condition A = 0.
In Sect. 7.3.1 we show that the stationary noise power spectrum function of the
homodyne current is given by

So(w) = Kf e Xg(D)Xg(0) g (6.75)

—00

where : : denotes time and normal ordering.
Choosing the phase of the local oscillator to optimise the noise reduction in S»,
we get the following results for the spectrum

S(w)=1-— _ 2wel (6.76)

2
(5 +lel)” + o?
Shifting this phase choice by /2 we get

2k €|

Si@) =1+ —F5——
(5 = lel) + o

(6.77)
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The maximum squeezing occurs at the threshold for parametric oscillation |e| = k /2
where

2

S (@) = 1+ (g) (6.78)
2

Srw) = 1— KZi—wZ (6.79)

We see that the squeezing occurs in the quadrature which is 77 /2 out of phase with the
pump. The fluctuations in the in-phase quadrature diverge at w = 0. This is charac-
teristic of critical fluctuations which diverge at a critical point. As the fluctuations in
one phase are reduced to zero the fluctuations in the other phase necessarily diverge.
That would of course imply a divergence in the output energy, an unphysical result.
This divergence is avoided by including pump depletion [4]. We will return to this
problem in Chap. 8

Problems

6.1 A particle is moving in a quadratic potential and subject to viscous damping.
The corresponding classical Ito stochastic differential equations are

dx = ydt (6.80)
dy = —xdt — T'ydt +odW(t) (6.81)
where x, y are (dimensionless) canonical position and momentum variables, and
I is a viscous damping rate, while where 0> = 2mT'kgT and T is the ambient

temperature. Define the kinetic energy as E = p?/2. Use the Ito rule to show that
the average kinetic energy, E, obeys

aE_ iz (6.82)

a T '
Thus show that the steady state average kinetic energy obeys the equipartition theo-
rem.

6.2 A simple model of a quantum memory for a single photon pulse uses a con-
trollable coupling between two cavity modes, with one cavity otherwise uncoupled
from the environment. The Hamiltonian is

H = —ihJkilbi (] — bl (Har] — ihg(t)la1al — aja] (6.83)
where

f lg)> =1 (6.84)

Find the long-time probability not to store a single photon pulse in (6.43). This is
the error probability. Show that it is a minimum when g(¢) = £(¢).
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6.3 A degenerate parametric oscillator in a double side cavity is described by the
Hamiltonain

H =hAa'a + lg(saT 2 e*a®) — ih/kilbi(a — b} (al — ihialbar(t)a’ — bl (1)a] .

(6.85)
Calculate the optimum squeezing spectrum in this case.
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Quantum Measurement

Abstract

In this chapter we will introduce the theoretical description of continuous measure-
ments in quantum optics, including photon counting, homodyne and heterodyne
measurement. Our objective is to show how the quantum theory of measurement
provides a new perspective on irreversible quantum dynamics as we have treated
it in the two preceding chapters.

All measurement results are classical random variables available to any observer co
located with the measurement instruments, or remote provided there is a communi-
cation channel of some sort. Quantum theory, like all physical theories, must provide
statistical predictions for these random variables and tell us of how to consistently
predict future measurement results given a record of previous results. In this way all
initial conditions presuppose a measurement to define them. In Chap. 2 we intro-
duced the concept of a photon counting measurement and we return to this kind of
experiment to begin.

7.1 Single Shot Measurements

All measurements are described by irreversible open systems. A simple model of a
measurement can be given in terms of a system coupled to an apparatus. Initially
the state of system+apparatus is separable. The state of the system is unknown but
the state of the apparatus is given (and usually carefully prepared). The apparatus is
coupled irreversibly to an environment. The result of a measurement is a classical
random variable.

As simple example is shown in Fig. 7.1. The system and the apparatus are two
distinct modes of the electromagnetic field with bosonic annihilation operators a, b
respectively. In this simple example the interaction is a unitary transformation. The
apparatus-mode is prepared in the same known pure state |¢g) for every trial. The
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n
b; bo
) U(x) )
e n
9 —— —

Fig. 7.1 A simple measurement scheme. One mode a is the system to be measured and another
mode b is the apparatus

state of the system-mode is |¢)) for every trial. The interaction between the two
modes is defined by a unitary operator, U (x), parameterised by a single real number,
x. Let us assume that in each trial the photon number is measured at the output of
the apparatus mode and an integer n is recorded. It is a random variable that varies
from one trial to the next. What is the probability distribution for n?

Rather than give a detailed description of the irreversible nature of the photon
counting process (see below) we simply assume it is an irreversible ‘event’ at the
spacetime location of the detector. According to the Born rule, the probability dis-
tribution of measurement results is given by

P(n) = (nlppoln) , (1.1)

where the reduced state of mode-b is

Pb.o = tr[U (x)|¢0) (ol ® ) (U (x)] (7.2)

This may be written more compactly as
P(n) = tra[ T Tult)) (1] (7.3)
where the operator acting on the state of mode-a is
Yo = (n|U@)]g0) | (7.4)

This will be referred to as a Krauss operator.
The conditional state of mode-a, given that the measurement result is n, is given
by

) = [P)]™2T () [) (7.5)

The unconditional state (the state averaged over all measurement results) is a mixed
state,

p= T T m) (7.6)
n=0

Let us now assume that U(x) = ¢ **¢ where G is an operator on the tensor

product Hilbert space of both system and apparatus, and we assume that the apparatus
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is prepared in the vacuum state |¢) = |0). As an example we consider, G = a'b +
ab’, called the Stokes model. In this case

a, = U'(x)a;U(x) = cosx a; —i sinx b; (7.7)
by = U'(x)a;U(x) = cosx b; +isinxa; . (7.8)

This is equivalent to the beam spliter model in problem (2.1) with transmitivity
n = cos? x. Using these equations we see that

(bobo) = (1 —m){afa;) (7.9)
((AbfbY*) = (1 —m)*((Aa]a)?) (7.10)
where AA = A — (A)).
In order to construct the Krauss operator we need to specify the apparatus state
|¢o). Let us assume it is a vacuum state so that

T () = (ne=*@b+abD)q) | (7.11)

Using the disentangling identity

e—ix(aTb+abT) — e—iuabTel/(bTb—aTa)/2ei,uaTb (712)
where ;1 = tan x and v = — In(cos x). Thus
~ 1 ta/2
Tn) = —=1 =" a" (7.13)
NI

with = cos? x. Thus

P(n) = Z <m : n)nm(l - 77)npm+n (7.14)

m=0

where p,, = (m|pq.i|m) is the photon number distribution of the input state to mode-
a. This is a Bernoulli deletion process in which the probability of deleting a single
photon is (1 — 1) and every photon deleted is counted. It then follows that the mean
and variance of the measurement results are

Eln] = (1—1n){a a) (7.15)
Vinl = (1 —m*(Aq]a)?) (7.16)

as expected.
Let us look at the conditional states, heralded by a particular count on the probe.

We can also interpret this method as a photon subtraction scheme as the probe mode
is always in the vacuum state, any count other than zero must subtract photons from



120 7 Quantum Measurement

the signal mode. This is easily seen when the signal state is a number state. In the
case of an initial coherent state for the signal we find that the state is unchanged.
This is a typical result for a Poisson distribution. Subtracting a single photon from a
squeezed vacuum state creates a cat-state.

Another important case arises when the probe is prepared in a Fock state |m) and
the readout is # [1]. This is the basis of linear optical quantum computing considered
in Chap. 15. Define

T(nlm) = (nle™ P+ \m) (7.17)
Some examples are
oo
o cosf — )" . :
Y (0]0) = Z%(d{)"a? —. o In(costhajar .
n=0 ’

T(|1) = cosOE(0|0) — sin’ fa] E(0]0)a;
TO|1) = —a] sin0E(0]0)
Y(1]0) = sinE(0]0)a;

The Krauss operator Y(0[1) is called a photon addition process.

Another example is the two mode squeezing generator G= —i(a"b" — ab),
sometimes called the anti-Stokes model, and again assume that the apparatus is
prepared in the vacuum state |¢g) = |0). We use the disentangling theorem

e—r(ab—a*b%) = tanh ratht e~ In cosh r(aTa+bTb+l)eta.nh rab (7‘ 1 8)
to show that the Krauss operator for a count of n on mode-b is

A 1 n
Y(n) = —(—tanhr)"a’ /ZM““T/Z (7.19)

Il

where ;u = sech?r. The corresponding POVM for this measurement is

(tanh )"

“—(aa)" paa (7.20)
n.

Y )Y () =

The probability for a measurement outcome n can be written as

Po) = [T 0T ] = Y p(alm)pn (7.21)

m=0

where p,, = (m|p|m) and the conditional probability is given by

p(nim) = ('" - ")M’"*”(l - " (7.22)
m
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the mean and variance of the measurement outcomes are
w2 o
E[n] = sinh” r(a;a; ) (7.23)

Vin]l = sinh* rVigal; + Eln] (7.24)

Then measurement statistics are responding to the anti-normally ordered number
operator for the signal. The square of the signal-to-noise, in the limit of r — o0, is

(a;a])?

SNR? = ~ 1T
Viaia;]

(7.25)

7.2  Continuous Measurement: Photon Counting Measurement

Let us assume we have a single side cavity emitting radiation preferentially into
one spatial output mode directed into a photon counter, see Fig. 7.2, and that every
photon lost is counted. What is the conditional state of the cavity at time ¢, when n(¢)
photons have been counted? It is clearly not projected into the state |n). Whatever
state it started in, it must have n photons less.

At first sight, the master equation for the cavity field

dp t_ t

7l kQapa' —a'ap/2 — pa'a/2) (7.26)
does not help us answer this question. However there is an interesting way to write
solution to the master equation written in terms of the number of photon lost from
the cavity [2,3]

pB) = Na)p(0) (7.27)

n=0

J\N\I\MMNW\N\JINW\I\N\M—»-\J_uLn(t)

a(t

(t )
Fig.7.2 A single sided cavity emitting photon directed towards a photon counter. The cavity decay
rate is « and n(t) photons are counted in time ¢ after an initial state |¢/(0)) was prepared in the
cavityatt =0
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where the super-operator is defined by

t In i
Nu()p = /0 dtn/(; dt,_1 .../OzdtlS(t — 1) ISty —ta-1)  (7.28)
.S —1)IS(t)p

where

Jp= rapa' (7.29)
S(t)p — efma“a/ZpefmaTa/Z (7.30)

The operation J is called the jump operation. This solution can be verified by
differentiating with respect to time. We can confirm the interpretation of this form
by considering the case p(0) = |N)(N|. Substituting and performing the time ordered
integrals we get

N /N
p(1) =Z<n)n(t)"(1 — )N "IN — n)(N —nl. (7.31)
n=0
where
nt)y=1—e" (7.32)

We used the important result

t th 1% 1 t n
/ dt,,/ dt,_ f A f(t) (@) ... ft) = — (/ d/f(/)) (7.33)
0 0 0 n: 0

This describes a Bernoulli deletion process in which n photons are lost in time, ¢
leaving N — n and the probability for each deletion is 7(¢). As we assumed every
photon lost is counted then the probability that m photons are counted is

N
pu(t) = <n>77(t)”(1 — )N = tr [NL(1)p] (7.34)

We can interpret each term in (7.28) as the unnormalised conditional state of the
cavity given that m photons are counted where the normalisation is just p,(¢). Com-
paring this to (2.103) we see that when ¢t < 1 we can interpret 7(¢) as the quantum
efficiency for the continuous photon counting process.

There is an alternative way to write the solution in (7.31),

P =Y T pO) Y] (©) (7.35)

k=0
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where
Te(t) = %(n(t))"/z(l — () ek (7.36)
The conditional state, given a count k is
p(tlk) = [pk(t)]*lTk(t)p(O)T,j(t) (7.37)
where
pr(t) = tr[TZ Ok () p(0)] (7.38)

The form in (7.35) represents a general representation for measurement processes
[4]. The operators Yy, are called Krauss operators, labelled by the measurement result
k. The Krauss form given in (7.35) is called the damping channel. It corresponds to
the single shot measurement model discussed in the previous section.

The count as a function of time for the situation depicted in Fig. 7.2 is a classical
stochastic process, a Poisson process [6]. In a time interval between ¢ and ¢ + df, we
either get no counts or a single count. This is a classical random variable d N () such
that dN ()2 = dN(r). We now define the infinitesimal Krauss operators for these
mutually exclusive outcomes

Mi(dt) = kdta (7.39)
Mo(dt) = 1— (R/2 +iH/h)dt

where H is the Hamiltonian and

=

= Ra

Ta (7.40)

which implies that
M (dt)Mo(dt) + M (dt) M, (dr) = 1. (7.41)

to linear order in dt.
The probability for the result dN(¢) = 1 is

pi(dr) = Te[J[M(d1)]p] = rdttrla’ap], (7.42)

while the probability for the result dN () = 0 is
po(dt) = Te[J[Mo(dn)]p] = 1 — kdttr[a’ap), (7.43)
For almost all infinitesimal time intervals, the measurement result is dN () =0, a

null result.
The state at time ¢ + dt, averaging over all possible results, is

pt +dt) =Y JIM(d1)]p(2). (7.44)
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where
JlAlp = ApAT (7.45)

When dN (t) = 1, the state vector changes to

Wt +di)) = Mi@dolp@®) _ alp®) (7.46)

Jori@nanan) - Viaa)

If there is no detection, dN(t) = 0,

Wo(t +di)y = ——20dDI®) (7.47)

(M (dr)Mo(dr))

= {1—dt|:1H/h+1/fa a—%/@aa:“ (1)), (7.48)

where the denominator has been expanded to first order in dt to yield the term,
(ata) (1)) = ((t)|aalp (1)) |1 (¢)) which is non linear in the conditional state at
time ¢.
We can write this in terms of d N (¢) as the stochastic evolution equation,

() = [dN(r) (\/% - 1) (7.49)
a'ad

T T
+dt (’““2 a) _ ’“;a _ iI:I/h>:| @),  (7.50)

As this preserves the purity of the state we refer to it as a stochastic Schrodinger
equation (SSE). Purity is preserved as we have complete information about the
measurement record in terms of d N (¢). If the system started as a mixed state, we
would not be able to write this as a stochastic equation for a pure state but a stochastic
master equation. It takes the form

j 1 )
dpc(t) = —%[H, pe(®)]dt +dN (t)Glalp.(t) — Emdﬂ{[a‘a]pc(t) (7.51)

where we define the super operators

GlAlp = ApAT
LAl = rapaT]

H[Alp= Ap+pAT —tr[Ap+ ATplp (7.53)

—p (7.52)
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In the interaction picture, without coherent driving, the stochastic differential
equation for the conditional photon number distribution p. , = (n|p.|n) is given by

(n+ 1)pc,n+l

ne

dpc,n =dN(1) < - Pc,n) — kdt(n — ﬁc)Pc,n (7.54)

where
o0
fle =Y npen (7.55)
n=0

is the conditional mean of the photon number. Averaging over the noise gives the
unconditional master equation

dpn
dt

=K+ Dppi1 — Knpn (7.56)

The conditional mean photon number then obeys the stochastic differential equa-
tion

dite = dN (1) (Vi["] - 1) — kdtVe[n] (7.57)

c

this becomes deterministic if the conditional distribution is Poissonian. Then, if the
system starts in a Poisson distribution (e.g., a coherent state), it remains in a coherent
state. If the system starts in a number state, the variance is zero and the conditional
dynamics is entirely stochastic

dn, = —dN(t) (7.58)

indicating that the conditional photon number decreases by one every time a photon
is counted.

7.2.1 Output Correlations Functions for Photon Counting

The output current from direct detection is given by

t
I(t)=r / e AN (7.59)

—00

where r is an inverse response time determined by the circuit in which the photo-
electron counter is embedded and we have set the electric charge e = 1. This measures
the current in units of photoelectrons per second. This is stochastic process with mean
current given by

t
E[I(1)] = rk / e Gt W a))dr (7.60)

—00
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In the limit of of fast response r >> & this is approximated by
E[I(1)] = k{a’ ()a(r)) (7.61)

We now define the stationary two-time correlation function as the average current
attime 7 > t given a photon was counted at time ¢. This is a conditional average and
is given by [4],

E[I(t +7)I(t) = trla’aeLap(t)a’] + w[aTap()16(7) (7.62)

The first term has the following interpretation. At time ¢ the system state is p(¢) at
which point one photon was counted. The unnormalised conditional state given this
event is ap(t)a’. We then evolve the state forward under the dissipative dynamics,
ignoring all counts, and ask for the rate of detecting a photon at time ¢ 4 7. The last
term arises as, at 7 = 0, d N (z‘)2 = d N (t) and corresponds to the shot noise term. At
finite response rate r, the delta-function becomes bounded function. Finally, if there
is a stationary state, we can substitute p(z) — pgs Where Lpgs = 0.

7.3  Continuous Measurement: Homodyne and Heterodyne
Detection

Continuous photon counting is a measurement of the intensity of the field emitted
by the source. We can also make direct measurements of the electric field emitted by
a source. This requires a phase and frequency reference called the local oscillator.
We will agin consider the source to be a single side cavity.

Phase-dependent measurement is based on optical interference as discussed in
Sect. 2.9. A signal field, with carrier frequency €2, is mixed with a strong coherent
field—the local oscillator (LO)—with carrier frequency €27 ¢ on a 50/50 beam split-
ter. A relative phase shift is introduced between the signal and LO. If Q; = Q7o we
have homodyne detection. If the signal and LO carrier are detuned, we have hetero-
dyne detection. The output from the beam splitter are directed onto photo-detectors
and the resulting signal currents are combined on a signal processor that outputs a
difference current; the measurement signal. The scheme is depicted in Fig. 7.3.

We will assume that the source of the signal is a single-sided cavity with line-
width . The corresponding conditional master equation for homodyne detection is

(4]
i -
dpe(t) = =5 1H. pcldt + wDlalpe(t)di + /rdW (1)Hlae ™ pe(t)  (7.63)
where dW (t) is the Weiner increment, the phase-shift between the signal and the

LO is ¢, and the super operators are defined in (7.53). The corresponding homodyne
current satisfies the Ito stochastic equation

J)dt = rlae™ +ate®)edt + rdW (1) (7.64)
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I

signal  a(t)
e >@

phase — shift

local oscillator Eio(t)

Fig.7.3 A balanced homodyne or heterodyne detection scheme for making phase-dependent mea-
surements on a signal field a(¢) using a strong coherent field called the local oscillator, & o (1)

depends on the conditional average of the quadrature amplitude operator
ae™'% + ae? for the cavity field.

In the case of the difference current is modulated at the detuning frequency A =
Qs — Q1. We then form the Fourier components in the signal processing

t+0t
Ji(t) = 5/ 2 cos(As)J(s)ds (7.65)
t

140t

I = —= 2sin(As)J (s)ds (7.66)
t

To lowest order in the averaging time ¢ these are given by

Je(t)dt = rla+ a")dt + V2kdW, (1) (7.67)
Jy(t)dt = —ikla —a’)dt + V2kd Wy (1) (7.68)

where dW, (¢), dW,(¢) are independent Weiner increments. It is conventional to
combine these into a single complex measurement current

1 .
Jherdt = E(JX(t) +iJy(t)dt = kla)dt + /KA Z(1) (7.69)

where we define the complex Weiner increment,

dZ(t) = %(dWx(t) +idW, (1)) (7.70)
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The corresponding conditional master equation is

dpe(t) = —%[H, peldt + wDlalpedt + VFHIAZ* (Halpe (1.71)

7.3.1 Squeezing Spectrum

In the laboratory the noise power spectrum of the homodyne and heterodyne current
give important information on the quantum noise in the output field and enable us
to define the squeezing spectra calculated in Sect. 6.5. We first define the two-time
correlation function for the homodyne current in the case of a photo-detector with
very fast response time. As in the case of direct photo currents this is effectively a
conditional average. It is given by [4]

Elrom(t + 7)Jhom (0] = £t | Roe ™ (ap0e” + p(n1a’e ™) | + wo(r)
(7.72)
where

Xp=ae'? +ate? (7.73)

The stationary two-time correlation function is obtained by p(t) — pss Where
Lpss = 0. The corresponding stationary spectrum is defined by

o0
Shom(W)/Kk = tlinolo/ dTeilWTE[Jhom (t + 1) Jhom ()] (7.74)
OOOO X R . X
= 1+ / dre ™7 tr [XgeLT (apsse’e + pssaTe_ﬁ)] (7.75)
—00

This is known as the squeezing spectrum.
In the case of heterodyne detection, the stationary two-time correlation function
is [4]

ElJhet (1) Jhes (0)] = kitrla’e T apys] + w6 (7) (7.76)

the first term is Glauber’s first-order coherence function GV (7) in the steady state.
The stationary power spectrum is

oo .
Pw) =+ f dre " ula’ e apy] @.77)
—00

Integrating this over all frequencies gives the total flux as P = x(a’a)yy.
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7.4  Continuous Measurement: Non-absorbing Photon
Detection

We can use the homodyne detection process to design a non absorbing photon detec-
tor. The first step is to couple the signal cavity to a probe cavity via the cross-Kerr
interaction

Hk = hixa'ab'b (7.78)

where a, b are the annihilation operators for the signal and probe cavity modes respec-
tively. This describes a mutual phase shift of each mode proportional to the photon
number in the other mode. The interaction Hamiltonian commutes with the free
Hamiltonian for each mode. In order to configure the probe mode as a measurement
apparatus we need to add a coherent driving term that is detuned by A = wp — wy
from the probe cavity frequency. The total interaction Hamiltonian then takes the
form.

H; = hAb™b + he(b 4+ b") + hya'ab'b (7.79)
Including dissipation the master equation for the signal-probe, the total master equa-
tion is

dp

dr
The corresponding quantum Langevin equations are

= —;—:L[HI, pl + kaDlalp + kpDIblp (7.80)

d

d—f = —i(A+xb'b)a — %a + /Kaain (7.81)
db

= —ixa'ab—ic— %b + /Rpbin (7.82)

We assume that the probe cavity is strongly damped, xp > x4, X, and thus the probe
dynamics is slaved to the signal mode. This enables us to use adiabatic elimination
of the probe mode from the dynamics. In the absence of the cross Kerr coupling the
probe mode relaxes to a coherent state with amplitude

2ie

Bo = (7.83)
Kb

To lowest order in  this leads to a shift in the detuning of the signal mode
A — A+ x5l (7.84)

There is also a fluctuating component contribution to the detuning due to number fluc-
tuations in the probe mode number. As this is approximated by a coherent state with
amplitude [y, these fluctuations are Poisson distributed. This means the frequency of
the signal mode is fluctuating and should be described by the phase diffusion model
(10.32).
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We can incorporate both the systematic and noise contributions by the replacement
2ix
b — fo(l — —a'a) (7.85)
Kb
This makes it clear that the signal number implements a phase shift on the probe
mode. We can then use homodyne detection on the probe output to effect a signal

number measurement that is not based on absorption.
To lowest order in x the stochastic master equation for the probe takes the form,

d ' .
d_f - —%[Ha, pl + KaDlalp + TDla’alp + VTdWH[a alp (7.86)
where
4 2 2
r— X150l (7.87)
Rp

and we have made an appropriate change of phase for the LO phase shift. The
corresponding homodyne current is

J()dt = /rpl (ﬁc(t)dt + @dW(x)) (7.88)

where

() = tr{ata). (7.89)
is the conditional mean number. This makes it clear that the signal-to noise-ratio
improves as I' increases.

The Lindbald term proportional to I diagonalises the density operator in the
eigenstates of the probe number, the measured operator, at the rate I'/2. This is
what one expects for a continuous measurement of photon number. As a large signal
to noise ratio corresponds to large I' we see that the better the measurement the
faster the diagonalisation. The stochastic dynamics tends to force the system into an
eigenstate of photon number. To see this we can use the stochastic master equation
to write a stochastic Markov process for the conditional number distribution of the
signal mode p. , = (n|p|n). Ignoring the free dynamics, we find that

dpen = ka(n + 1) pepr1 — Knpep + \/F(n — ) pendW (1) (7.90)
The conditional mean thus obeys the stochastic differential equation
di(t) = —kaiie(1)dt + TV [nldW (7.91)

where V. [n] is the conditional variance in the population number. If the system ends
up in a number state, this equation becomes deterministic. If we can approximate
the conditional state by a Poisson distribution the resulting stochastic differential
equation corresponds to geometric Brownian motion, a key equation in financial
mathematics. The conditional mean is entirely deterministic, a defining idea in the
definition of a quantum non demolition measurement (QND).
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7.5 Quantum Non Demolition Measurements (QND)

The concept of quantum nondemolition measurements was introduced in the context
of detection of gravitational waves [8]. Gravitational waves interact so weakly with
terrestrial detectors that a displacement of the order of 10~'° c¢m is expected. This
requires the detection of very weak forces, below the level of quantum noise in the
detector.

The basic requirement of a QND measurement is the availability of a variable
which may be measured repeatedly giving predictable results in the absence of exter-
nal forces. Clearly this requires that the act of measurement itself does not degrade
the predictability of subsequent measurements. Then, in a sufficiently long sequence
of measurements, the output becomes predictable. This requirement is satisfied if for
an observable A’ (¢) (in the interaction picture)

[Al (), AT =0 (7.92)

The condition ensures that if the system is in an eigenstate of A’(z) it remains
in this eigenstate for all subsequent times although the eigenvalues may change.
Such observables are called QND observables. Clearly constants of motion will be
QND observables.The continuous, non absorbing number measurement discussed
in Sect. 7.4 is an example.

Having first determined the QND variables of the detector it is necessary to couple
the detector to a readout system or meter. It is essential that the coupling to the meter
does not feed back fluctuations into the QND variable of the detector. In order to
avoid this it is sufficient if the QND variable A commutes with the Hamiltonian
coupling the system and the apparatus

[A, Hsa]l =0 (7.93)

This is known as the back action evasion criterion. In this chapter we are primarily
concerned with QND measurements on optical systems. This requires a slight change
in nomenclature. We will refer to the field with respect to which the QND variable is
defined as the ‘signal’ rather than the system, and the field upon which measurements
are ultimately made as the ‘probe’ rather than the apparatus.

In the case of a harmonic oscillator, we can define two canonically conjugate
operators that are explicitly time dependent in the Schrédinger picture,

Xi(t) = ae’¥ +afe ¥ (7.94)
Xo(t) = —i(ae’¥ +ate™ ') (7.95)

These are constants of motion as

dX;(t)

= —ifla'a, X;(0] + X, ()

ot

=0 (7.96)
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7.6 Criteria for a QND Measurement

We need to clearly define the objectives of a quantum nondemolition measurement
in an optical context. These objectives may differ depending on the situation of the
measurement. For example, in a transmission with a series of receivers, the goal may
be to tap information from the signal, without degrading the signal transmitted to the
next receiver. In a system used to measure the magnitude of an external force the goal
of the measurement may be state preparation. That is an initial measurement prepares
the system in a known quantum state. The presence of the perturbing force will be
detected by a subsequent measurement on the system. In order to evaluate the merits
of ameasurement scheme we shall define a set of criteria for a good measurement. We
begin by considering the general measurement scheme depicted in Fig. 7.4 where an
observable X;, of the input signal is determined by a measurement of an observable
Y,ur of the output probe.
The measurement may be characterised by the following criteria:

1. How good is the measurement scheme?
This is determined by the level of correlation between the probe field measured
by a detector and the signal field incident on the apparatus. The appropriate
correlation function is,

XinYuu - Xin You 2
ClXin, Youl = 1 V[’Q ]%ﬁ[Y ><] dl (7.97)
in out

where (AB)s = (AB + BA)/2 and V[A] = (A?) — (A)? is the variance of A.
For a perfect measurement device the phase quadrature of the probe output is
equal to the amplitude quadrature of the signal input multiplied by the QND gain,
plus the input probe phase quadrature. In this case the correlation coefficient
defined above is unity, for large gain.
2. How much does the scheme degrade the signal?

The quantity of interest here is the correlation between the signal input field and
the signal output field:

U Xin Xour)s — (Xin) (Xous) |
(C[Xm ’ Xout] - V[Xin]V[Xgm] (798)

This is a measure of the back action evasion, that is the ability of the scheme to
isolate quantum noise introduced by the measurement process from the observable

Xin —— ——— Xout

— (v

Fig.7.4 General scheme for a QND measurement in an optical context. The actual observed value
on the probe output is y, a random variable

nonlinear optical medium

Yin
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of interest. For an ideal QND scheme we require this correlation to be unity. Thus,
for a perfect QND scheme we have

C[Xinv Your] + (C[Xin’ Xour] = 2 (799)

3. How good is the scheme as a state preparation device?

If we have a perfect measurement device that does not degrade the signal at all, we
satisfy the two previous criteria exactly. These criteria can be calculated regardless
of the actual measurement result. They refer to the unconditional moments of the
output state. The ideal for a QND measurement is that given a measurement result
we should be able to predict the conditional result of future measurements. We
need to determine the conditional states after the measurements conditioned on the
measurement result, say y, to answer this question. The ideal case would see the
conditional state of the signal become an eigenstate of the measured quantity. This
may be impossible, for example in the case of the QND observables X (), X2 (¢).
Thus as a measure of how well the scheme prepares eigenstates at the output we
need to consider the conditional variance V[ X,,;|y]. In Sect. 7.1 we saw that the
conditional state of the signal is given in terms of the Krauss operator f(y)

o _ Y0rsinTT0)

= 7.100
S,out P (y) ( )
where the distribution of measurement results is
P(y) = [T )T (3)ps.in] (7.101)
The conditional variance is then given by
V[Xour|v] = tr[pY X2] — BLX ot |y]12 102
out|yl = tr[Ps,om ] [Xout|y] (7. )
where the conditional mean is given by
E[X oury] = t[p§) ,, X1 (7.103)

In many cases of interest we are dealing with Gaussian states and one can show (see
Exercise 7.5) that the conditional variance does not depend on the measurement
result, then

VIXourlyl = V[ Xour 1(1 — ClX iz, Your]) (7.104)
where
_ 2
(C[Xout, Your] = |(XoutY0ul>S <X0ut)(Yuul)| (7105)
VIXour IVI[You 1

Thus, the condition for a perfect state reduction in these cases is

ClXour» Your] = 1 (7.106)
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As an example we consider a perfect QND measurement of the quadrature phase
of a single mode field. We shall assume that the amplitude quadratures of each mode
are coupled with the interaction Hamiltonian

H; =hy(a+a") b +b") = hxX.Xp (7.107)

where a/b is the annihilation operator for the signal/probe, and X, = a + a', X, =
b + b" are the signal and probe quadratures respectively. Clearly X, is a constant of
the motion and a QND variable. The interaction is also back action evading. Solving
the Heisenberg equations of motion over a time 7 we get

Xa,out = Xa,in (7.108)
Yb,out = Yb,in + GXa,in (7.109)

where Y, = —i(b — b") is canonically conjugate to X, and the gain is G = 2xT.
We will refer to X, as the signal quadrature and assume it has a non zero mean. We
will treat Y, as the probe quadrature and assume it has zero mean.

Clearly C[X,.in, Xa.0ur] = 1 and the signal quadrature is unaffected by the mea-
surement. The correlation

G*V[ X4 inl

C Xins Yau =
[ 1= VX T+ ViTon]

(7.110)

If the gain is very large C[X;,, Y,,:] — 1. The conditional variance of the output,
given a result y of a perfectly accurate measurement of Y ,,; is independent of y
and given by

GzV[Xa in]
Vix _ X, 11— : 7.111
[Xour|y] VIXa,inl ( GZV[Xa,in] + V[Yb,in]> ( :
V[Y ,in]
~ sz (7.112)

For large G >> 1 this goes to a very small number. In the limit of high QND gain
this device operates as a good state preparation device.

Finally, the performance of the measurement is the signal-to-noise ratio squared
of the probe output

(Yh 0ut>2
SNR? = : 7.113
V[Yb,out] ( )
_ G2<Xa,in)2 (7 114)
G*V[Xg il + V[Ypin ‘
Kainl” 551 (7.115)

V[Xa,in]
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Fig.7.5 Schematic representation of a perfect QND scheme based on a parametric interaction

In the limit of large QND gain the signal-to-noise ratio of the output probe is equal
to that of the signal input.
It is possible to achieve a QND coupling of this form using beam splitters

a— Jna+iy1-n*b, (7.116)

and parametric amplification g = ¢”, see Fig. 7.5. When the beam splitter parameters
can be matched to the gain by

1 2
n= (g2+—) (7.117)
2(g“+ 1
the transformations are given by the ideal case in (7.108)
G=(@g-¢g"hH (7.118)

This experiment was first performed by LaPorta et al. [9].

7.7  Single-Shot QND Measurements of Photon Number

We return to the case of QND number measurements. The number operator is a con-
stant of motion for a harmonic oscillator and thus a QND observable. The objective
is to estimate the number of photons in a single cavity in fixed time interval without
absorbing or exciting photons in the cavity. This requires that the interaction between
the cavity and a probe is back action evading. See the experiment of Besse et al. [10].

Problems

7.1 If the cavity starts in a coherent state |«) use (7.35) to show that it remains in a
coherent state but the amplitude decays as e~/ q.

7.2 Use (7.35) to consider the conditional states produced when the signal is prepared
in a
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a A coherent state
b A squeezed vacuum state,
¢ A thermal state.

7.3 Use(7.19) to consider the conditional states produced when the signal is prepared
ina

a A coherent state
b A squeezed vacuum state,
¢ A thermal state.

7.4 Show that if the single-side is empty up to time ¢ = 0 at which point one photon
is injected into the cavity, the mean current is

(e—m _ e—rt)
ElI()]=kr——— (7.119)
1—k/r

In the limit of infinite response rate this is simply ke~ "' for ¢t > 0.
7.5 Let the Krauss operator for the QND measurement in Sect. 7.6 be given by
T(y) = @ra)y~ Ve~ E-?/48 (7.120)

and the input state be diagonal in X;, so that Ps ;, (x) = (x|ps in|Xx) where X;,|x) =
x|x). Find V[X,,:|y] and show that it is independent of y. Further show that

ag
ClXour» Your]l = Ato (7.121)

which goes to unity when the A « . This means that the noise added by the probe
is negligible.
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Nonlinear Quantum Dissipative
Systems

Abstract

In this chapter we go beyond the linear quantum stochastic differential equations
to treat non linear intracavity interactions. It is not possible, in general, to find
exact solutions to the nonlinear quantum equations which arise in nonlinear opti-
cal interactions. It has, however, been possible to find solutions to some specific
systems using the complex P representation. These solutions provide a test of the
region of validity of the linearised solutions especially in the region of an instabil-
ity. Furthermore they allow us to consider the situation where the quantum noise
is large and may no longer be treated as a perturbation. In this case, manifestly
quantum mechanical states may be produced in a nonlinear dissipative system.

8.1 Parametric Oscillator with Pump Depletion

We can give a quantum treatment of the parametric oscillator with a quantised pump
mode using the generalised P representation. This is an interaction between the
cavity field at frequency w and a pump mode at frequency 2w. It is often referred
to as sub/second harmonic generation. We shall first solve for the steady state of the
cavity mode (the sub-harmonic mode) using the complex P function when the pump
mode can be adiabatically eliminated when it undergoes rapid damping. Then we
show, using the positive P function, that the steady state sub-harmonic field is in a
superposition state. We go on to calculate the tunnelling time between the two states
in the superposition.

We consider the degenerate parametric oscillator with quantised pump described
Drummond et al. [1]. The Hamiltonian is

H= hwa{ral + 2hwa;a2 + ihg(af 2a2 — a%a;r) (8.1)
+l’h(€a;€72iwt _ E*aze2iwl)

—I-all—'ir + azl—‘;L + a;fl—'l + a;l—‘z
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where a1 and a; are the annihilation operators for two cavity modes of frequency w
and 2w, respectively. The coupling constant for the nonlinear coupling between the
modes is k. The cavity is driven externally by a coherent driving field with frequency
2w and amplitude &,. The bosonic bath operators describing the cavity damping of
the two modes are I'y, I'>. The quantum Langevin equations in the interaction picture
are

day

— = kalay — yia1 +/2yia1in (8.2)
i%::__ﬂz_m@+e+ 27242 in (8.3)
dt 2 ’

(Note that we have changed the convention for damping rates so that the line width
of the cavity is 2y;. This is the convention used in [1]). The corresponding master
equation is

dp i
i G 2y1Dlailp + 2y2Dlaz]p (8.4)
The equation of evolution in the generalised P representation is

dP(x)
Fyanie —(J/loél — ki) + 7(?1,31 —kai1B2) (8.5)
8
+—(J/2052 —eay — ka1 fBr) + ?(Vzﬂz — €y + ,31)
2 e+ e ) | P
- | —Ska — (K o
2\ 82" T g2
The semiclassical deterministic equations of motion are
dOl] %
L — 8.6
7 = ket —ne (8.6)
don K
W = —E(XTQ — Yoy + € (87)

there are two stable steady state solutions depending on whether the driving field
amplitude is above or below the threshold amplitude ¢, = y1y»/«. In particular, the
steady states for the low frequency mode o are

a1 =0 e <e, (8.8)

) 1/2
o] = £ |:;(e — ec):| (8.9)

The Fokker-Planck equation does not satisfy the potential conditions so we cannot
easily find the steady state. However if we adiabatically eliminate the pump mode (the
mode at frequency 2w) we get a Fokker-Planck equation that does satisfy the potential
conditions. We proceed by adiabatically eliminating the high-frequency mode. This
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may be accomplished best in the Langevin equations equivalent to Fokker-Planck
equation. These are

d <0l1) _ (Kﬁlaz -7+ «//cozzm(t))
Koy — y1B1 + kP (1)

d <0l2> _ <62 - %ai - )/2012>
dt \ B2 €& — 5By —nh
where 11 (t), n2(¢) are noise terms that satisfy

Mm@®) = (m@®) = m@OME)) = m@On@)) =0, Mi@On@)) =8¢ —1).

Under the conditions y» 3> y; we can adiabatically eliminate o2, 8, which gives the
resultant Langevin equation for the cavity mode alone,

i<a> _ (—a—ﬁ(/\—az)>+ gV —a?) m() (8.10)
dt \ B —B—a(—p% gv/(n — B2 m(t) '

where we have changed variables T = y17, @ = gy, f = gf1 with

K 1
= = — (8.11)
ST m w
The Fokker—Planck equation corresponding to these equations is
oP(a, B) 0 ad
Tﬁ = {g[a+ﬂ<x—a2>]+@[ﬂw(x—ﬁ%] (8.12)
2 92 2 42
g9 2 g9 2
- S [(h— P
+5 g 0= ]+ 5 55 (0= B Pl )

As the potential conditions are satisfied the steady state solution is then given by

Pyl B) = N [ — a?)(h — p1)] /" (2able? (8.13)

It is clear that this function diverges for the usual integration domain of the com-
plex plane with 8; = o . The moments may, however, be obtained by use of the
complex P representation and complex contour integration. The calculations are
described in [2].

The semi-classical solution for the intensity exhibits a threshold behaviour at
€ = €. = y1y2/«. This is compared in Fig. 8.1 with the mean intensity / = E[S«]
calculated from the solution (8.13). The quantum calculation shows a feature never
observed in a classical system where the mean intensity actually drops below the
semi-classical intensity. This deviation from the semi-classical behaviour is most
significant for small threshold photon numbers. As the parameter €, = y1y>/k is
increased the quantum mean approaches the semi-classical value.
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Fig.8.1 Plot of the mean intensity for the degenerate parametric oscillator versus the scaled driving
field . = €/e.. The dashed curve represents the semi-classical intensity, the solid curve is the exact
quantum result. In both cases 2¢./k = 100. Note that above threshold the exact quantum result is
less than the semi-classical prediction

3 9 -
7 j=1
2.5} 'O'
= 2t "'
Ny -
1.5 e’
< P
= 1 Pie
£ 0.5 St
" )\
+5 1 % 1.5 2
-0.5 } j=2

Fig.8.2 The log of the normally ordered variance of the squeezed (solid) and unsqueezed (dashed)
quadrature in a degenerate parametric amplifier versus the scaled driving field with 2¢./k = 5.0.
See [3]

The normally ordered variance of fluctuations in the quadratures X| = a + a'
and X, = —i(a —a') are given by the integration of the steady state P function,
again using contour integration, for the variables (« + 8)/2 and —i (o — 8)/2. The
variance in the quadratures is plotted in Fig. 8.2 versus the scaled driving field
A = €/€.. The variance in the phase quadrature, X, reaches a minimum at threshold.
This minimum approaches1/2 as the threshold intensity is increased [3]. The value of
one half in the variance of the intracavity field corresponds to zero fluctuations found
at the resonance frequency in the external field. The fluctuations in the amplitude
quadrature X increase dramatically as the threshold is approached.However, unlike
the calculation in section (6.5), where the pump is treated classically, the fluctuations
do not diverge. This is because (8.13) is an exact solution to the nonlinear interaction
including pump depletion. As the threshold value increases and therefore the number
of pump photons required to reach threshold increases, the fluctuations become
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larger. In the limit y;y /x> — oo the fluctuations diverge, as this corresponds to
the classical pump (infinite energy). The variance in the amplitude quadrature above
threshold continues to increase as the distribution is then double-peaked (see (8.8))
at the two stable output amplitudes.

This solution demonstrates the usefulness of the complex P representation.
Although the solution obtained for the steady state distribution has no interpreta-
tion in terms of a probability distribution, the moments calculated by integrating the
distribution on a suitable manifold correspond to the physical moments. We have
demonstrated how exact moments of a quantized intracavity field undergoing a non-
linear interaction may be calculated. To calculate the moments of the external field
however, we must resort to linearization techniques.

8.1.1 Cat State Formation in the Parametric Oscillator

The two 7 out of phase solutions to the semiclassical steady states, (8.8), suggests
that the quantum steady state may exhibit cat state characteristics. This is indeed the
case and can be shown using the positive P representation. Following the treatment
of Wolinsky and Carmichael [4], we can obtain an analytic solution for the steady
state positive P function. This solution is a function of two phase space variables;
one variable is the classical field amplitude, the other is a non-classical variable
needed to represent superpositions of coherent states. A three-dimensional plot of
the positive P function allows one to distinguish between the limiting regions of
essentially classical behaviour and predominantly quantum behaviour.

The Langevin equations are the same as (8.10) but the domain of the variables
a, B is different and describe trajectories in a four-dimensional phase space. The
region of phase space satisfying the conjugacy condition 8 = «* is called the clas-
sical subspace. Two extra non-classical dimensions are required by the quantum
noise. If we neglect the noise the deterministic equations have the stable steady
states as we saw. In the new variables these become (i) « = 8 = 0 below thresh-
old, A < I),and @ = B = (A — 1)!/2 above threshold (A > 1). In the full phase
space there are additional steady states which do not satisfy the conjugacy condi-
tion: two steady states o = B = =i (1 — A)!/? below threshold and two steady states
o = —B = £(» + 1)!/2 both below and above threshold.

The variables o and § are restricted to a bounded manifold @ = x, = y with
x, y both real, and |x[, || < +/A. Denote this manifold by A(x, y). Trajectories are
confined within this manifold by reflecting boundary conditions. If a trajectory starts
within this manifold, then it is clear that the drift and noise terms remain real, so a
trajectory will remain on the real plane. Furthermore, at the boundary, the trajectory
must follow the deterministic flow inwards, as the transverse noise component van-
ishes. If the initial quantum state is the vacuum state, the entire subsequent evolution
will be confined to this manifold.

The manifold A (x, y) is alternatively denoted by A (u, v)withu = (x + y)/2 and
v = (x — y)/2. The line v = 0 is a one-dimensional classical subspace, the subspace
preserving @ = f. The variable v denotes a transverse, non-classical dimension used
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by the noise to construct manifestly non-classical states. We may now construct a
pictorial representation of these states which dramatically distinguishes between the
quantum and classical regimes.

With @ = x and 8 = y, both real, the solution to the Fokker-Planck equation is
of the form given by (8.13), with |x|, |y| < /A,

Poy(ery) = N[0 — xD)(h — y2)] 8 2ol (8.14)

For weak noise (g < 1) we illustrate Pg(x, y) in Fig. 8.3 threshold (A < 1),
Pgs (14, v) may be written

(1 _)\(2)1/2
Pys(u, v) = hg/2 €Xp |:

a2 2
A =Mut+ A+ :| 8.15)

rg2/2

The normally ordered variance of fluctuations in the quadratures X| = a +a' and
X, = —i(a —a') are given by the integration of the steady state P function to
compute the variances V[(« + 8)/2] and V[—i(a — B)/2]. Asu = (e + f)/2 and
v = (¢ — B)/2, on the manifold A (u, v), the quadrature variances are given by

(- AX? ) = VI[ul/g? (8.16)
(- AX3 )= —V[v]/g? (8.17)

indicating squeezing as we have already seen. It is interesting that a non zero variance
for the non classical variable, v, is necessary for squeezing.
The threshold distribution (g <« 1, A = 1) is given by

Pys(u, v) = /16783 T(1/4)e— ' +40)/8? (8.18)

Above threshold the distribution splits into two peaks.We note that in the low-noise
regime Pgg(x, y) is a slightly broadened version of the classical steady state with
only a small excursion into the nonclassical space.

Figure 8.4 shows P (x, y) for the same values of A as Fig. 8.3 but for the noise
strength g = 1. The quantum noise has become sufficiently strong to explore thor-
oughly the non-classical dimension of the phase space and is strongly influenced by
the boundary A(x, y).

As the noise strength g is increased beyond 1, the characteristic threshold
behaviour of the parametric oscillator disappears and squeezing is significantly
reduced (Fig. 8.5). In the large-g limit the stochastic trajectories are all driven to
the boundary of A(x, y), and then along this boundary to the corners, where both
noise terms vanish and Py (x, y) approaches a sum of § functions. When 44 /g% < 1
all § functions carry equal weight and the state of the subharmonic field is the coherent
pure state superposition of coherent states—cat states of the form

1

5 [Vise) +1=Vig)] (8.19)
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Fig. 8.3 A plot of the positive P representation of the steady state of the degenerate parametric
amplifier, below and above threshold: a A = 0.8 b A = 1.5. In both cases g = 0.25

As A increases, this superposition state is replaced by a classical mixture of coherent
states {|v/A/g), | —~/A/g)} for 41/g% > 1. This is a consequence of the competi-
tion between the creation of quantum coherence by the parametric process and the
destruction of this coherence by dissipation.

8.1.2 Dissipative Quantum Tunnelling

In the classical theory of stochastic processes in double well potentials, similar
multi-peaked distributions arise in the steady state. However when such a sys-
tem is continuously monitored we see a sequence of stochastic jumps between the
wells with the dwell times in each well determined by the switching rates between
wells [5]. The switching rates are given by Kramer’s rule. The stochastic switching
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Fig.8.4 Asin Fig. 8.3 but
with quantum noise
parameter g = 1.0.
ar=08bAr=15

Fig.8.5 As in Fig. 9.3 but
withA = 1.5and g = 10

is in the classical case determined by thermal noise The stochastic switching turns
out to be critical to understanding the stochastic thermodynamics of such systems.
Similar considerations apply to the quantum case but now the switching is entirely
due to quantum noise at zero temperature. This is called dissipative quantum tun-
nelling. In order to see this in the lab, one needs to make continuous measurements
of the emitted field amplitudes via homodyne or heterodyne detection when the sys-
tem has reached the steady state. Rather than pursue this approach here we adopt a
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method due to Kinsler and Drummond [6] that adapts the method used in the classical
approach to first passage times.

In order to calculate the quantum tunnelling rate, we shall transform the variables
a, B to give constant diffusion, or additive stochastic noise,

u = sin~! (%) +sin~! <f/—ﬂx> , (8.20)

v =sin~! (%) —sin”! (5—?) . (8.21)

These new variables are constrained to have a range such that |u| + |v] < 7.
Referring back to the variables « and 8, it can be seen that the u axis represents the
classical subspace of the phase space where @ = 8. Thus the variable v is a non-
classical dimension which allows for the creation of quantum features. The stochastic
equations corresponding to these variables are

U) + tan (” ; U)} } dt +/2gdW,, (8.22)

du = {A sin(u) — o |:tan (u +

dv = {—Asm(v) —o |:tan <$) — tan <u ; U)“dr +V/2gdW,. (8.23)

Here 0 = 1 — g?/2,dW,, dW, are Wiener processes.
These Ito equations have a corresponding Fokker-Planck equation and a proba-
bility distribution in the limit as T — oo of

P(u,v) = Nexp[—V (u, v)/g’] (8.24)

where the potential V (u, v) is

V(u,v) = =20 In|cosu + cosv| + Acosu — Acoswv. (8.25)

Above threshold the potential has two minima corresponding to the stable states
of the oscillator. These minima have equal intensities and amplitudes of opposite
sign, and are at classical locations with @ = o*

(o, v0) = (:t2 sin~' [0 — )2 /Al 0) (8.26)

or
gao =+ — 1+ g»)'2. (8.27)

There is also a saddle point at (ug, vs) = (0, 0).



148 8 Nonlinear Quantum Dissipative Systems

Along the u axis the second derivative of the potential in the v direction is always
positive. The classical subspace (v = 0) is therefore at a minimum of the potential
with respect to variations in the non-classical variable v. This valley along the u axis
between the two potential wells is the most probable path for a stochastic trajectory
in switching from one well to the other. The switching rate between them will be
dominated by the rate due to trajectories along this route. Using an extension of
Kramer’s method, developed by Landauer and Swanson [7], the mean time taken for
the oscillator to switch from one state to the other in the limit of g < 1 is

. rto 172 2 A
TP:;(W) exp{;[k—a—aln(;)]}. (8.28)

The switching time is increased as the pump amplitude A is increased or the
nonlinearity g is reduced.

Previous attempts to compute the tunnelling time for this problem have used the
Wigner function [8]. Unfortunately the time-evolution equation for the Wigner func-
tion contains third-order derivative terms and is thus not a Fokker—Planck equation.
In the case of linear fluctuations around a steady state truncating the evolution equa-
tion at second-order derivatives is often a good approximation. However, it is not
clear that this procedure will give quantum tunnelling times correctly.

In the limit of large damping in the fundamental mode the truncated Wigner
function of the sub-harmonic mode obeys with T = y;¢

iW(ﬂ 1) = {i[ﬁ B0 = 2B+~ (B — B — 8] (8.29)
dt ’ a8 aB* ’
2

t B

(1+ 2g2ﬁﬁ*)} W(B, 7).

This truncated Wigner function equation does not have potential solutions, how-
ever an approximate potential solution can be obtained that is valid near threshold.
Here, the noise contribution 2g%B4* is small and is neglected leaving only subhar-
monic noise. Writing 8 = x + ip, the solution in the near threshold approximation
is

Wnt = Nn1 exp[—Vnr (x, p)] (8.30)

where
2 1
Vnr(x, p) = 2 [g2x2 +¢2p*+ 5<g2x2 +82pH? — Mg — gzpz)} (8.31)

and Ny is the normalisation constant.
Above threshold this potential has two minima, at gx = £(A — D'/2. In the limit
of large-threshold photon numbers, these minima are very close to those obtained
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in (8.27). The tunneling time has been calculated from the Wigner distribution by
Graham [8], with the result

2 1 1/2 1
ns (i) eelie-r) o

This result is compared with the expression derived using the P function in Fig.
8.6 which shows the variation in the logarithm of the tunnelling rate with the pump
amplitude A. The Wigner function result predicts a slower switching time above
threshold. The difference in the two predictions can be many orders of magnitude.
The calculations from the exact positive P Fokker—Planck equation represent a true
quantum tunnelling rate. Whereas the truncation of the Wigner function equation
involves dropping higher order derivatives dependent on the interaction strength g.

Thus nonlinear terms in the quantum noise are neglected and the only quantum
noise terms included are due to the vacuum fluctuations from the cavity losses.
These give a diffusion term in the truncated Wigner Fokker—Planck equation which
is identical to classical thermal noise, with an occupation number of half a photon
per mode. Also indicated in Fig. 8.6 are the tunnelling times computed by direct
numerical simulation of the stochastic differential equations resulting from either
the positive P representation (Fig. 8.6a, b) or the Wigner representation (Fig. 8.6c,
d) and by directly solving the master equation in the number basis.

The differences between the two rates obtained reflect the difference between
classical thermal activation and true quantum tunnelling. Classical thermal-activation
rates are slower than quantum tunnelling rates far above threshold where the former
are large since the thermal trajectory must go over the barrier. A quantum process,
on the other hand, can short cut this by tunnelling.

8.2 Dispersive Optical Bistability

We consider a single mode model for dispersive optical bistability [9]. An optical
cavity is driven off resonance with a coherent field. The intracavity medium has an
intensity dependent refractive index. As the intensity of the driving field is increased
the cavity is tuned to resonance and becomes highly transmissive.

We shall model the intracavity medium as a Kerr type x @ nonlinear susceptibility
treated in the rotating wave approximation. The Hamiltonian is given by (5.79). The
Fokker—Planck equation is

P d s 7,
o = [a—a(/cot+21xa ﬂ—Eo)—lea (8.33)

+ DB = 2ix P — Eo) +i 8—22}10
a,s("ﬂ ixp“a — Eop) ’Xaﬂzﬂ (a, B)
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Fig. 8.6 A plot of the log of the tunnelling time for the degenerate parametric amplifier above
threshold, versus pump strength or noise strength. In a and b we show the results computed by the
positive P Representation (PB approximation) while in ¢ and d we give the results for the truncated
Wigner function model. In all cases we contrast the results obtained by potential methods with
the results obtained by direct simulation of the corresponding stochastic differential equations and
number state solution of the master equation (dashed line) [6]
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where we choose the phase of the driving field such that Egisrealandx = y +i5. We
shall seek a steady state solution using the potential conditions (6.72). The calculation
of F gives

i\ ([« Eop i K* ¥ Eo
F1=—<—><—+2X5__2>’ F2=(—*>(——2X '3__2)’ (8.34)
X o o X o P

where we have defined k = k — 2i x. The cross derivatives
0y fr =0gF =1 (8.35)

so that the potential conditions are satisfied.
The steady state distribution is given by

Pss(a’ﬂ)ZeXp[/
o (1 (& , Eo 1 fe* . Eg
=exp|:/a (a(a—1+21xﬁ1—g)dal—a(a—%ﬂxl—ﬂ—%)dﬁl)}

(8.37)

=aB2exp [<@> <l + l) +401/3} (8.38)
ix)\ae B

where ¢ = %,d: % ’

It can be seen immediately that the usual integration domain of the complex plane
with o™ = B is not possible since the potential diverges for ¢ — oo. However, the
moments may be calculated using the complex P representation. The results for the
mean amplitude (o) and correlation function g (0) are plotted in Fig. 8.7 where
they are compared with the semi-classical value for the amplitude o;.

It is seen that, whereas the semi-classical equation predicts a bistability or hys-
teresis, the exact steady state equation which includes quantum fluctuations does
not exhibit bistability or hysteresis. The extent to which bistability is observed in
practice will depend on the fluctuations, which in turn determine the time for ran-
dom switching from one branch to the other. The driving field must be ramped in
time intervals shorter than this random switching time in order for bistability to be
observed.

The variance of the fluctuations as displayed by g® (0) show an increase as the
fluctuations are enhanced near the transition point. The dip in the steady state mean
at the transition point is due to out-of-phase fluctuations between the upper and lower
branches.
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Fig. 8.7 The steady state amplitude, and second-order correlation function for optical bistability
versus the pump amplitude. The chain curve gives the semi-classical steady state amplitude. The full
curve gives the exact steady state amplitude. The broken curve presents the second-order correlation
function g(z) (0). The detuning is chosen so that Awy < 0 with Aw = —10 and x = 0.5

8.2.1 Commenton the Use of the Q0 and Wigner Representations

We will compare the above solution we have obtained with the generalised P repre-
sentation with the equation obtained using the Q and Wigner representations. With
the Q representation we obtain the following equation

3 ) 32 5, (k) @
[a(—EO-HZa—l-Zixa a*)+ix—sa +(—) +c.c.] 0@*, a)

00(a*, a)
- a2 2 ) dada
(8.39)

ot

where k =k —4iy +iAw.

This equation has a non-positive definite diffusion matrix. Furthermore, it does
not satisfy the potential conditions, hence its steady-state solution is not readily
obtained.

The equation for the Wigner function is,

AW (a*, ) . 9 9 Kk 92 5 a1 9% (8.40)
—_— = — — 4+ = —2ly— —ixX= .
ot 0805 da 2 da*da Y oa X 2 da*a

33
+2ix —301*012 + c.c.) W(a*, o).
o

This equation is not of a Fokker—Planck form since it contains third-order deriva-
tives. Again a steady-state solution is not readily obtainable. It is clear that for this
problem the use of the complex P representation is preferable to the other two rep-
resentations.
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Problems

8.1 Derive the Fokker—Planck equation for P (a1, a2, t) for the non-degenerate para-
metric oscillator after adiabatically eliminating the pump mode. Solve for the poten-
tial solution and derive the moments.

8.2 Derive the evolution equations for the Q and Wigner functions for the degenerate
parametric oscillator described by (8.1).

8.3 Derive the equation of motion for the Q function for optical bistability. Show
that with zero detuning and zero driving the solution for an initial coherent state is

_ < 1 g ok (p+a)/2 o2 — (e 2 f(t)+i8)
Q(a,t)—qéo(q!lﬂ) (aag)? (@ ag)” (f ()™ CXP[ ler]” — Jexol <—1+i8

where

(Szu, f@) =exp[—«kv—iv(p —q)], v=2ut, K:l.
K 21
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Interaction of Radiation with Atoms

Abstract

The preceding chapters have been concerned with the properties of the radiation
field alone. In this chapter we turn to the interaction between radiation and matter.
This is of course the domain of quantum electrodynamics, however in quantum
optics we are usually only concerned with low energy systems of bound electrons
which simplifies matters considerably. We will use the occupation number rep-
resentation for bound many-electron systems to quantize the electronic degrees
of freedom, following the approach of Haken (Waves, Photons and Atoms. North
Holland, Amsterdam, vols. 1 and 2, 1981, [1]) and also Cohen-Tannoudji (Pho-
tons and Atoms: Introduction to Quantum Electrodynamics. Wiley-Interscience,
1997, [2]).

9.1 Quantization of the Many-Electron System

In the full theory of QED, the interaction between the electromagnetic field and
charged matter is described by coupling between the vector potential and the Dirac
spinor field. In quantum optics we only need the low energy (non relativistic) limit
of this interaction. This is given by the minimal coupling Hamiltonian [3]

1
H=5—(p—eA)’ +eV (X + Hud ©.

2m
where p is the momentum operator for a particle of charge e moving in a Coulomb

potential V (x). The vector potential is quantised in a box of volume V as

h (ke x— ik X
Ax.n=) AT [e’(k"x g, , + e~ 0nx w”t)ai,y] 9.2)
n,v

where e, , are two orthonormal polarisation vectors (v = 1, 2) which satisfy k,, -
e,., = 0, as required for a transverse field, and the frequency is given by the dis-
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persion relation w;,, = c|k;|. The positive and negative frequency Fourier operators,
respectively a, , and a;f,y, satisfy

[an. @), )] = Gumbun 9.3)

The last term, Hr,g is the Hamiltonian of the free radiation field given by

Hiyq = Z hwka;:ak 9.4)
k

where we have subsumed polarisation and wave vectors labels into the single sub-
script k.

We now use an occupation number representation in the antisymmetric sector
of the many body Hilbert space for the electronic system based on a set of single
particle states |¢;), with position probability amplitudes, ¢;(x), which we take as
the bound energy eigenstates of the electronic system without radiation. They could
for example be the stationary states of an atom, the quasi bound states of a single
Cooper pair on a mesoscopic super-conducting metal island, or the bound exciton
states of semiconductor quantum dot. We then define the electronic field operators

V) = cjp;(x) (9.5)
j

where the appropriate commutations relations for the antisymmetric sector are the
fermionic forms

Ckcj- + CZ-Ck = Oy 9.6)
crer + cicy = chj + cjcz =0 9.7

In the occupation number representation the Hamiltonian may be written as the sum
of three terms, H = He] + H; + Hyag Where the electronic part is given by

. 12 . s
Hy = /d%xlﬁ(x) [—%W + eV(x)j| U(x) = Z Ejcje; 9.8)
J
The interaction part may be written as the sum of two terms H; = Hy 1 + H 2

where

Hit = [ @580 (A prp-A®) b0 ©9)

2
Hi, = /d3x\iﬁ(x) (;—m(A(x)2)> T (x) (9.10)
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Unless we are dealing with very intense fields for which multi-photon processes are
important, the second term H; > may be neglected. The dominant interaction energy
may then be written as

Hi=hY" gipm(be +bl)ciem ©.11)
k,p,m

The interaction coupling constant is

€ 1 12 3. 1k ik-x
Shnm = —— <W) [ @xéi0 (%) om0 ©.12)

We now proceed by making the dipole approximation. The factor ¢'¥* varies on a
spatial scale determined by the dominant wavelength scale, A, of the field state. At
optical frequencies, Ao ~ 10~% m. However the atomic wave functions, ¢, (x) vary
on a scale determined by the Bohr radius, ag ~ 10~ m. Thus we may remove the
oscillatory exponential from the integral and evaluate it at the position of the atom
X = Xg. Using the result

[p?, x] = —i2hp (9.13)

we can write the interaction in terms of the atomic dipole moments

[ @510 (%) 00 = 2™ [ rsi00e W0m0) 014

where wy;, = (E, — Ey)/h.
In the interaction picture the interaction Hamiltonian becomes explicitly time
dependent,

Hi@t)=h Z 8k.n.m (bkefi“"t + bzeiwkt> chepe ! (9.15)

k,n,m

where the tilde indicates that we are in the interaction picture. If the field is in state
for which the dominant frequency is such that w(kg) =~ wy,, the field is resonant
with a particular atomic transition and we may neglect terms rotating at the very
high frequency w(k) + wyy,. This is known as the rotating wave approximation.
This assumes that the field strength is not too large and further that the state of the
field does not vary rapidly on a time scale of wn’,},, i.e. we ignore fields of very fast
strong pulses. As a special case we assume the field is resonant (or near-resonant)
with a single pair of levels with £, > E. The interaction picture Hamiltonian in the
dipole and rotating wave approximation is then given by

Ay =1y (clesbige “®m" 1 he) 9.16)
k
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where
gk = —i Qlicqw® V)2 wapiny >0 (9.17)
and

p21 = (Pnle - X|om) (9.18)

with w, = wy — wi.
It is conventional to describe the operator algebra of a two-level system in terms
of pseudo-spin representation by noting that the Pauli operators may be defined as

T il

07 = €,C2 —C|C] (9.19)
Ox = c;cl + c;cz (9.20)
oy = —i(cgcl — c_ll-cz) (9.21)
or= ol =cle 9.22)

The operators s, = 0,/2 (with « = x, y, z) then obey the su(2) algebra for a spin
half system. In terms of these operators we may write the total Hamiltonian for the
system of field plus atom in the dipole and rotating wave approximation as

hw,
H =" hwk)bby + T“oz +h) (gkbkoy +hc) (9.23)
k k

The free Hamiltonian for the two-level electronic system is

Hel = O'Z (924)
Denoting the ground and excited states as |1) and |2) respectively, we see that
hw
Hals) = (=1)' —"1s) s =1,2 (9.25)

The action of the raising and lowering operators on the energy eigenstatesis: o4 |1) =
|2) and o_|2) = |1), while ai = 0. We now relabel the ground state and excited
state respectively as |1) = |g), |2) = |e). If the state of the system at time ¢ is p, the
probability to find the electronic system in the excited state and ground state are,
respectively,

Pe(t) = 2|p|2) = (o40-) (9.26)

pg() = (1lp|1) = (0-04) 9.27)

The atomic inversion is defined as the difference between these two probabilities and
is given by

Pe(t) — pg(1) = (o) (9.28)
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While the atomic coherences are defined by
p12 = (11pl2) = (o4) (9.29)

with p21 = pj,.

9.1.1 Interaction of a Single Two-Level Atom with a Single Mode
Field

If we further restrict the state of the field to include only a single mode, with frequency
wo (perhaps using a high Q optical resonator), we arrive at the Jaynes-Cummings
Hamiltonian,

hw .
H = hwob'b + T“UZ + h(gboy + g*bTo_) (9.30)

coupling a single harmonic oscillator degree of freedom to a two-level system. The
coupling constant g can vary from a few kHz to many MHz. An example is provided
by the experiment of Aoki et al. [5] in which a cesium atom interacts with the
toroidal whispering gallery mode of a micro-resonator as it falls under the action of
gravity from a magneto-optical trap. The atomic resonance is at the 6S1/2; F = 4 —
6P3/2; F' = 5 transition in cesium. A coupling constant as large as g /27 = 50 MHz
was achieved.

On resonance, w, = w, = w, we see that the interaction Hamiltonian H; =
hg(boy + bio_) (with g chosen as real), commutes with the free Hamiltonian,
Hy = h(bTh + %O’Z), so that the eigenstates of the full Hamiltonian can be written as
a linear combination of the degenerate eigenstates of Hy. Defining |n, s) = |n)|s),
where b'b|n) = n|n), the degenerate eigenstates of the free Hamiltonian are |n, 2),
|n + 1, 1). Within this degenerate subspace, the state at time ¢ may be written
[Yn (1)) = cu2(t)|n, 2) + cur1.1(t)|n + 1, 1), and the Schrodinger equation in the

interaction picture is
¢ . c
12 ) = —iQuoy [ 2 (9.31)
Cn+1,1 Cn+1,1

where 2, = g+/n + 1. The eigenvalues of this system of linear equations are +i 2,
corresponding to the eigenstates of Hj

(2 1, 1)) 932)
— (|n, n+1, .
V2

which are often referred to as the dressed states. The splitting of the degeneracy is
depicted in Fig. 9.1.

In, £) =
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Fig. 9.1 The dressed states for the energy eigenstates of the Jaynes—Cummings interaction. On
the left are show the degenerate states for zero interaction. When the interaction is turned on the
degeneracies are lifted

Thus the general solution is
cn2(t) = cp2(0) cos Q,t —icp41,1(0) sin ¢ (9.33)

cn+1,1(t) = cn41,1(0) cos 2,1 —icy 2(0) sin ¢ (9.34)

If the atom is initially in the excited state and the cavity field has exactly n photons,
the probability for finding the atom in the same state at time ¢ > 0 is

1
pe(t) = |(n, 21 (1)) = 5 (1 +c0s29,1) (9.35)

The excitation oscillates backward and forth between the cavity and the electronic
system with frequency €2,, the Rabi frequency. Note that for n = O the separation
of these eigenvalues is 2g, which is known as the vacuum Rabi splitting. If the field
is in an arbitrary pure state, |¢) = >, fu|n) and the atom is initially excited, the
probability to find the atom in the excited state at time # > 0 may be written

Pe(t) = % [1 + n; | ful? cos(2gv/n + 1:)} (9.36)
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This is a discrete superposition of harmonic oscillations with incommensurate
frequencies. Thus it must exhibit quasiperiodic behaviour. If the initial photon num-
ber distribution | f,|?> has narrow support on 7, only a few frequencies are involved
and there is a beating between these different frequencies leading to what are known
as collapses and revivals. The collapse refers to the decay of oscillations at short
times due to beating between the incommensurate frequencies. The revival refers to
partial re-phasing of the oscillations at later times. In the case of the field initially
in a coherent state, |«), the initial number distribution is Poissonian with standard
deviation in number given by the root mean, i1'/2|a|. An approximate evaluation of
the sum valid for times such that gr < nl/2 gives [6]

1 _ ek
pe(t) = 3 [1 t ¢ cos(2g/ii + 11)} (9.37)

There is an average Rabi oscillation frequency under a Gaussian envelope. The
characteristic time for the collapse of the oscillation is thus

1
teol ™~ — (9.38)
8

A more accurate evaluation using the Laplace summation formulae shows that
the oscillations first revival at a time

27il/?

8
Thus a quasi periodic burst of Rabi oscillations occurs every n Rabi periods. The
collapse and revival has been seen experimentally using an atom excited to a Rydberg
ground state interacting with the microwave field in a superconducting cavity [6].
The results of the experiment are shown in Fig. 9.2.

~

(9.39)

trev

9.1.2 Spontaneous Emission from a Two-Level Atom

Spontaneous emission can also be treated using a master equation. In this case the
system is a two-level electronic system, with ground state |g) of energy Aw; and
excited state |e) with energy fuww;, representing an electric dipole transition, coupled to
the many modes of the radiation field in the dipole and rotating wave approximation.
The master equation is

dp i - _

o, = Pl DDlo-1p +ynDlolp (9.40)
where 7 is the thermal occupation of the radiation field mode at the atomic resonance
frequency w, = wy — wi. We have neglected a small term which gives rise to a shift
in the atomic transition frequency and which contributes to the Lamb shift. At optical
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Fig.9.2 a The experimental observation of collapse and revival of the oscillations in the occupation
of the excited state of a two-level atom interacting with a microwave field initially in a coherent
state with mean photon number 7 = 0.85. In b is the Fourier transform of the oscillations with the
Rabi frequencies 2, n = 0, 1, 2, 3 marked (from [7])

frequencies, n & 0. In the case of a free two-level atom, H = ﬁg“ o, the probability

to find the atom in the excited state, p.(t) = (e|p|e) satisfies the equation

dp.
dt

= —7Pe(t) (9.41)

with the solution p,(f) = p.(0)e™"", which describes spontaneous emission. The
dipole polarisation is proportional to the atomic coherence, (e|p|g) = (o—) which
obeys

iwa + —) (o) (9.42)
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with the solution
(o_(1)) = (o_(0))e” /2 Hiwa (9.43)

The dipole oscillates at the transition frequency and decays, as it radiates.

The radiated field is related to the input field and the local source through an
input/outputrelation in analogy with the case of a cavity discussed above. The positive
frequency components of the field operator takes the form

2

EDx. 1) = EPx 1) — —%a (u x f) x Xo_(t —r/c) (9.44)
! 4megcr r r

where r = |x| is the distance from the source to the point x and p is the atomic dipole
moment.

9.1.3 Phase Decay in a Two-Level System

Spontaneous emission is not the only irreversible process involved in the absorption
and emission of light. In an atomic vapour, atomic collisions are also a source of
decoherence and cause a decay of the atomic polarisation, o + ioy, without chang-
ing the decay of the inversion, o,. We can model this process by a coupling between
the inversion and a high temperature heat bath,

Heo = 0,0 (2) (9.45)

where I'.(¢) is a bath operator describing the collisions. This Hamiltonian commutes
with o, and thus does not contribute to the decay of the inversion. It appears like a
fluctuating detuning in the Bloch equations and thus will affect the atomic polari-
sation. The corresponding master equation, in the interaction picture and including
spontaneous emission, is

d
= 2Qopoi —orop—poio) —ylozlonpll  (946)

The Bloch equations now become

dio)

i Y{oz) + 1) (9.47)
di;") - (% + 7,,) () (9.48)
d{oy) g

- (5 + 7,,) (oy) (9.49)

In the presence of collisions the decay time for the polarisation, 7> = (v/2 + *yp)_l,
is no longer given by twice the decay time for the inversion, 77 = v~!, but rather
T, < 2T;.
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9.2 Resonance Fluorescence

If the atom is driven by a classical radiation field, the Hamiltonian is given by (9.30)
and replace b — [

hw , .
H= T"az + Qo e Ll 4 g_elwLt) (9.50)
where 2 = g[3 is the Rabi frequency and wy, is the carrier frequency of the driving
field. The master equation in an interaction picture at the frequency wy, is

dp (A ,
o= —ZE[JZ,[)] —iQloy +0o_, pl +vDlo_1p 9.51)

where the detuning is A = w, — wr. The resulting Bloch equations for the atomic
moments are linear

dlos) (v .
= (5 + zA) (o) +io2) (9.52)
d{o;) . 5
i (o) + 1) = 2iQ2((04) — (0-)) (9.53)
These inhomogeneous equations can be written as homogeneous equations as
d
E«U(t)) —(o)ss) = A(((o (1)) — (T)ss)) 9.54)
The steady state solution is
4AQ
(Ox)ss = 72 +47A2 1802 (9.55)
2vQ
= A s 030
2 2
+4A
O)es =~ rea e 9.57)

2+ 4A2 4802

The solutions for resonance (A = 0), with the atom initially in the ground state,
are [8]

_ 1 2 —3yt/4 3.

(o,(1)) = 772 [1 +Y“e cosh 0t + o sinh 6t (9.58)
P S { _y2,-30/4 3

(o)) = +i NAESE [1 Y<e cosh 6t + v sinh 0t (9.59)

ti2ye A <4l<5> sinh(51) . (9.60)
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where
220
y - 222 9.61)
v

and

1 2

§==]L _ 1602 (9.62)
2\ 4

bear in mind that this is in the interaction picture. Transforming back to the
Schrodinger picture we meed to multiply the solution for (o4 (7)) by e ™/,

Clearly there is a threshold at 2 = /8 below which the solutions monotonically
approach the steady state and above which they are oscillating. A similar threshold
occurs in the solutions for the two-time correlation function (o4 (#)o— (¢t + 7))t o0,
which determines the spectrum of the scattered light. The stationary spectrum, as
measured by a monochromatic detector at the point x is defined by [9].

1 x
S(x,w) = lim -~ / (EDx, HEP (x,t +1))dT, (9.63)
—0Q

the Fourier transform of the stationary two-time correlation function
(EC) (1) ED (¢ + 7)) which using (9.44) is given by

S _ IO(X) /OO —iwT
x,w) = dre G(1) (9.64)
27 J_ oo
where
W2 x x|
o) = | =0 (u x ;) x = (9.65)
and
G(r) = lim (04 (N0 (1 + 7)) = (740 () (9.66)
with
(04—t + 7)) = r[o—eTlp0)0 1] (9.67)
and
(47— D)5y = tt [0 pyy041] (9.68)

Here eLT[A] is the solution to the master equation starting with the initial condition
The equation of motion for G(7) couples in many other moments. If we define
the correlation matrix

(0404(T))ss (0—04(T))ss {T04(T))ss
G(1) = | (640-(T))ss (0—0—(T))ss {T0-(T))ss (9.69)
(040:(T))ss (0-0(T))ss (070,(T))ss
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Itis easy to verify that G(7) as a function of 7 obeys the same equations of motion
as (o (7)) — (0)ss,

d
5O _ 46 (9.70)
dr
This is the quantum regression theorem. The initial conditions are simplified due to
the algebra of the Pauli matrices, for example cyo_ = (0, + 1)/2 and ai =0, and

may thus be written in terms of the stationary solutions in (9.55-9.57). On resonance
we find that in the interaction picture at 2,

1 Y2 —~T1/2
G = J1 e 9.71)

1 y? 2 N

! _ _ sy L] —Grsa-orr
s TrT [1 Y24+ (1—57 )45]e 9.72)
I e v _
_ 1 —Y2—(1=5Y3-L | Gv4tor 7

+8(1—|—Y2)2[ =35 )45]6 ©-73)

where Y and § are given in (9.61, 9.62).

The corresponding spectrum has a single Lorentzian peak for weak driving fields,
4Q?* « 4?/16, In the Schrodinger picture the peak is at w = wg, so this is elastic
scattering. For very strong driving fields, €2 >> v we find that the spectrum acquires
three Lorentzian peaks at w = w, and w = w, % 2€2. This is the inelastic scattering
limit and the three peak structure is know as the Mollow triplet [10]. Note that the
weight of the central peak is twice as large as the side peaks.

The light scattered by a two-level atom also exhibits photon anti-bunching. Con-
sider the conditional probability that given a photon is counted at time ¢ another
photon will be counted a time 7 later. This is proportional to the second-order cor-
relation function

GP,7)=(a"®)a’(t + Tat + Da(?)) (9.74)

Usually we are interested in a stationary source so we let t — oo and we normalize
this by the intensity squared to define

G,
g(z)(T) = lim @.7)

A T 0am)? o7

Using the result in (9.44) we can express this directly in terms of correlation func-
tions for the atomic polarization. As the equations of motion for the atomic variables
are linear, the stationary correlation function (o4 (#)o_(t + 7T));— o 1S given by the
quantum regression theorem. We then find that

" 3y .
P =1—¢37/4 <cosh or + 4—2 sinh (57’) (9.76)
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Fig.9.3 The second order 2
correlation function of the
fluorescent light, given by

(10.74) versus delay time 7. L3
The solid line corresponds to
Q = 2.5, while the dashed glsz 1 S
line corresponds to Je .
€ = 0.25. In both cases )
— 0.5 7
v=1.0 o
Fd
s
2 4 6 8 10
T

The result g (7 = 0) = 0 indicates photon anti-bunching, as the probability to
count a second photon, immediately after a first one has been counted, vanishes.
This is a direct result of the emission process of the source. Photons are emitted
when an excited atom relaxes back to the ground state. If a photon is counted, the
atom is likely to be in the ground state and thus a finite time must elapse before it is
re-excited and capable of emitting another one. The probability to find the atom in
the excited state at time 7 given that it starts in the ground state at 7 = 0 is

4Q? 3y
Po(7) = ——— |1 —e377/* [ cosh 67 4+ == sinh § 9.77
e (T) N Tow |: e <cos T+ 15 Sinho7 9.77)

Comparison with Fig. 9.3 indicates this interpretation is correct. This prediction,
first made by Carmichael and Walls [11], was one of the earliest examples of how
quantum optics would differ from a semiclassical description of light. In Fig. 9.3 we
plot g (1) for two values of the Rabi frequency.

The first observation of photon anti-bunching was made by Kimble et al. in 1977
on atomic beams [12]. They saw a positive slope for g® (7) which is consistent with
the predictions of the theory, however fluctuations from atomic numbers in the beam
made a detailed comparison with the single atom result impossible. Ion traps (see
Chap. 12) provided a means to observe photon antibunching from a single atom.
In Fig. 9.4 we show the results of a measurement of the second order correlation
function performed on a single trapped mercury ion [14].

9.3 Cavity QED

We will now consider the case of a two-level atom interacting with the radiation
field in an optical cavity. The study of this system is often known as cavity quantum
electrodynamics (cavity QED). We are typically interested in the strong coupling
regime in which the single photon Rabi frequency, g (the coupling constant in the
Jaynes—Cummings model) is lager than both the spontaneous decay rate, -, of the
two-level emitter and the rate, x , at which photons are lost from the cavity.

The primary difficulty we face in cavity QED is finding a way to localise a single
two-level atom in the cavity mode for long time intervals. One approach, pioneered



168 9 Interaction of Radiation with Atoms

I ¥ LI ¥ L I ’ | T ¥ Ll - Ll LI | T T

2

Screunshot Time (“5}

Fig.9.4 The second order correlation function of the fluorescent light from a single mercury ion in
atrap versus delay, 7.a A = =237, QR =287.bA=—-1.17, R =7v.¢c A =—-0.5v, R = 0.6y
(from [14])

by Kimble [15], is to first trap and cool two-level atoms in a magneto-optical trap
(MOT) and then let them fall into a high finesse cavity placed directly below the
MOT. If the geometry is correctly arranged then at most one atom will slowly fall
through the cavity at a time.

The group of Haroche pioneered an approach using Rydberg atoms passing trans-
versely through a microwave cavity [16]. The success of this approach resulted
in Haroche being a joint recipient of the Nobel prize in physics in 2012. Other
approaches use constraining forces to trap a single atom in the optical cavity. This
can be done using the light shift forces of a far off resonant laser field on a two-level
atom [17,18], or it can be done using an ion trap scheme (see Chap. 12).

Consider the scheme in Fig. 9.5. The interaction Hamiltonian between a single
two-level atom at the point x in a Fabry-Perot cavity is given by

Hy = g(x)a'o_ + g"*(X)ao (9.78)
where
) 1/2
= ( H e ) U(x) = goU(x) 9.79)
80 = Speov = ‘

This is obtained from (9.17) with the traveling wave mode function replaced by
a cavity standing wave mode function, U (x). Here  is the dipole moment for the
two-level system and V is the cavity mode volume definedby V = f sin[U (x)]2d>x.
Let us consider the interaction between a single cavity mode and a two-level sys-
tem. For the present we neglect the spatial dependance of g(x). The master equation,
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Fig. 9.5 A cavity QED scheme: a single two-level dipole emitter is fixed at a particular location
inside a Fabry-Perot cavity. The dipole is strongly coupled to a single cavity mode, a, but can emit
photons at rate ~y into external modes. Photons are emitted from the end mirror of the cavity at rate
K

in the interaction picture, for a single two-level atom interacting with a single cavity
mode, at optical frequencies, is

d A
d_l: =—idla'a, ol — iz[oz, pl —ile*a + eal, pl —iglaos + a‘o_, ol

+ g(ZapaT — aTap - paTa) + %(20_p0+ —040_p—poro—) (9.80)

where e represents a classical coherent laser field driving the cavity mode at frequency
wr,, the detuning between the cavity field and the driving field is § = w, — wy,, and
A = w, —wy, is the detuning between the two-level system and the driving field.
From this equation we can derive equations for first order field/atom moments;

d;_‘t’) =~ (5+i0) (@) —ie—ig(o-) 9.81)
d{o_

<d"t ) __ (2+ia) (o) +iglac) (9.82)
d(o) . i

T = =2 (o) + 1) — g ((aoy) — (a'o) (9.83)

Looking at these equations we see that we do not get a closed set of equations for
the first order moments, for example the equation for (o_) is coupled to (ao;). A
number of procedures have been developed to deal with this. If there are many atoms
interacting with a single mode field, an expansion in the inverse atomic number can
be undertaken and we will describe this approach below. However a good idea of the
behaviour expected can be obtained simply by factorising all higher order moments.
This of course neglects quantum correlations and is thus not expected to be able to
give correct expressions for, say, the noise power spectrum of light emitted from
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the cavity. Nonetheless it is often a good place to start as it captures the underlying
dynamical structure of the problem. We thus define the semiclassical equations as

&= —ga —ie—igy (9.84)
. ¥y

V= —EV +igaz (9.85)
i= ig(a*v—av’) — % z+1) (9.86)

where the dot signifies differentiation with respect to time and

K+ 200 (9.87)
5= ~y+2iA (9.88)

The first thing to consider is the steady state solutions, o, zg, Vs wWhich are given
implicitly by

—1
n
= — |14+ ———mF" 9.89
’ [ n0(1+A%)i| ©-89)
—1
2i 201 +ig) ' A +ia)~!
Kk +n0(1+A§)
2ig
Vg = —— O (991)
o
where
n=|asl? (9.92)

is the steady state intra-cavity intensity and

26
p= — (9.93)
K
2A
A= — (9.94)
v
2
~y
= — 9.95
= g7 (9.95)
2g2
C= — (9.96)
Ky

The parameter n¢ sets the scale for the intracavity intensity to saturate the atomic
inversion and is known as the critical photon number. The parameter C is sometimes
defined in terms of the critical atomic number, No, as C = N, I
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Fig. 9.6 The intracavity intensity versus the driving intensity, as given implicitly by (9.99), for
various values of the detuning between the atom and the driving field. In all cases we assume the
driving is on resonance with the cavity sothat  =0and C =9.aA; =0,bA; =2,c A} =3

We can now determine how the steady state intracavity intensity depends on the
driving intensity. We first define the scaled driving intensity and intra-cavity intensity
by

4¢2

Ii= — (9.97)
K*ng

L= 2 (9.98)
no

The driving intensity and the intracavity intensity are then related by

2 2
2C 2CA,
L= |1+ ———) +|¢ - —5— (9.99)
( 1+A$+1c) ( 1+A%+1c)

The phase 6 of the steady state cavity field is shifted from the phase of the driving
field (here taken as real) where

¢ —2A1C/ (1 + A} + 1)
14+2C/(1+ AT+ 1)

tan Oy = (9.100)

Equation (9.99) is known as the bistability state equation, a name that makes sense
when we plot the intracavity intensity versus the driving intensity, see Fig. 9.6. It
can be shown that the steady state corresponding to those parts of the curve with
negative slope are unstable. Clearly there are regions for which two stable steady
states coexist for a given driving intensity.

Cavity QED requires that we are in the strong coupling limit in which gg > 7, k.
Furthermore a necessary condition for strong coupling is that (ng, No) < 1. In this
limit a single photon in the cavity can lead to significant dynamics. One way to
make go large is to use a very small mode volume V and a large dipole moment.
Thompson et al. [20] trapped a single rubidium atom in a photonic crystal waveguide
cavity. They achieved a Rabi frequency of several gigahertz. Typical parameters
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are 2g = 27 x 0.6 Ghz, k = 27w x 840 GHz and v = 27 x 0.006 GHz. If the Rabi
frequency begins to approach the atomic frequency we enter what is called the ultra-
strong coupling regime wherein the rotating wave approximation begins to fail and
the Jaynes-Cummings model breaks down [21].

9.3.1 Vacuum Rabi Splitting

With the ability to trap a single atom in the cavity and cool it to very low kinetic
energies, it becomes possible to measure the vacuum Rabi splitting. This is the
splitting energy, induced by the interaction in (9.30), of the degenerate states
|n = 0)|e), |n = 1)|g) where a’a|n) = n|n) is a photon number eigenstate for the
intracavity field. As we saw in Sect. 9.1.1 these states are split in energy by 2g. If g
is large enough an excited atom is likely to emit a single photon into the cavity mode
and periodically reabsorb and remit before the excitation is lost.

Bocaetal. [19] observed the vacuum Rabi splitting using a single Cs atom trapped
inside an optical Fabry-Perot cavity using a far off-resonance optical dipole trap. An
important breakthrough that enabled this experiment was the ability to cool the atom
using a Raman cooling scheme for motion of the atom along the cavity axis. The
inferred uncertainties in the axial and transverse position of the atom in the trap
were Azgy A~ 33nm and AZsrqns &~ 5.5 um. The two electronic levels used were
the 6512, F =4 — 6P3, F’ =5 transition of the D2 with a maximum single
photon Rabi frequency of 2gy/2m = 68 MHz. The transverse atomic decay rate is
~v/2m = 1.3 MHz and the cavity decay rate is x/2m = 2.05 MHz. Clearly this is in
the strong coupling regime.

A weak probe laser beam is incident on the cavity with a frequency w,, that can
be tuned through the atomic resonance frequency. The transmitted light is detected
at a photodetector and thus the transmission coefficient can be measured. The results
for six cases in which one atom was present in the cavity are shown in Fig. 9.7. Also
shown as a solid line is the theoretical prediction based on the steady state solution to
the master equation. The asymmetry of the peaks is due to the different Stark shifts
for the Zeeman sub-levels of the excited state and optical pumping.

Problems

9.1 Inthe Jaynes-Cummings model, show that if the atom begins in the ground state
and the field begins in the state, [¢) = Y, fu|n), the probability to find the atom in
the excited state at time # > 0 is given by

Pe(®) =) | ful® sin*(Q,-11) (9.101)

n=1



Problems 173

T(-‘*'p)

Fig.9.7 The results of a measurement of the vacuum Rabi splitting performed by the Caltech group.
Transmission spectrum for six randomly drawn atoms. Six different studies are shown, together with
a comparison to theory (solid line). The error bars reflect the statistical uncertainties in the number
of photocounts. From [19]

9.2 In the Jaynes—Cummings model, show that if the atom begins in the ground
state and the field starts in an arbitrary state, |¢) = D", fy|n), the state at time £ > 0
is the entangled state

W (@) = g (1))18) + e (D))]€) (9.102)

where

65(1) =D fucos(Quoit) s 1de()) =Y fusin(Qu_11) |6(0))

In the case of the field initially in a coherent state, plot the Q-functions for
[@g (1)), [@e(2)) at times equal to half way to the first revival and at the first revival.

9.3 In the Jaynes-Cummings model suppose we prepare the two-level system in the
state |g) and that the interaction with the field mode proceeds for a time 7 at which
point we make an arbitrarily accurate measurement of the atomic state. The resulting
conditional (un-normalized) state fog the field mode is |1~b<x)) = E(x)|¥(0)), where
x =g, eand E(x) = (x|e”0@r++a'0-)| 4 Show that

E(g) = cos(0Vaa®), E(e) = —ia'(aa")™"?*sin(0vaa®) . (9.103)
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If the field starts in a coherent state |«) show that the conditional states can approx-
imate cat-states.

9.4 A two-level atom driven by a thermal radiation field satisfies the master equation
(9.40). Show that the steady state of the atom is a thermal state with steady state
probabilities satisfying
Pe _ —hwa/ksT (9.104)
Dy

9.5 A two-level atom resonantly coupled to a cavity field via the Jaynes-Cummings
interaction, at zero temperature, is described by the master equation

d .
d_lt) =—ile*a+ea’, p] —iglac, +a'o_, p)

+ g(Zapa% — aTap - paTa) + g(Za_pm_ —040_p—poro_) (9.105)

Show that, in the limit that the cavity damping rate is much greater than the sponta-
neous emission rate, the effective master equation for the atom is

Tl —iglagoy +ago—, pl + 5(20—P0+ —040_p—poio_) (9.106)

where o« = —2ie/k and I' = v + 4g%/k.
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Quantum Theory of the Laser 1 0

Abstract

The quantum theory of the laser was developed in the 1960s principally by the
groups associated with H. Haken, W.E. Lamb and M. Lax. Haken and Lax indepen-
dently developed sophisticated techniques to convert operator master equations
into c-number Fokker—Planck equations or equivalent Langevin equations. In this
chapter we shall follow the approach of Scully and Lamb to compute photon
statistics and the linewidth of the laser. In the Scully-Lamb treatment the pump-
ing is modelled by the injection of a sequence of inverted atoms into the laser
cavity. In a usual laser, with a thermal pumping mechanism, a Poisson distributed
sequence of inverted atoms is assumed. Introduction of a Bernoulli distribution
enables a more general class of pumping mechanisms to be considered, including
the case of the regularly pumped laser.

10.1 Master Equation

A single mode cavity field is excited by a sequence of atoms injected into the cavity.
Let #; be the arrival time of the atom i in the cavity and t the time spent by each atom
in the cavity. The change in the density operator for the field due to the interaction
with the ith atom may be represented by

p(ti + 1) =P(1)p ). (10.1)

The explicit form of P(r) depends on the particular atomic system used in the
excitation process. The model we will employ is indicated in Fig. 10.1.

Of the four levels, only levels |1) and |2) are coupled to the intracavity field, which
thus are referred to as the lasing levels. Each of these levels may then decay. Level
|1) decays to level |3) at a rate y; while level |2) decays to level |4) at a rate y».

We will assume that these decay rates are very much greater than the spontaneous
decay rate of level |2) to level |1), and thus we neglect spontaneous emission in the
lasing levels. Each atom is prepared in the excited state |2) prior to interaction with
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Fig.10.1 Schematic
representation of the l2 )
four-level atomic model of a
laser. Only levels 1 and 2 are
coupled to the laser field ’Y

[1D— 2

14>
Y]

13>

the cavity field. In the usual laser system the lifetimes yl_l and yz_l are much shorter
than the time t spent by each atom in the cavity. This means that each atom rapidly
attains a steady state in passing through the cavity and the pump operation P(7) is
effectively independent of the time 7. The effect of a single atom on the state of the
field may then be written as

p'=Po, (10.2)

where we have dropped the time dependence in p for simplicity, the prime serving
to indicate the state of the field after the passage of a single atom through the cavity.
We may represent the initial state of the field quite generally as

p=Y_ Pum(O)n)iml. (10.3)

n,m=0

In Appendix A.10, we solve the master equation for the system over the time t under
the assumptions discussed above. The result is

p = Z Pnm(0) (Apm|n)(m| + Bum|n + 1) (m + 1)), (10.4)

n,m=0

where the explicit expressions for A, B, are given in the appendix.

We now assume that each atom contributes independently to the field. (This
assumption remains valid even if there is more than one atom in the cavity at any
time, provided that they are sufficiently dilute.) Thus, if k atoms are passed through
the cavity from time O to time ¢ the field density operator at time ¢ is given by

p(t) =P p(0). (10.5)
More generally, however, not all atoms entering the cavity are prepared in the

excited state. Let the probability for an excited atom to enter the cavity between
t and t + At be rAt, r being the average injection rate. This defines a Poisson
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excitation process. Thus the field at time ¢ + Af is made up of a mixture of states
corresponding to atomic excitation and no atomic excitation, thus

ot + At) =rAtPp(t) + (1 —rAr)p(2). (10.6)

In the limit At — O we have

d
Z 5’) — rlUp(1) (10.7)
where
U=P 1. (10.8)

We must now include the decay of the cavity field through the end mirrors. This
is modelled in the usual way by coupling the field to a zero temperature heat bath.
Thus the total master equation for the field density operator is

d . .
d_/t) =rUp+ gQapa’ —a'ap — pa’a), (10.9)

where « is the cavity decay rate. This is the Scully-Lamb laser master equation [3].

In the special case that y; = y» = y the matrix elements of U in the number basis
are greatly simplified. In this case the master equation in the number basis may be
written as

d Pum A/ nm
=G e 10.10
dr (1 T (n + m)/2n, Pn—1,m—1 ( )
(m4n+2)/24@m— n)2/8n;
1+ (n+m +2)/2n o

+ g[zx/m F )01+ Dpugtmst — (1 + m)pum].

where
r
G = 10.11
s ( )
and
2
14
ng = @ (10.12)

where g is the coupling strength between the cavity and the levels 1 and 2. We have
neglected terms o 7 2 in the denominators of the first two coefficients.
The master equation (10.10) can be written in the form [4]

p = GnyDla" (Ala" + ns)_l 0+ «kDlalp (10.13)
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where the super-operators are defined by

1

D[Blp = BpB" — 5(ATAp + pATA) (10.14)
1

AlBlp = E(BTB,o +pB'B) (10.15)

and G is the small signal gain, n; is the saturation photon number and « is the cavity
decay rate. The inverse superoperator can be represented as

0 N
(L?([aT]ans)_1 :/ dBePlaa’+n)/2 5 —Blaa’+ns)/2 (10.16)
0

which describes the incoherent pumping process that leads to saturation of the ampli-
fication. The first term in (10.13) represents gain, that is to say, the injection of energy
into the cavity field, while the second term represents photon loss through the cavity
mirrors. We have also assumed operation at optical frequencies to ignore thermal
photons entering the cavity. Any noise necessarily arises from quantum fluctuations
not thermal fluctuations.

The photon number distribution obeys the equation

dpy _ ( n+1 n

B - 1)+ Kkm+1 - _

dt 1 + (l’l + 1)/1% Pn 1 + (I’l/ns)p” l) K(n )pn-H Knpp
(10.17)

If we expand the denominators in (10.17) to first-order an approximate equation

for the mean photon number may be obtained, namely

dii G
D G- L@ +2i+1)+6G. (10.18)
dt ng

If G > « there will be an initial exponential increase in the mean photon number.
Thus G = « is the threshold condition for the laser.

The steady state photon number distribution may be deduced directly from
(10.17), using the condition of detailed balance. It may be written in the form

(Gng )" *"s
P =N—" 10.19
n (n + ny)! ( )

where N is a normalisation constant. Below threshold (G < «) this distribution may
be approximated by a chaotic (thermal) distribution with the meann = G/(k — G)
(Exercise 10.1). Above threshold (G > «) the mean and variance are given, to a good
approximation, by (Exercise 10.2),
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= n
1 2 3 4 5

Fig.10.2 The steady state photon number distribution of a laser operating above and below thresh-
old.Ina G/k =5.0,inb G/k = 0.25. In both cases ng =2

i =n, <9 - 1) , (10.20)
K
V(n) =it + ny. (10.21)

Well above threshold 2 >> ng and thus V (n) ~ n, indicating an approach to Poisson
statistics. We can write the steady state density operator as

X ~n

pss =Y " e ny(n] = fh d—¢|\/ﬁe"¢><\/ﬁe"¢| (10.22)
AN ~ n! O 27[ .

In Fig. 10.2 we show the exact photon number distribution for below and above
threshold. The transition from power law to the Poisson distribution is quite evident.
Photon counting experiments by Arecchi [6], Johnson et al. [7], and Morgan and
Mandel [10], demonstrated that the photon statistics of a laser well above threshold,
approaches a Poisson distribution. In Fig. 10.3 we present the results of photon
counting measurements by Arecchi on both thermal and laser light. A comparison
of the experimental data with the thermal and Poisson distributions is also shown.
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Fig. 10.3 Experimental results for the steady state photon number distribution for a thermal (i.e.,
Gaussian) light source and a laser operator above threshold. The laser exhibits Poissonian photon
number statistics [5]

10.1.1 Laser Linewidth

First we will consider an equivalent classical model. This can be found by computing
the dynamics of the average field o (¢) = tr(ap(¢)). Substituting this into the mas-
ter equation and factorising moments (equivalent to neglecting quantum noise) the
semiclassical dynamics (in the lab frame) is given by

G
& = —iva — = (1 - %) (10.23)
2 K (|| +ny)

Well above threshold this is similar to the van der Pol oscillator in a rotating frame.
There are two fixed points ap = 0 and |Ol()|2 = (G — 1)ng/k = w. The second solu-
tion is the above threshold limit-cycle solution with a frequency of w.

In oder to include the quantum noise we can convert the interaction picture master
equation to an equivalent Fokker-Planck equation in the P representation [8] from
which we can deduce the Ito stochastic differential equations (in the interaction
picture). The Fokker-Planck equation is

3 G/k 92
— 1l—-— c|P+G P 10.24
[K“ < 1+ |a|2/ns> te C] O (10.24)

Ko < Gny

G=— (1 ——
K (l|? + ny)

> ) +I'(t) (10.25)
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where the Weiner noise term is

dT(1)? =dT*(1)*> =0 (10.26)
dT (t)dT*(t) = Gdt (10.27)
and N is the number of atoms.

Define o = re!?. Using the Tto rules we then find that these obey the stochastic
differential equations

dr = —% (1 _ % + %) dt +dT, (1) (10.28)
dp = %dl"(p(t) (10.29)
where
dU,(1)? = dTy(1)* = %dr (10.30)
dT,(1)dTy(1) =0 (10.31)

Note that the noise in the phase variable is inversely proportional to the size of the
limit cycle. This is typical of how noise enters limit cycles [9]. We can linearise the
phase noise by evaluating it on the limit cycle rg =n.

d¢ = —iwdt + 2TdW (10.32)
where
G
r=— (10.33)
8n

We see that the phase diffusion rate decreases as the mean photon number increases.
As the rate of energy dissipated from the laser cavity is kn we conclude that the
phase diffusion rate decreases as the rate of energy dissipation increases. This has
important consequences for clock design.

The phase diffusion means that the period (7)) on the limit cycle is a random
variable, where T is defined as the time taken for the phase to change by 2. This is
a first passage time problem as each period is an independent random variable. The
distribution of periods is given by the inverse Gaussian distribution [9]

W(T,a, ) = > - (T—-a)?| >0 (10.34)
, o, o exp 2T o > 0. .

where o, A are positive real parameters (A is called the spread parameter). The mean
and variance are

T = (10.35)

o
053
AT? = " (10.36)
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In the laser we find that

—  2m
T =" (10.37)

w

3 8
AT* = To? (10.38)

Clearly the laser above threshold is a noisy clock. A quality measure of this clock
can be defined as

Tz
AT?
In this case we see that
N =rmw/2T) (10.40)

The performance of the clock gets better as the line width gets smaller, that is to say,
the further the laser is above threshold. It also indicates that the clock gets better the
more power is dissipated.

Well above threshold the laser produces Poisson photon statistics. A coherent
state has the same photon statistics, and this suggests that well above threshold the
laser might be producing a coherent state. This is not the case. While the intensity of
the laser is stabilized with a Poissonian distribution the phase of the laser undergoes
a diffusion process. We previously saw that the coherent amplitude undergoes phase
diffusion at a rate that decreases as the limit cycle increases. Can we see this directly
from the master equation?

We first consider the dynamics of the mean amplitude (a(z)) for a laser well
above threshold. Care must be take as there are two different time scales involved;
relaxation onto the limit cycle and a slower phase diffusion on the limit cycle.

The effect of this phase diffusion is to cause a decay in the mean amplitude of the
laser field, as the phase becomes uniformly distributed over 2. The mean amplitude
is defined by

o0
(a@) =Y n"?pyn1(0). (10.41)
n=0
Using (10.13) we find
d{a) G i 1/4ns + 1 i <@ (10.42)
_— = = —_—- n 1] - — R
di 2 &1t @ut /2, Y T2

Assuming the laser operates well above threshold we can replace n by n in the
denominator of each coefficient. Then as nn > n;

dla)y G

= _ﬁ(w' (10.43)
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The rate of amplitude decay I is thus a direct measure of the phase diffusion rate.
We now show that I" is the measured laser linewidth. In oder to do this we consider
heterodyne detection of the field emitted from the laser cavity.

We now turn to the noise power spectrum. The key quantity is the two-time
correlation function

GV (1) = ktr[a’ et apys] (10.44)
Using the quantum regression theorem we expect that

GWV(r) = kel (10.45)

where y = %
The noise power spectrum is the Fourier transform of this

Kn y

P =——"Fr"—""— 10.46
() 21 Y2 + (0 — Q)2 ( )
where the line width is
G
y =— (10.47)
8n

a Lorentzian. Thus the line width of the laser, well above threshold, is inversely
proportional to the intensity of the laser and gets smaller as the power dissipation
increases.

Problems

10.1 The van der Pol (VdP) oscillator model was introduced to explain limit cycles
(sometimes called relaxation oscillations) in electronic circuits. The equations of
motion are

xX=y,

y=e(l—x})y—x+a.
The original model set a = 0. If a # 0 it is called the driven VdP oscillator. when
€ = 0 this describes an undamped harmonic oscillator. When € # 0 it describes non
linear damping for x> > 1 and non linear gain when x2 < 1.

Use a coding environment of your choice to simulate the dynamics of this system
and investigate the fixed points and limit cycles as a function of €, a.

10.2 This problem refers to the photon number statistics of the laser, see (10.17)

(a) Show that the steady state solution is

s _ /V(Gns/’()n-i_n'Y
n
(n + ng)!
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(b) Below threshold G < « show that this can be approximated by

ss 1 7 \" G
R <K
L e
(c) Show that this is analogous to a thermal distribution with mean photon number
given by

G
k—G
(d) Show that well above threshold, G >> «, the steady state distribution is Poisson
with mean n = Gng/k

n=

10.3 A semiclassical model for a laser is given in terms of the complex amplitude
of the field in the rotating frame. «(z)

. KOl< Gng )
iy (§ I -
2 K (Jee]? + ny)

Show that are two fixed points ¢g = 0 and |« |2 G (ns — 1)/k and investigate their
stability. This is done by using a linear approximation for the dynamics near each
fixed point and calculating the eigenvalues of the corresponding matrix. The second
solution is the above threshold limit-cycle solution.

Appendix 10.1: Derivation of the Single-Atom Increment

Consider a single multilevel atom (Fig. 10.1) prepared in the state |2). Level |1) is
damped at the rate y; to level |3) and level |2) is damped at the rate y» to level |4).
Only levels |1) and |2) interact with the cavity field. The master equation describing
the dynamics of this system is

igla'o, +aoty, p]

4! -+ + - + -
+ 5 ) (20130015 — 030130 — Po5073)
2 - _
+ = > (2024,0024 05024,0 — pazf‘om) . (10.48)
Define the operation
= et - 4
Jp = V10130013 + ¥205,4P004, (10.49)

and the rate operator

R = ylof;al} + )/202202;
=y 1) (1l +»212) (2. (10.50)
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The formal solution to the master equation is

t
p(1) = S)p(0) +/0 dty §(r —11)J §(11)p(0)

t t
+f dt / 1 dty S(t —t1))JS(t; — ) JS()p0) +-- -, (10.51)
0 0
where
St)p = B@t)pB' @), (10.52)
with
B(t) = exp[—ig(a’op, +aoy) — yit 1) (1] — yat [2) 2]] . (10.53)

Assume the initial state

p0) =12) 2| ® pr(0) = Z Pnm (0) |1, 2) (m, 2], (10.54)

n,m=0
where

n,2) =In)r ®2). (10.55)

After the action of J, the atom is in a mixture of the states |3) and |4) and is
decoupled from the field. The series truncates at first order.
Use the eigenstates of the free Hamiltonian:

1

) = 52+t 1), (10.56)
|n, —) = %(m, 2) —|n+1,1)), (10.57)

to show

S)(In,2) (m, 2]) = (¢ @) In, +) + ¢, (@) In, =) ) (dm, +] e (1) + (m, —| c;,* (1)),
(10.58)

where

—je v+t/2
22AQ )
+ [iQ(n)(l +A) - y—‘] e*fm(")f} , (10.59)

2

—jev+t/2

T 22AQW0)
. _ _Y=1 —iaqm
+[ DIONEINEES ]e } (10.60)

af) = [—iQ(n)(l — A+ ”7‘] AR

N 0) {[isz(n)(l YA+ 7/7‘] oA



188 10 Quantum Theory of the Laser

with
1
Ve = 5()/1 * ), (10.61)
2 1/2
A=[1--22 (10.62)
4Q (n)? ’ :
Q@) =gvn+ 1. (10.63)

Assume y1 2f > 1 so that the first term in the expansion can be neglected. Then
trace over atomic states:

Tra (JS(t) |n,2) (m,2|) = % In) (m| [c;f (1) + ¢ O] [eh () + ¢, ()]

+ % n+ 1) (m + 1 [ () — ¢y 0] [e: 0 — (0]

(10.64)
Thus, in steady state, the single-atom increment is
o
o= Z Pnm(0) (Apm [0} (m| + By n + 1) (m + 1]), (10.65)
n,m=0
with
A = 2 0Od;[+(z)+—z) (1) 4 o ()" 10.66
m= | dt]e e O] [ + ¢, 7] (10.66)
Bum = 1 Oodt[*t “O|[ct@)* — ¢, 0)* 10.67
m=5 | or @) —c, O] [eh O — ¢, ] (10.67)
We require Tr(p) = 1, so A, + By, = 1. Diagonal elements are
4Qn)> +2
A = <£> 12w+ 2mye (10.68)
2yy ) 4Qn)* + iy
V2 4Q(n)?
Bp,=1-A,,={—)—F5——. 10.69
" " <2V+) 4Q(n)? + vy ( )
To compute the change in the state, write
o =0+U)p=Pp. (10.70)
The diagonal elements of U p are
(}’l| UIO |n) = —dAap+41Pn + an Pn+1, (1071)

where

any1 = Ap—1. (10.72)
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Quantum Optics at Microwave 1 1
Frequencies

Abstract

In this chapter we discuss cavity quantum electrodynamics for microwave pho-
tons. As there is a significant population of thermal photons at microwave frequen-
cies, these experiments require significant cooling. We describe two approaches;
(a) using Rydberg atoms in high finesse three dimensional microwave cavities
and (b) superconducting circuits. The latter approach is called circuit quantum
electrodynamics.

11.1 Microwave Quantum Optics Using Rydberg Atoms

Haroche pioneered an approach to cavity QED using circular Rydberg atoms with
dipole transitions in the microwave regime (~51 GHz) coupled to superconducting
microwave Fabry—Perot cavities [1]. A circular Rydberg atom is an atom in an excited
state with a high principal quantum number (typically n ~ 50). The Bohr radius of
such an excited state is very large with a diameter of 0.25 wm. These states have
very long lifetimes (~30ms). Likewise the cavity has a very narrow line-width
(«~! ~ 130 ms). The atoms are not trapped inside the cavity, but enter the cavity one
at a time from a laser-cooled atomic beam. Typically, the vacuum Rabi frequency is
/2w = 50 kHz. The scheme is shown in Fig. 11.1.

Unlike trapped atom experiments, in these experiments the atom sees a time
dependent electric field as it samples the spatial mode function of a single cavity
mode. In effect the interaction is turned on and off when the atom enters and exits
the cavity. If the two-level transition frequency is close to the cavity frequency we
can use an interaction Hamiltonian of the Jaynes-Cummings form,

hawg hg (1)

H(t) = hwea'a + S0 — i —(opa - o_a) (11.1)
where
2,2
g(t) = goe MY (11.2)
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o ——
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O R, C R, T
D

Fig.11.1 The Rubidium atoms, with pre-selected velocities, are prepared in the circular level with
principal quantum number 50 by excitation in O. This is the ground state. The atomic internal state
is subject to a resonant classical microwave (Ramsey) pulse in R inducing the transition |g) — |e)
where |e) is a Rydberg state with n = 51. This dipole then interacts with the microwave field in C.
A second Ramsey pulse is applied at R, and the atom is measured by state-selective field-ionization
at D

where x is a transverse displacement from the cavity axis at x = 0 and the atomic
velocity is v, w determines the beam waist and u is a numerical factor.

If the atom and cavity are on resonance w, = w, the dynamics are given by the
unitary transformation

Q1 i
U(t;) = e 2 (0+a—0-a’) (11.3)

where the effective Rabi frequency is

1[4
Q= —/ g(thdt (11.4)
i Jo

If the atom starts in the ground state and the cavity is in the vacuum state we find the
total state at time 7 is

[W,(t;)) = cos(S2t;/2)|e, 0) 4 sin(L2t; /2)|g, 1) (11.5)

We can thus interpret Q2 as the vacuum Rabi frequency. This can be measured by
making an atomic state measurement on the atom after it leaves the cavity. The prob-
ability to find the atom in the excited state is %(l + cos 2t;) and this can be sampled
for various interaction times to determine 2. In a typical experiment /2w = 47
kHz, see Fig. 11.2. The form of (11.5) indicates that the atom is entangled with the
state of the field in the cavity. This lasts as long as the photon remains in the cavity,
around 5 pms [2].

In the case that Qf; = 7w /2—known as a 7 /2 Rabi pulse—the state at the end of
the pulse is

L
V2

This is the + eigenstate of the Pauli operator oy. This is a pure entangled state
between atom and field. If we trace out the field state, the atom is in the totally mixed
state. In the case that Qf; = 7 the state at the end of the pulse is

|We(/2)) = —=(le, 0) + [g, 1)) (11.6)

[We(m)) = lg. 1) (1L.7)
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The atom has prepared the cavity in a single photon state. If the atom was prepared
in an arbitrary superposition state, cg|g) + c.|e), after a w pulse we see that the field
is prepared in the pure state ¢) = c¢|0) + c.|1). This is not a Fock state. In fact, it
has a weak coherent amplitude as (¢|a|p) = cecz.

In order to treat arbitrary cavity field states we can use the dressed states to
diagonalise the Hamiltonian (see Sect. 9.1.1). Foe example if the field is in a weak
coherent state and the atom is prepared in the excited state, the probability to find
the atom in the excited state at time 7 is

1 > 2
P, = sl 37 [0 1 | cos@um 1T (11.8)
2 n!

n=0

11.1.1 Dispersive Interaction

The Jaynes-Cummings interaction results in the exchange of energy between the atom
and the cavity. Another kind of important interaction, the dispersive interaction, does
not resultin energy exchange. This can arise if the atom and cavity frequencies are far
from resonance. The starting point is the interaction Hamiltonian in the interaction
picture

hg(t ; .
H=—i g2( )(a+ae*'m —o_a'el™ (11.9)
where A = w, — w,. The unitary time evolution operator satisfies

U(t) = %(@ae*im —o_a' U @) (11.10)

The solution can be written in a recursive form

(2 iAt N /
U(t)=1+/ dt’T(G+ae_’ " —o_a'e Ut (11.11)
0
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Nesting the function and truncating to second order we find that

li t' A
U@i) =1 —l—/ dt'#(mrae_lm —
0

t; t t/ . , L ,
+/ dt’/ a’t"—g(z )(O'+a€_lAt —o_a'eh)
0 0

t”’ A
g( )(G+ae—1At

o_a’eld (11.12)

. "
X —o_a'et)

We now assume that A > 2 as defined in (11.4). Then we can neglect the first term.
Intuitively we expect the oscillations to be fast compared to the variation of g that
this term averages to zero on the time scale of interest. The second term is dominated
by

1 tl t/ o+ s ’ n" £ ] ’ "
1 / dt// di"g(1"g (1" (oyo_aa’e A —o_o atae AT
0 0

This is approximately —i x (04.0_aa’ — o_oa'a) where

_ L dt'g(t)? ~ o (11.13)
X=an ), Y T A '
Then the effective Hamiltonian is
Hyis = hxoa'a (11.14)

where we have neglected a small atomic frequency shift ~ y. We call this the disper-
sive interaction Hamiltonian. Clearly this does not result in energy exchange between
the field and the atom.

The dispersive interaction can be used to implement Ramsey interferometry [3].
In this case we inject weak coherent fields into resonant cavities Rp, Ry in Fig.
11.1 to implement a /2 rotation about the y—axis on the Bloch sphere. An atom
entering in the ground state entering in the ground state from O is prepared in the +
eigenstate of o,. After the atom interacts dispersively with the central cavity it then
again undergoes a resonant — /2 pulse prior to being read out in the energy basis.
This is the inverse of the first /2 transformation. The overall effect on an atom
entering in the ground state is equivalent to the unitary generated by the effective
Hamiltonian

H.rp = —hyowa'a (11.15)

Using this technique cat states of the microwave field can be created. If the central
cavity si prepared in a weak coherent state and an atom enters from O in the ground
state, the output state after R, is the state

W) = 058 gy |0y — (|4 |ae K1) 4 | =) |areTiX 11.16
W) 1g) o) ﬁ(| ) )+ =) ) ( )
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where |+) = (|g) & |g))/+/2. If the atom is measured and found to be in state |g)
the conditional state of the field is

) = (™) + lae 7 .7

If xt; = & this is an even parity cat state (see Sect. 1.7). If the atom is found in the
excited state, the conditional state of the field is the odd cat state.

11.2 Circuit QED

A very different approach to microwave quantum optics is based on superconducting
coplanar microwave cavities [4]. The dipole emitter in this case is a single supercon-
ducting metallic island separated by tunnel junctions from a Cooper pair reservoir.
Under appropriate conditions it is possible for the charge on the island to be restricted
to at most a single Cooper pair. This Cooper pair tunnelling on and off the island con-
stitutes a single large electric dipole system. A possible experimental implementation
is shown in Fig. 11.3.

In the figure, an oscillating current in the central conductor produces an oscil-
lating electric field between the central conductor and two ground planes on either
side. The magnetic field lines wrap around the central conductor. The gaps at the
end of the central conductor define a microwave resonator and act as an effective
capacitive coupling between the resonator and the transmission lines on either side.
The quantisation of this system is done using collective circuit variables describing
an equivalent circuit [4]. See Fig. 11.3. The transmission lines act as dissipative
reservoirs for the microwave resonator [5].

The Hamiltonian for this circuit is

H=d24 02+ (- 0,7~ E *é (11.18)
= — — — (0 — —Ejcos| — .
2L 2Ck 20, ! ! no !

where E; = % and Iy is the critical junction current, and L = L1 + L,

1 1 1
o + . (11.19)
CE Cl “rCin C2+Cout

Iy ®;
o— l-| —o

I N o €1 Qs € Qu

| o | . '|'
— I

Fig. 11.3 Left: A co-planar microwave resonator is coupled to a Cooper pair box electric dipole.
Right: equivalent circuit
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The collective quantum degrees of freedom are: Q, Q J are defined by

0=cC d&>+c dd, (11.20)
T E= '
. dd dd,

= Cp— +(Cp+CH—~ 11.21
Qy E +(Ce+Cy) T ( )

with & = Ci>1 + <i>2. The canonical commutation relations are

[, 01=ih (11.22)
[®;,0,1=ih (11.23)

The term proportional to (0 — 0)? is the quadratic coupling between the two
degrees of freedom.

We introduce a charge basis via the number operator N defined by N = eQ J that
describes the number of excess Cooper pairs on the Cooper pair island,

N= )" NIN}N| (11.24)

The canonical commutation relations then imply
2eci> 1§:|N)(N 1+ [N — 1){N]| (11.25)
cos | — == - — .
)T 2e

To begin with we will assume that there is a classical DC bias gate acting on the
junction and ignore the circuit degrees of freedom in the resonator. The Hamiltonian
for the junction is

. of
H, = 4E.(N, — N)? — 7§:|1\1><1\/—1|+|N— 1)(N] (11.26)

where E. = ﬁicg), the bias voltage on the junction is V, = 2eN,/C, and C,
is the total capacitance of the junction with respect to ground. The energy levels
can be changed by changing N,. When N, = N + 1/2 the levels withn = N, n =
N + 1 are degenerate (with energy Ec) when E; = 0. This value of Ny is called the
degeneracy point. When E; # O this degeneracy is lifted. In Fig. 11.4 we plot the
lowest few energy eigenvalues (11.26) for N, = 5/2. Note that the two-lowest levels
are well separated from the next excited state. If field in the microwave resonator has
a frequency close to the splitting of the two lowest levels we can approximate the
dipole with only these two levels: a kind of engineered artificial atom.
We can then write H, as

E
H, = 2E.G, — 7’0} (11.27)
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E;
where in the number basis o, = |[N + 1)(N + 1| — [N){(N|, ox = |N + 1)(N| +
IN)(N + 1].

We introduce annihilation and creation operators as follows.

A . JhwL

=i = (a—ah) (11.28)
0= hwe#(aﬂﬂ') (11.29)

where w, = (LCg)~'/2. In a typical experiment this is w./27 ~ 8 Ghz. The zero

point rms electric field is ,/ %)2 In a typical experiment this is about ~1 wV [4].

Superconducting circuits necessarily use low temperature systems to reach the super-
conducting transition. However it is important to understand that much colder tem-
peratures are required. This is because the thermal occupation of microwave field
modes at room temperature is very high. In order to reach a quantum optical regime
we need hw, > kpT. At Ghz frequencies this requires temperatures in the tens to
hundreds of millikelvin; dilution fridge temperatures.

Using the two-level approximation for the junction, the full circuit Hamiltonian
in (11.18) can be written in the charge basis as

H = hweca'a + Hy — hg(a +a")d, (11.30)

where

e ha)CCE
2C, 2

g= (11.31)
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We next make a change of basis to the two eigenstates of Hg, using o = U T6,U
for each Pauli matrix. This is a rotation around the y axis on the Bloch sphere, Then

how
H = hoeata + Tjoz — hi(a+a")(uo, + voy) (11.32)
where
Ej
wy =2Ec. |1+ 11.33
J c 1652 ( )

where w, v are direction cosines. In the case of a transmon device E;/E is large
adn we can approximate the Hamiltonian as

H = hwa a—}—%a —f(a+a')ox (11.34)

If we are in the weak coupling regime g is much less than the line-width of
the resonator, and the spontaneous emission rate of the two level system, we can
make the rotating wave approximation and use the Jaynes-Cummings Hamiltonian.
The Rabi frequency is then €2 = g. In typical experiments in this coupling regime
Q/2m ~ 200 MHz. However it is quite possible to engineer devices to be in a ultra-
strong coupling regime for which g ~ wy. This is very difficult to achieve in atom
physics.

The form of the interaction in (11.34) suggests a Jahn-Teller model [7]. The
interaction has a parity symmetry with respect to the unitary transformation U =
exp[m(a a + o;)]. It exhibits a kind of quantum phase transition as the parameter

A= j—lS varied. At A = 1/+/3. Above this threshold the energy eigenstates are
entangled. The ground state, and first excited state, can be approximated by

leo) = [|+> ® lp4) + |1-) ® lo-)] (11.35)

ler) =

- 6l

[|+) ®lp+) — =) ® lp-)] (11.36)

where o, |£) = £|%) and |¢+) are oscillator coherent states given by the displace-
ment operator as,

6s) = D (i 8 )|o>. (1137)
2w,

11.2.1 Measurement in Circuit QED

We now turn to the role of quantum measurement noise in superconducting quantum
circuits using a dispersive coupling [8]. The experiment we describe is based on a
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Fig.11.5 The experimental dispersive scheme for a transmon quantum oscillator by [8]. A transmon
two level system is dispersively coupled to a superconducting microwave cavity, and the cavity
and qubit are driven coherently. The output field is directed to a heterodyne detector (Josephson
parametric amplifier) that produces the clock signal for counting

superconducting quantum circuit driven by a microwave source containing a trans-
mon TLS, see Fig. 11.5. We will describe a measurement of the state of the TLS in the
energy basis. This is done by dispersively coupling the transmon to a superconduct-
ing microwave cavity. When the cavity and qubit are driven coherently the phase of
the coherent field is periodically modulated and this modulation may be monitored
by subjecting the output field of the resonator to a heterodyne measurement.

In this case the stochastic master equation is

dpe = —iEla +a', p.ldt — iQ[oy, peldt (11.38)
—i)([aTaUZ, peldt + yDlo_]p. + kDlalpedt + /nxH[alp.dW (t).

where y is the dispersive coupling, y is qubit spontaneous decay rate, « is the cavity
damping rate, and 7 is the homodyne detector efficiency efficiency. The final term
proportional to the Wiener noise increment reflects the state updating required for
conditional dynamics. We will assume that the readout cavity is rapidly damped so
that it responds quickly to the dynamics of the TLS. This means it can be adiabatically
eliminated. The conditional master equation for the reduced state of the qubit (o)
becomes,

dps = —ilHy, poldt + yDlo_lpsdt + TDlo;1psdt — NTHIo;1psdW (7). (11.39)

Here H, = Qo, + Ao, and

r 2

— =4 <£> no measurement dephasing rate (11.40)
K K

A X . .

— = <—) no effective Stark shift (11.41)
K K

n = |ag|> = 4|E|?/k. Note that I" can be changed by varying E.
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Fig.11.6 The unconditional dynamics for (o) for over-damped (left) and under-damped (right)

As we are dealing with a two level system the dynamics can be described in terms
of the Bloch sphere conditional dynamics.

dX = =2AYdt — y Xdt
dY =2AXdt —2QZdt — ypYdt

dZ =2QYdt — y(1 + Z)dt — 2T (1 — Z2)dW

where X = (oy). etc, and y» = y /2 + 2T is the transverse decay rate of the con-
ditional polarization. In the experiment the spontaneous emission rate, y < 1, so
yr & 2T.

The unconditional dynamics is obtained by averaging over the noise. dW = 0.
There are two regimes, under-damped for which Q > I'/2 and over-damped for
which @2 < I'/2. The unconditional average for Z is shown in Fig. 11.6. The condi-
tional dynamics corresponding to each of these regimes are shown in Fig. 11.7. In
both cases, the noise is quantum not thermal. It arises from measurement back-action
itself. There is a transition from a diffusive under-damped conditional dynamics to
a jump conditional dynamics in the over-damped regime. This is a partical manifes-
tation of the quantum Zeno effect. It occurs when the rate of information extracted
by the measurement is so strong that it overwhelms the coherent periodic dynamics.
In Fig. 11.8 we show the homodyne signal in the quantum jumps regime for the
experiment of [8].

11.3 Circuit Non Linear Optics

There are many experiments that exploit the highly non linear microwave suscep-
tibility of a supercodncuting device in a resonator. Much large Kerr non linearities
are possible then one can achieve in non liner optics. For example, in experiments at
Chalmers [9], a quarter wave coplanar microwave cavity was grounded at one end
via a superconducting quantum interference devices (SQUIDs) that can be modelled
as a large Kerr non linearity. By modulating the flux through the loop, the cavity
frequency can be modulated. If the flux is varied at twice the cavity frequency this
implements a parametric driving of the cavity field. The cavity field also exhibits a
large effective nonlinear susceptibility that can be modelled as an intensity dependent
phase shift.
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Fig. 11.8 Observed quantum jumps in the strong measurement regime. Sample of the time traces
indicating quantum jumps (between ground and excited states) with different qubit drive amplitudes
(£2, shown as different colours with different vertical offsets). In each curve, a low signal indicates
the ground state, and a high signal indicates the excited state. Thermal noise yields a small excited
state population when using zero qubit drive. As the qubit drive amplitude increases, the qubit
approaches an equal amount of time spent in the ground and excited states

We will discuss the model of [10] in which a microwave resonator containing a
large Kerr non linear cavity is simultaneously parametrically driven and linearally
driven. The Hamiltonian in the interaction picture is

~

h
H =hAd'a + h(e*a+ ea’) + hxaa* + 3 (k*a™ + ka®), (11.42)
We assume that the dissipation is described by the usual master equation
) i
b= —ﬁ[W, pl+yDlalp (11.43)

This model has an exact steady solution. Using the positive P representation we find
the system obeys the Ito stochastic differential equations

do=—(y +iNadt —iedt —i(xa® +x)Bdt
. 172
+[—1(K+X<¥2)]/ dzi,

) (11.44)
dB =—(y —iA)Bdt +ie*dt +i(xB° + k™) dt
; 1/2
+ [ie* + )(/32)] / dzp.
On the sub manifold 8 = o* the semiclassical equations can be found as
da . . 2 . . *
— ==y +iA+ixlae|)a —ie —ika®, (11.45)

dt
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The fixed points of this equation have a rich bifurcation structure [10].
The Fokker-Planck for the complex P representation satisfies potential conditions
and this there is an exact steady state in the form

Pi(a, B) = Ne™V@h), (11.46)

with

_ 12 * H* *
ra s =N (220) (555) (o) o) .
0 (11.47)

withA=—1+A/x —iy/x and u = i€/, /k x. Systems of this kind can be con-
figured as a superconducting parametric amplifier [11].
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Abstract

The ability to trap an individual ion and cool it close to the ground state of vibra-
tional motion has enabled precise quantum control to be achieved together with
very high efficiency measurement. The technology originated over four decades
ago in the effort to develop ultra high precision spectroscopy with particular
application to frequency standards. In optical ion traps, external lasers are used
to couple the internal electronic motion of trapped ions to the vibrational degrees
of freedom. This enables a plethora of quantum control protocols, including an
implementation of quantum computation, and many analogue quantum simula-
tions of few body quantum systems.

12.1 Introduction

One of the keys to the success of ion traps is the ability to detect the electronic state
of a single ion with high efficiency. This is done by laser induced fluorescence on a
dipole allowed transition, scattering millions of photons per second. The idea goes
back to a proposal of Dehmelt in 1975 [2] and appears in various applications such
as electron shelving, cycling transitions and quantum jumps [3]. Another key to the
success of ion traps is the invention of sub Doppler cooling techniques, particularly
resolved side band cooling [4]. This makes it possible to prepare a single ion in
a state with very few quanta of vibrational excitation, even so few as to reach the
vibrational ground state. A single trapped ion is well approximated by a particle
moving in a three dimensional harmonic potential. It is possible to stochastically
remove vibrational energy by laser induced Raman transitions coupling electronic
and vibrational degrees of freedom. In effect, heat is removed from the vibrational
motion of of the ion and pumped into the very low temperature heat bath associated
with the much higher frequency of the fluorescent radiation.
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Fig.12.1 A schematic representation of a linear radio frequency ion trap (after [4])

12.2 Trapping and Cooling

It is not possible to trap a charged particle in a static potential. This is because
Laplaces equation implies there is always one unstable (not trapped) direction in the
electrostatic potential. However a time dependent electric potential can produce an
effective harmonic potential for a charge particle. In Fig. 12.1 we show a possible
configuration of electrodes.

The time dependent potential seen by the ion can be written

1% 1
Vix,y,z,t) = E(kxx2 + kyy2 + kzzz) + EVcos(a),ft)(k;xz +k;y2) (12.1)

where w,f is the frequency of the time dependent potential and the effective spring
constants must satisfy Laplace’s equation which implies, ky + ky +k; =0, k), +
k’y = 0. If we assume the following conditions [4]
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4Z\e|Vk
ay = # <1
may ¢
2Z|e|VK'
gx = # <1
ma, ¢

then the motion in the x-direction is approximately harmonic. Similarly for the
motion in the y-direction. We assume isotropy in the x — y plane, so that k, =
ky, k= k’y and the motion is harmonic with the secular frequency

v = (ar +4q2/2)"?

wrf/2 (12.2)
There is a smaller amplitude oscillatory motion at frequency w, s superimposed on
the secular motion, called the micromotion, which we neglect. In a recent experiment
with Be™, the axial frequency was about 3 MHz while the transverse frequency was
about 8 MHz. The static potential due to end caps gives harmonic confinement along
the trap axis (z-direction) and micromotion is absent. If this is kept weak, multiple
ions can be trapped in a line along the z-direction. In summary, an ion is trapped
in a harmonic potential in all three dimensions and we assume that one direction,
the axial direction, has a lower frequency than motion in the other two orthogonal
directions, the transverse directions. Typically the transverse frequencies are three
to four times more than the axial.

The quantum description of the centre of mass motion of the ion is given in terms
of the eigenstates of the Hamiltonian

H = FwaiaZ + hv,(aiax + a;ay) (12.3)

The motion is thus separable into axial and transverse motion and, to be specific, we
now concentrate on the axial motion alone, although much of the discussion can be
applied to the transverse motion as well. Henceforth, as we neglect the transverse
motion, we will drop the subscript on a;, azT .

Many different kinds of ions can be trapped, but availability of lasers limits the
kinds of ions that can be easily laser cooled. For example, the Wineland group at NIST
Colorado uses “Be™ while the Blatt group in Innsbruck uses *°Ca*. When the ion is
first trapped it is in a highly excited state of its vibrational motion, corresponding to
a temperature of the order of 10* K. Cooling typically proceeds in two stages. The
first stage is based on Doppler cooling and is very efficient, the second stage is based
on resolved sideband cooling (see section below).

Ion traps are a remarkably versatile quantum devices for a number of reasons.
Firstly, it is possible to coherently couple the vibrational motion and the internal
electronic state using an external laser. Secondly, resolved sideband cooling enables
the vibrational motion to be prepared in its ground state with probability approaching
unity. This is done using an external laser to induce Raman transitions between the
ground and excited internal electronic state which absorb one photon and one phonon
of vibrational per excitation cycle. Finally, the method of fluorescence shelving
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enables the internal electronic state of a single trapped ion to be measured with
efficiency approaching unity. In order to understand these three features we need
to begin with a description of how an external laser can couple the vibrational and
electronic degrees of freedom.

We will assume that the external laser can couple two internal electronic states, the
ground state |g) and the excited state |e). This might involve a direct electric dipole
transition. However for quantum information applications it typically involves a
Raman two photon transition connecting the ground state to an excited meta-stable
state. In either case the Hamiltonian describing the system is (see (9.16)),

+ h&2 - - . N
H = hva'a + hoso, + — (O__el(thkaq) + O-+efl(thkaq)> (12.4)

where g is the operator for the displacement of the ion from its equilibrium position
in the trap, v is the trap (secular) frequency, Q2 is the Rabi frequency for the two
level transition, w4 is the atomic transition frequency, and wr, k are the laser
frequency and wave number. The sigma matrices are defined in Sect. 9.1. There are
three frequencies in the problem: v, w4 and wy . A wide variety of processes can be
made dominant by carefully choosing relationships between these three frequencies.
Note that the phase of the laser field as seen by the ion is dependent upon the position
of the ion. As the ion moves harmonically in the trap the phase is modulated at the
trap frequency. As we shall see, this leads to sidebands in the absorption spectrum
for the two level system.

The ion position operator, in terms of the vibrational raising and lowering opera-

tors, is
B\ /2
§= <%> (a+ah (12.5)
We now define the Lamb-Dicke parameter, 5
Ao\ /2
n=kr (%) =27 AXpps /AL (12.6)

where the r.m.s position fluctuations in the oscillator ground state is Ax,,,s. Then
moving to an interaction picture via the unitary transformation

Uo(t) = expl—iva'ar — iwyo,1] (12.7)
the interaction Hamiltonian can be written as
hg2 . —ivt T ivt .
H;(t) = ER (o_ exp[—in(ae +a'e'")]expl—i(wa — wp)t] + h.c) (12.8)
The exponential of exponentials make this a complicated hamiltonian system. How-

ever in most ion trap experiments the ion is confined to a spatial region that is signif-
icantly smaller than the wavelength of the exciting laser so that we may assume that
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the Lamb-Dicke parameter is small n < 1 (typically n & 0.01 — 0.1). Expanding the
interaction to second order in the Lamb-Dicke parameter gives

h& ) )
Hi(t) = 7[1 —n?a'a) (a_efl& + a+e’5’)
= (aeflvt +aTezvt) efzStO__ +i Tn (aefzvt +aTezvt) ezéto._‘r
2
. (aze—zm + (a’r)262iw) (e—iéta_ + eiata+>

where the detuning of the laser from the atomic frequency is § = w — wr..

By carefully selecting & to be positive or negative integer multiples of the trap
frequency, various resonant terms may be extracted and all time dependent terms
neglected. In the first case, known as the carrier excitation, § = 0, and the resonant
terms are

H. = hQ((1 — nzaTa)ax carrier excitation (12.9)

where 0, = (0— + 04)/2. If we choose § = v so that the laser frequency is detuned
below (to the red of) the carrier frequency by one unit of trap frequency, w; =
w4 — v, the resonant terms are

hnQ2 +

H =i (a0+ —a O’_) first red sideband excitation (12.10)

This is just the Jaynes-Cummings Hamiltonian except that it involves the absorption
of atrap phonon as well as one laser photon. On the other hand we can choose § = —v
so that w; = w4 + v and the laser is detuned one unit of vibrational frequency to
the blue of the carrier, the resonant interaction Hamiltonian is

hnQ2
H, =i nT (aTm_ — aa_) first blue sideband excitation (12.11)

This describes an excitation process that absorbs one photon from the laser and
emits one trap phonon. Continuing in this way we can define the second red side-
band excitation § = 2v and second blue sideband excitation § = —2v, and so on. In
Fig. 12.2 we give an energy level diagram that represents the carrier, red and blue
sideband excitations.

If two laser fields are used to simultaneously drive the red and blue sideband we
can combine the two Hamiltonians to get

Q2
Ho, = — "T(a +aho, (12.12)

where o0y = —i(0y — o).

Once excited to |e) the ion can spontaneously decay to the ground state. For
a dipole allowed transition this can be quite fast, thus enabling another excitation
process to occur. In the case of red sideband excitation the net result is to remove
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Fig.12.2 Energy level diagram for a carrier b first red sideband and c first blue sideband excitation

one phonon per excitation cycle. This is the basis of sideband cooling. In effect the
external laser has coupled the vibrational motion to a very low temperature heat
bath: the vacuum radiation field at frequency w4. Of course it is only possible to
address the sidebands if the laser can be accurately tuned to each. As each transition
is homogeneously broadened by a width equal to the spontaneous emission rate,
y, we require that v > y for resolved sideband cooling. An explicit expression for
the spectrum of resonance fluorescence for a single trapped ion follows from the
methods given in Chap. 9. A detailed calculation in the low intensity limit (2 < y)
for a traveling wave field, by Cirac et al. [5] shows that the spectrum of the motional
sidebands exhibits the following features

e the first red side band is centred on w; = ws — v and the first blue sideband is
centred on w; = w4 + v with line-widths determined by

Q 2
_ .2
Ys =1 (3> [P(v+8)— P(v—8)] (12.13)

where P(8) = y/(y? + 8%) and 8 = w; — w4 and y is the spontaneous emission
rate.

e the ratio of the peak height of the red sideband to the blue side band is (n + 1) /n
where 7 is the steady state mean photon number of vibrational excitation.

Note that the heights of the peaks are different reflecting the fact that the red transition
involves the absorption of a phonon while the blue involves the emission of a phonon.

Resolved sideband cooling requires that the exciting laser be tuned one unit of
trap frequency below the atomic transition frequency. The atom is then excited by
the absorption of one laser photon and one trap phonon. In the Lamb-Dicke limit
relaxation is dominated by spontaneous emission into the spectral peak at the carrier
frequency (w = wy4). Thus on each excitation cycle one unit of vibrational energy
is removed on average. A simple rate equation method suffices to understand this
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Fig.12.3 Energy level diagram showing fluorescence readout of the ground atomic state. A strong
probe laser drives a dipole allowed transition between the ground state |g) and an auxiliary state
|a) which decays back to the ground state at a rate I" scattering many many photons. Also show is
fluorescent signal on the probe transition when a weak laser couples the ground and excited state
(reproduced, with permission, from Leibfried et al. [4])

phenomenon. In Exercise 12.1, we find that the rate of change of the average phonon

number is given by
_ 22
dn _ _y (&) (12.14)
dt 202270 + 2

Note that as the cooling proceeds, the rate decreases until the vibrational ground state
is a steady state. In a more careful treatment we need to consider heating mechanisms,
for example off-resonant excitation of the blue sideband [4], and the probability of
populating the vibrational ground state in the steady state is less than unity. Despite
this, resolved sideband cooling can prepare an ion in the vibrational ground state with
a probability greater than 99%. Ground state cooling in all three dimensions was first
achieved by the NIST group in Boulder [6]. Other heating mechanisms due to exper-
imental artifacts are often important. For example, fluctuating charge distributions
on the trap electrodes lead to a stochastic displacement of the centre of the trap. In
Exercise 12.2 we consider this example in more detail. The experimental technique
for determining the probability of occupying the ground state will be discussed after
we consider the fluorescence technique for determining the ion electronic state.

In order to readout the state of the ion, an additional auxiliary level can be coupled
by a strong laser to one or the other of the ground or excited states, to be specific let
us say the ground state (see Fig. 12.3). If the ion is in the ground state when the probe
laser is turned on, fluorescent photons are scattered in all directions and can easily
be detected. On the other hand if the ion is in the excited state, it is not resonant with
the probe laser and no photons are scattered: the ion remains dark.

If we now apply a weak laser to couple the ground and excited states, incoherent
transitions occur |g) <> |e). These transitions are incoherent as the strong coupling
to the |a) state destroys coherence between the ground and excited states, see [7].
The net result is that the fluorescent signal due to the probe laser blinks on and off in
fashion of a random telegraph process. A typical signal is shown in Fig. 12.3. In so
far as fluorescence indicates that the ion is in the ground state, the random switching
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of the fluorescence is a direct indicator of quantum jumps between the ground and
excited states. These jumps were first reported in a number of laboratories [3].

The efficiency of the readout is a function of the integration time of the fluores-
cence signal, that is to say, how long we need to monitor the fluorescence to be sure
that we are in period of high intensity. This time must be at least of the order of the
average time between photon emission events. In an experiment however there are
other sources of error, such as dark counts in the detector and typically the minimum
time to distinguish ground and excited states is of the order of 2 ms. We capture the
quality of the readout in an overall efficiency, i, which is the conditional probability
for the ion to be detected in the ground state given that it was prepared in the ground
state before the probe laser was turned on.

We now return to the experimental determination of the efficiency of sideband
cooling. The objective is to determine the state of vibrational motion by coupling it to
the internal state of the ion and then using the fluorescent readout technique described
above. At the end of a cooling stage, the electronic state of the ion is first coupled to
its vibrational motion for a time T using the first red and blue sideband transitions.
If we write the probability for the atom to found in the excited state after time 7
as PeR(T) and PeB (T) for red and blue sideband excitation respectively it can be
shown (see Exercise 12.3) that the mean phonon number 7 is given by n/(1 + n) =
PR(T)/PB(T). Thus measurement of the ratio of excitation probability on the first
red and blue sideband yields 7 directly, and the temperature of vibrational motion
inferred.

12.3 Novel Quantum States

The ability to carefully control the coupling between internal electronic state of the
ion and its vibrational motion in the trap enables us to carefully engineer novel
quantum states of the vibrational degree of freedom. Lloyd and Braunstein [8] show
that universal simulation of a single bosonic mode is possible if the Hamiltonian
includes operators that are at least cubic in the creation and annihilation operators,
for example {a, at, a?, a2, (aTa)z}, is universal. We could drop the quartic term
and replace it with the cubic term (a + a)3, an important case we will consider in
Chap. 15. The first two operators generate displacements (Heisenberg-Weyl group)
the next two quadratic operators generate the squeezing transformations (SU(1,1)).
The quartic operator is the Kerr nonlinearity. Starting from the vacuum state, all
states in the Hilbert space can be reached by time-dependent Hamiltonians involving
the four operators. The first four generate only positive Wigner functions. Adding
the Kerr non linearity gives us the entire state space including access to states with
negative Wigner functions.
Suppose that over some time interval we implement the Hamiltonian

h he
Hy = hwoa'a + Tg(“ +aho. + =ro (12.15)
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It is easy to see that we can write the Hamiltonian in (12.15) as

T th
Hr = hoo(a” + po2)(a + po) + =0, (12.16)

up to an additive constant with . = 2%0 a dimensionless parameter. This looks like it
is a simple displacement transformation acting on the oscillator and can be removed
using the unitary transformation

Up(p) = @) = cosh(u(a — a'))I + sinh(u(a — a’))o- (12.17)

as
UpwaUp(p) = a = po; (12.18)

This is the polaron transformation as it mixes the Hilbert space of oscillator and
qubit. The transformed Hamiltonian is

U (W) HrUp(u) = haxa'a (12.19)

+h% (cosh(2u(a — a’))oy — i sinh(2u(a — a"))ay)

Clearly this satisfies the Lloyd-Braunstein condition for universal control of the oscil-
lator Hilbert space if we do not truncate the hyperbolic functions below cubic. You
can use this approach to generate the cubic phase gate (see (15.98)) on the vibrational
degree of freedom. This is a universal gate for continuous variable (CV) quantum
computation, see Chap. 15. In other words, an ion trap quantum computer can also
implement universal quantum computation using only the vibrational degrees of
freedom of multiple trapped ions.

As another example we will here consider the preparation of a ‘cat state’: a pure
quantum state in which the two internal electronic states are correlated with different
coherent states of the oscillator. There are a number of ways to prepare the vibrational
motion in a coherent state, |«). The ion is first cooled to the vibrational ground state.
A classical uniform driving force oscillating at the secular frequency, v, can then
be applied by changing the bias conditions on the trap electrode. Alternatively a
non adiabatic displacement of the trap centre can be made again by changing the
bias conditions. Finally a spatially varying Stark shift can be applied by using the
moving standing wave that results from two laser beams with frequency difference
Aw = v to resonantly drive the motion of the ion in the trap. If the laser polarisation
is carefully chosen this will result in a force that depends on the internal electronic
state. From the point of view of the electronic and vibrational states, this is a two
photon Raman process depicted in Fig. 12.4 that Stark shifts the excited state |e).
We will refer to this choice of Raman pulses as the Raman displacement pulse. If we
detune the Raman lasers by a frequency Aw = w4 we can drive a carrier transition
that coherently superposes the ground and excited states. We will refer to this choice
of Raman pulses as the carrier pulse.
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displacement Raman pulses carrier Raman pulses

Fig.12.4 A schematic indication of the optical transitions required to prepare a single ion in a linear
superposition of displaced ground states (coherent states). On the left is the Raman pulse excitation
scheme for applying a force to the ion conditional on it being prepared in the excited electronic
state. On the right is the carrier pulse excitation scheme for producing coherent excitations of the
internal electronic state leaving the vibrational motion unaffected. The vibrational frequency is v
while the atomic transition frequency is w4

The state-dependent displacement is described by the interaction picture Hamil-
tonian

Hy = hx(t)(a +a")le)(e| + hQ(t)o (12.20)

the coupling constants y and €2 are shown as time dependent as they can be turned
on and off with the external Raman displacement pulse () or the external carrier
pulse (£2).

Assume that initially the electronic system and vibrational motional are in the
ground state, [ (0)) = |0 ® |g). In the first step, we apply a carrier pulse (so x = 0)
for a time, T, such that T = /2. This gives the state transformation

n 1
0 ®lg) Z5 10y ® E(Ig) + le)) (12.21)

In the second step we turn off the carrier pulse and turn on the displacement
Raman pulse for a time t. Only the |e) component sees the displacement, according
to (12.20), so the state is transformed as

1 displace 1
—(|0 0 —(|0 12.22
ﬂ(l )®18) +10)®e) = ﬁ(l ) ®18) + la) @ le)) ( )
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In the third step we apply a m = QT carrier pulse that flips the electronic states and
inserts a 7w phase shift

%(I()) ®g) + o) ® ) = %(IM ®1g) —10) @ le)) (12.23)

In the fourth step we apply another state selective displacement with a relative phase

.

L iwelg -0 o) B Ly e - et @) (1224)

In the fifth and final step, we apply another 7 /2 pulse to give

. . aei® i9
%(M 1g) — lae'®) ® o)) L3 (%) ® lg) + (%) ® )

=loa—)®[g) + lat) ® le)

If we now readout the state of the ion, the conditional states are highly non classical
superpositions of two different coherent states of vibrational motion, |«4+) known in
quantum optics as cat states.

We thus have correlated different motional states with each of the electronic
states. This kind of entangled state is reminiscent of Schrédinger’s famous thought
experiment in which two different metabolic (and thus macroscopic) states of a
cat are correlated with a two level system in just this way. Indeed if we stopped
after the second step the cat state analogy could be sustained with the identification
|a) — |alive) and |0) — |dead). However pursuing the analogy to the final state at
the end of step 5 produces the rather disturbing prospect (for the cat at least) of
correlating different superposition of metabolic states with the internal electronic
states.

In the experiment of Monroe at al. [9], the presence of an entangled state of
different coherent states was demonstrated by measuring the electronic state at the
end of step 5. Repeated measurements enabled a sampling of the distribution P, (¢),
for different values of ¢. This is given by

Pe(¢) = (a—la—)
- % [1 — Il (1=e0sg) ¢ (|a|2sin¢)] (12.25)

InFig. 12.5 we reproduce the results from Monroe et al. [9] comparing the experiment
with the theoretical prediction. The agreement is remarkable. It is worth pausing to
reflect on just what has been demonstrated in this experiment. The experiment shows
that a single massive particle can be prepared in a superposition of a position on the
left and the right of the equilibrium position, and travelling in opposite directions in
each case.
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Fig.12.5 The probability of finding the ion in the ground electronic state as a function of the phase
difference, after Fig. 4 [9]
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12.4 Trapping Multiple lons

In a linear ion trap such as depicted in Fig. 12.1, multiple ions may be trapped and
cooled to the collective ground states of vibrational motion. Each ion has an equilib-
rium position, x;, corresponding to a minimum in the total potential comprising the
trap plus Coulomb potential for each ion. These equilibrium points are analogous to
the atomic ions at the lattice points of a crystal, however unlike a crystal they are not
equally spaced. In terms of a natural length scale given by the Coulomb potential for
each ion,

7202 1/3

and a coordinate system in which z = 0 is in the middle of the trapped ions, James
[10] has computed the equilibrium positions for different numbers of ions in a trap,
see Table 12.1.

If we expand the overall potential to second order in the small oscillations, g, (¢)
(in dimensionless units), around the equilibrium points we obtain a simple coupled
oscillator Hamiltonian of the form,

N 2 N

1 My
H=oo ’;pm +—- > AunGngm (12.27)

n,m=1

where p, is the canonical momentum to g,. Explicit expressions for the coefficients
Ay,m are given in [10]. This hamiltonian represents a linear array of N simple har-
monic oscillators with quadratic coupling. We can now make a change of variable
to normal-mode coordinates (sometimes called collective or global coordinates).

Table 12.1 Scaled equilibrium positions as a function of the number of trapped ions, from [10]

N Scaled equilibrium positions

2 -0.62996, 0.62996

3 -1.0772, 1.0772

4 —-1.4368, -0.45438, 0.45438, 1.4368

5 -1.7429, -0.8221, 0.8221, 1.7429

6 —-2.0123, -1.1361, -0.36992, 0.36992, 1.1361, 2.0123

7 —2.2545, -14129, -0.68694, 0.68694, 1.4129, 2.2545

8 —2.4758, -1.6621, -0.96701, —0.31802, 0.31802, 0.96701, 1.6621, 2.4758

9 —2.6803, -1.8897, —1.2195, —0.59958, 0.59958, 1.2195, 1.8897, 2.6803

10 —2.8708, -2.10003, —1.4504, —0.85378, —0.2821, 0.2821, 0.85378, 1.4504, 2.10003,
2.8708




218 12 lonTraps

The transformation is chosen to diagonalise the real symmetric N x N matrix with
entries Ay, . The eigenvalue equation is

N
ZAnm r(,p) = Mpﬁ(P) (p=1,...,N) (12.28)

where the eigenvalues are 1, > 0 and the eigenvectors BP) are assumed to be
numbered in order of increasing eigenvalue and are normalised so that

Zﬂ(p) (p) _ Sum
Zﬂ(p) (9) _

For example, when N = 3 the eigenvalues are w1 = 1, uo» = 3, uz = 29/5. The
normal modes are then given in terms of the small oscillations as

N
0,0 = B am(®) (12.29)

m=1

Note the number of normal modes is equal to the number of ions. Of course we can
equally well write the local coordinates g, as

N
an(®) =Y B Qp(1) (12.30)

The first normal mode, Q| represents the centre of mass mode in which all the ions
oscillate as if they were train wagons linked together. The second mode Q; represents
a breathing mode in which each ion oscillates with an amplitude proportional to is
displacement form the trap centre. In terms of the normal mode coordinates, Q p and
conjugate momenta P, the hamiltonian is

N N

1 M
H=_-—>"P+—=Y v0} (12.31)
P p=p
2M 2 L

where the frequencies of each of the normal modes is given by

v, = v /iy (12.32)
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This is the Hamiltonian of N independent simple harmonic oscillators. Thus we
introduce raising and lowering operators for each normal mode as

_ [ h +
0, = /m(b,,erp) (12.33)

thp

Py = —i (bp — b)) (12.34)

with [b,, bi] = 8,4.

Let us now assume that each ion in the trap can be addressed with a separate laser
beam. For example in a linear ion trap for **Ca* built in Innsbruck, the average
spacing for 4 ions was greater than 5 um, which is above the diffraction limit for the
laser beams. This spacing is also sufficient for the fluorescence (at readout) of each
ion to be separately imaged.

The interaction picture Hamiltonian describing how the i’th ion is coupled to
small oscillations around equilibrium is given by an obvious generalisation of (12.4)

H" = h% (a@e—"kwi(”e—f(wA—wUf + h.c) (12.35)

where we have taken the Rabi frequency for the i’th ion to be €2; and aj(;) are the
Pauli raising and lowering operators for the i 'th ion, while g; (¢) are local coordinates
of the i’th ion. If we now again assume that the Lamb-Dicke parameter for each ion
is small, the interaction between the electronic and vibrational degree of freedom is

kp

H = —in=t (af’)q,» (1)e~i@a—ot _ h.c) (12.36)

This may be written in terms of the global modes as
n _ . (P) < ivpyt T oiv —i(wa—wp)t (i)
H;’ =—ih bye” P—G—b l’)e o’ —hc (12.37)
I 2 >IN E : p

where sg) = \/ﬁul_,lmﬁi(‘").

We now assume that we can tune the external laser to address only a single
global vibrational mode (a particular normal mode), say the centre of mass mode
at frequency, 1 = v and si(l) = 1 with wg — wr = v. Then we can ignore all the
other modes and approximate the Hamiltonian as

(@) L N2 ) (@)t
H' =—ih——(0,'b1 +0_'b (12.38)
! 2«/N( o 1)

This is the Cirac-Zoller Hamiltonian [1] and enables a scheme for quantum com-
puting using trapped ions. If there are many ions in the trap this may not be a good
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approximation. In that case there are many normal modes and it is difficult to resolve
individual normal mode frequencies as they become very closely spaced. To some
extent this may be mitigated by cooling all the normal modes to their ground states.
Further discussion of the validity of this approximation may be found in [10] and
also [11].

12.5 lon Trap Quantum Information Processing

In 1995 Cirac and Zoller [1] proposed the first scheme for implementing quantum
logic gates for trapped ions. In a quantum computer (see Chap. 15) information is
stored in the states of a collection of two level systems, generically referred to as
qubits. In the Cirac-Zoller (CZ) scheme, the qubits are the two-level electronic states
of the trapped ions. Arbitrary transformations of the state of a single qubit are easily
implemented by external laser fields. For universal computation we also need to have
access to two qubit interactions. However the electronic states of different ions do
not interact. CZ proposed to overcome this by using the collective vibrational mode
of the ions to implement a virtual interaction between the qubits. The Cirac-Zoller
scheme was first implemented by the Innsbruck group led by Blatt in 2003 [12]. They
used two *°Ca* ions held in a linear trap and individually addressed by focussed
laser beams.

Other schemes have been proposed for implementing quantum gates in ion traps.
Sgrenson and Mglmer [13] developed a scheme which mitigates to some extent the
deleterious effects of noise entering via the vibrational degree of freedom (eg patch
potential heating) and implemented by the Wineland group in NIST [14]. A related
scheme [15] uses far off-resonance optical dipole forces to implement a geometric
phase gate, also first implemented by the NIST group [16].

The Mglmer-Sgrenson gate uses a bichromatic laser field. The resulting Hamil-
tonian for two ions (see (12.12))

MR s
His (1) = 2= (be™ + bTe )0V + 0?) (1239)

where we have included an additional symmetric detuning § from the relevant normal
mode frequency where w; 1 — wra = 2(v + §) is the difference between the frequen-
cies of the two laser driving fields. This Hamiltonian is explicitly time dependent in
the interaction picture. In a time interval 0 < ¢t < T we can write the unitary time
evolution operator as a Dyson expansion

Z/{(T)_1+Z< )/ dtn/ dt,—1 (12.40)

\/0 dt]Hms(tn) mS‘(IZ)HmS(tl)
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If we assume that §7 >> 1 (dispersive regime) we can approximate this to lowest
order in T as

UT) = e~ 7HersT (12.41)

where the effective Hamiltonian is

2
D g

Hef =h 28 y vy

(12.42)
up to an additive constant. This is an effective interaction between the internal states
of the ions and will suffice to entangle these state given carrier frequency control of
the state of each ion independently.

There is a fundamental operation underlying the MS gate related to the idea of a
geometric phase [15]. Suppose we use two consecutive fast pulses so that one ion
at a time is driven bichromatically by very fast pulses. If the phase is adjusted from
one pulse to the next we can implement

Uy = e~ iknb+bDoy” (12.43)
P

These give conditional phase space displacements of the vibrational degree of free-
dom. If we use the commutation relation [b, bT] = 1 we can show that

; 0,
Ua(kp) Ut (—kx)Ua(—k p) Ui (iex) = €50 (12.44)

The basic idea of a geometric phase gate is to use a sequence of such laser pulse
sequences, applied to two ions, that move the vibrational degree of freedom of the
ion through a loop in phase space that depends on the internal states of the two ions.
Up to a single ion rotation unitary, this is an Ising-like unitary interaction between
the two qubits. Note that there is no dependance on the vibrational degree of freedom
at all. Inspection of the various phase space orbits that result for each choice of the
joint eigenstates of ay(l)ay(z) indicates why this is called a geometric phase gate. The
effective conditional phase between the two qubits is proportional to the area of the
rectangle, x = Ky« p and the sign is given by the sense of rotation. It is clear that the
actual shape of the closed orbit in phase space does not matter: only the area and
sense of rotation matter. Effectively the Sgrenson and Mglmer gate implements the
phase space rotations by a time varying driving fields.
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Problems

12.1 A laser is tuned to the first read sideband transition for a single two level
transition, |g) < |e), with a spontaneous emission rate of y. Ignoring all but the
spontaneous emission decay channel, the master equation (in the interaction picture)
describing this system is

dp  nQ ¥

= = laoy —a'o_, p]+ yDlo_lp (12.45)

dt 2
where 7 is the Lamb-Dicke parameter, €2 is the Rabi frequency for the transition and
a, a’ are the lowering and raising operators for the vibrational motion of the ion in
the trap. Obtain equations of motion for 7 = (a'a), (a), (o4), (o.) by factorising
all higher order moments in the equations of motion. Assuming that the spontaneous
emission rate is large enough so that the average polarisation (o) is stationary and
the vibrational motion is slaved to the atomic motion, show that the rate of change
of n is given by (12.14).

12.2 A simple model for the heating of a trapped ion due to fluctuation potentials
may be given in terms of the Hamiltonian

H(t) = hva'a + he(t)(a + a") (12.46)
where €(¢) is fluctuating force term with the following classical moments

€=CE(e() =0
G(tr) = E(e(e(t + 1)) = D vz
2y

Show that the heating rate is given by

d{a’a) Ly
= ES(V) (12.47)

where the noise power spectrum for the fluctuating force is defined by

S(w):i/ e G (1) (12.48)
27 J_ o

12.3 Show that if a harmonic oscillator in its ground state is subjected to a sequence
of displacements in phase space that form a closed loop, the state is returned to the
ground state up to an overall phase proportional to the area of the loop.
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Quantum Optics and Quantum 1 3
Foundations

Abstract

The early days of quantum mechanics were characterised by debates over the
applicability of established classical concepts, such as position and momentum,
to the new formulation of mechanics. The issues became quite distinct in the
protracted exchange between A. Einstein and N. Bohr, culminating in the paper
of Einstein, Podolsky and Rosen (EPR) in 1935 (Einstein et al. in Phys. Rev.
47:777, 1935, [1]). Thus the matter rested until 1964 when J.S. Bell (Physics
1:105, 1964; Rev. Mod. Phys. 38:447, 1966, [4]) opened up the possibility of
directly testing the consequences of the EPR premises. We will discuss the EPR
argument and the analysis of Bell in the context of correlated photon states.

13.1 The Einstein-Podolsky-Rosen (EPR) Argument

The essential step in the EPR argument is to introduce entangled pure states of two
degrees of freedom. In the original EPR argument these degrees of freedom were
the mechanical states of two interacting particles but, following Reid [3], we will
consider two interacting field modes, a, b with canonical quadrature phase operators
X W Y with i, v = {a, b} that satisfy the canonical commutation relations

(X, Vol = 28, (13.1)

We will consider the state defined by
W) = e K21 X = Xo)alY = Yo), (132)
where | X = XA())a is an eigenstate of )A(a with eigenvalue X while |Y = Yp); is an
eigenstate of Y}, with eigenvalue Y. Note that this cannot be a physical state as it

is a unitary transformation of a non normalisable eigenstate of the quadrature phase
operators. We will consider a more physical version of this state later.
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The state in (13.2) is in fact a simultaneous eigenstate of the operators )A( - X b
and Y, + Y}, with eigenvalues X and Y respectively. Suppose one makes perfectly
accurate measurements of X, and Xj, using say homodyne detection. The measure-
ment results are random variables x,, x; constrained so that in each and every trial
Xxq — xp = Xo. Likewise, one can make perfectly accurate measurements of I?a and
)?b, giving random variables y,, y, constrained so that in each trial y, + y, = Yp.
In the case that we set Xg = Yy = O then we have that in each trial x, = x; and
Ya = —Yp, a perfect correlation and anti correlation.

The EPR argument rests on the correlations that result when homodyne measure-
ments are made on each of the two modes, a and b, using local detectors far from
the source that produced the entangled state. The detectors may even be space like
separated. In that case a measurement of )A(a, with result x, enables that observer
to predict that the result of the measurement of X, at the other detector, no matter
how distant, will give the result x. Similar statements apply for measurements of the
Y-quadratures. Thus, without in anyway interacting with the distant detector at b,
the observer at a can predict with certainty the result of measurements at the distant
detector, b. This result is of course symmetric under interchange of the labels a and
b. Note that there is no possibility of using this correlation to signal as the results of
the measurements at each detector are completely random: you only see the perfect
correlation when the results are brought together.

EPR now make the following claim [1]:

if without in any way disturbing the system, we can predict with certainty the value of
a physical quantity, then there exists an element of physical reality corresponding to this
quantity.

EPR assume that there can be “no action at a distance” or special relativistic causal
structure, so that, in the case that the two detectors are space-like separated, there
can be no way for the action of measurements at one detector to influence the results
of measurements at the other detector. The notion of "an element of physical reality”
is a way of stating the classical ideal that systems have physical properties that take
values independent of observers even if those values happen to be unknown due to
ignorance.

Should the observer at a choose to measure the X quadrature, they can predict
with certainty the results of a measurement of the X quadrature at the distant detector,
b. So there is an element of physical reality associated with this predicted result. The
observer at a could equally well have chosen to measure the Y quadrature in which
case they can predict, with certainty, the result of a Y quadrature measurement at b. We
are forced to conclude that the values of two physical quantities, represented by non
committing operators (Xp, ¥p), take objective values even if they are not measured at
b. This appears to be in conflict with the uncertainty principle. EPR then concluded
that quantum mechanics gives an incomplete description of the state of the field at the
detectors as the quantum state of the two particles before the measurements are made
does not determine the results of complementary quadrature phase measurements.
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Bohr’s response can be anticipated when we admit that, in a single trial, we can
chose to measure either the X, quadrature or the Y, quadrature but not both simulta-
neously. We can; (i) chose to measure the X, quadrature and predict with certainly
the results of an X, quadrature measurement or (ii) we can chose to measure the Y,
quadrature and predict with certainly the results of an Y} quadrature measurement.
But (i) and (ii) are two different experiments or, as Bohr might say, complementary
experiments. While this is undoubtedly true, it does little to mitigate the discomfort
forced on us by the EPR argument.

We will postpone further discussion of the quadrature phase operator version of
the EPR argument to later in this chapter. We now turn to Bell’s contribution [4]
which provides a sharp and unambiguous quantitative statement of the difference
between classical and quantum correlations. Bell noted that, if as EPR claim, quan-
tum mechanics is incomplete how would the predictions change if the theory were
supplemented by additional variables in order to restore the classical ideal of causal-
ity and locality? Using a precise mathematical formulation of local hidden variables,
Bell showed that the predictions would then be incompatible with the predictions of
quantum mechanics.

13.2 Bell Inequalities and the Aspect Experiment

Bell used a spin-half example of EPR-like correlations first presented by Bohm and
Aharonov [5]. The first optical tests was performed by Freedman and Clauser [6] and
Aspect, Dalibard and Roger [7,8]. These experiments uses the polarisation degree
of freedom of pairs of photons. Aspect et al. used a two-photon emission cascade
between electronic states (J = 0) — (J = 1) — (J = 0) in calcium-40. The two
photons are emitted in opposite directions (by conservation of linear momentum) with
correlated polarisation states (by conservation of angular momentum). Each photon
passes through separate polarisation analysers, emerging in either the horizontal
(+) channel, or the vertical channel (—) of each analyser. Initially, assume that the
horizontal polarisation is chosen to be orthogonal to the plane of the experiment and
that both analysers are so aligned. However, we are free to rotate the polarisers in
the plane orthogonal to the propagation direction of the photons.

The Aspect experiment introduced the key features of many subsequent tests of
Bell inequalities in quantum optics. There have since been hundreds of experiments
and there is no doubt that quantum correlations violate the various forms of Bell-like
inequalities that have been tested. Aspect, together with John Clauser and Anton
Zeilinger were jointly awarded the Nobel prize in physics in 2022 for their pio-
neering work in these experiments. The basic experimental arrangement for these
experiments in shown in Fig. 13.1.

In an ideal experiment we use single-photon excitations of polarised spatio-
temporal modes. In most experiments this is done by post-selection but we postpone
the discussion of this aspect of the experiments for now. A two photon state is gener-
ated, in a correlated, but distinguishable, spatio-temporal modes k,, k5. The photons
are entangled in their polarisation degree of freedom. For example the source could
prepare, in every trial, the two-photon state,
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Fig.13.1 A typical photonic test of a Bell inequality using polarisation entangled photons. S is a
source of two photons in a polarisation entangled state. They are directed towards two detectors,
space-like separated from each other. Label each detector A, B. Each detector requires a choice be
made for the polarisation settings, labelled x at A and y at B. and has two output channels labelled
a ==*1 at A and b = %1 at B. These are the reflected and transmitted outputs of a polararising
beam splitter

1
V2
where |HV) = |1)k,,n ® |1)kp,v and the subscripts label spatio-temporal modes

with wave vectors k4, kp and corresponding polarisation. The state |\ ™) is one of
the four orthogonal Bells states traditionally designated as

W) =—=(HV)—-|VH)) (13.3)

1
Uty = —(|HV)+ |VH 13.4
[¥™) ﬁ(l ) = |VH)) (13.4)
1
oty = —(|HH) £ |VV 13.5
| D) ﬁﬂ )y £ IVV)) (13.5)

A single trial corresponds to emitting a two-photon state and counting two pho-
tons; one at observer-a and one at observer-b. If for some reason two photons are
not detected, that trial is discarded. As no detector is perfect this is likely to happen
quite often. Let the measurement settings be chosen from a set of discrete rota-
tions x € {64,1,04,2,...04,) and y € {0p.1,0B,2, ...6B ,}. Suppose the detector
settings are the same, x = y, that is to say, the same angle is chosen. We can rotate
both angles jointly until we see a perfect anti-correlation at each output. When the
photon at A is detected at @ = 1 channel the photon at B is detected at b = —1
channel, and vice versa. However from trail to trial the local measurement outcomes
are a random binary numbers £1.

There is an important elision in the previous paragraph. In order to see the corre-
lation an observer must have access to both outcomes in each trial. In the lab this is
obvious, as the experimentalist collects all the data from both detectors in each trial.
However we should make this step explicit as we have assumed that each detector
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Fig. 13.2 A two-party Bell experiment with entangled photons. A source at the origin produces
entangled photons pairs. The photons are in oppositely directed spatial modes. One goes to detector-
A and the other goes to detector-B. Both observers are space-lie separated. After each measurement
the setting and the outcome are sent, over classical channels (double lines), to a checker, observer-c,
who stores the data for each trial and constructs the appropriate correlation function to check a Bell
inequality

is space-like separated. This can easily be resolved by introducing a ‘checker’—
labelled c—that receives the data (setting and outcome at each detector) from each
observer in a trial in the future light cone of the detection events. For convenience
we will suppose the verifier is at the same place as the source. Note that the verifier is
getting results of experiments and this is purely classical information. A space-time
diagram for the experiment is shown in Fig. 13.2. Note that observer-c is at rest in the
frame of the source and thus can easily synchronise emission and detection events
to ensure that data is collected from each trial.

So far there is nothing unusual in this experiment. We can easily arrange for
a classical source to produce perfect correlations of this kind. The real quantum
surprise is only found when observer-A and observer-B make different choices for
the measurement settings x, y. This was Bell’s insight. It remains the case that the
outcome at each observer is random, but now ¢ will find a non classical statistical
feature.

The protocol is as follows.

e All observers agree that only two measurement settings will be used a, b €
{61, 62}.

e In each trial, observers a and b each toss a coin to determine which measurement
setting to use.
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e Dataanalysis: when the checker gets the classical information about the setting and
the result from each observer they compute the product x,; X xp,; (i, j € {1,2})
for every trial and then average over all trials to get E(i, j) = E[x4,; x xp,;].

e Given enough trials, and measurement settings, the checker calculates the corre-
lation function.

S=EQ,D+E1,2)+EQ2,1)—-EQ2,2)]

This correlation is the CHSH correlation function.

If we make some assumptions on how the measurement outcomes should be
correlated we can prove the CHSH theorem. The assumptions capture EPR’s concept
of local realism.

Realism—measurement outcomes are determined by properties of the particles
that exist prior to and independent of the experimental situation.

Locality—measurement outcomes obtained at one location are independent of
any measurements, or actions, performed at a space-like separation.

Freedom of Choice—Any process that leads to the choice of measurements
made by observers A and B, is completely independent of other processes in the
experiment.

The assumption of realism and locality can be expressed in terms of a unknown
classical quantity A, possibly unknown with probability distribution p(}). We assume
that

P(a, blx, y) =fkp(/\)P(a|x,k)P(b|y,k) (13.6)

This is often glossed as; correlations must be explained by local common causes.
We stress that there are no spacetime labels included in this condition. It is meant to
capture our intuition about causes in such situations but it is far more general.

Given these assumptions, correlation function E(A;, Bj), i, j = 1,2 between
Alice and Bob’s measurement outcomes, labelled respectively as A; and B, satisfies
the following inequality,

S =|E(A1, B1) + E(A1, B2) + E(A2, B1) — E(A2, By)| < 2. (13.7)

The quantum theory predicts a very different result. The joint probability of mea-
surement outcomes P(a, b|x, y) is determined by a joint POVM

P(a, blx, y) = tt[pE,(a) ® Ey(b)] (13.8)

where p is the joint state prepared by the source. The basic POVM for polarisation
is

A

Ex@]=<(l4ax-6) a==l (13.9)

N |
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where U (x) is an arbitrary unitary in the two dimensional Hilbert space of polarisa-
tion. The probability distribution for a single mode is

P(alx) = tr[Ex(a)p] = % (1 +atrlx - 6 ]) (13.10)

where #n is a unit vector and ¢ = (o, oy, 07) with the Pauli matrices defined

o;=|H)(H = |V)(V],0oy =—i(IH(V| = |V)(H]) ,00 = [H(V + [V)(H] .

(13.11)
Then the average is
E[j1=P(l|x;) = P(=1|x;) = tr[x; - 6 p] (13.12)
We can show that for the state in (13.3)
E(i,j)=—xi-yj=—0089ij (13.13)

where 6;; is the angle between x; and y;. There exists choices for directions x; and

y; such that S = 24/2, violating the Bell inequality. This is the maximum violation
possible in quantum mechanics [9].

13.3 Description of the Aspect Experiment

We can use the generalised P function methods to describe the Apsect polarisation
test of the Bell inequality. We follow the treatment of Reid and Walls [10]. Let
a; (b;) be the annihilation operator for the horizontally (i = +) or vertically (i = —)
polarised mode for the field travelling to analyser A or analyser B. The measurements
are made using photo-detection. As there are two spatial modes each of which has
two polarisation modes, we need a four mode description.

The state of the two photons may be written as

1
V2
where |0) is the vacuum state. Using the notation |n1, ny, n3, n4) to denote n| photons

in mode a., ny photons in mode a_, n3 photons in mode b, and n4 photons in mode
b_, the state may be expressed as

wo) @b’ —alblH0), (13.14)

1
W) =—(]1,0,0,1) — 10,1, 1,0)). 13.15
@) ﬁ(l )= 1 ) (13.15)

If the photon in analyser A is detected in the (+) channel, the state of the photon
detected in analyser B must be polarised in the (—) direction. We are free to measure
the polarisation in any direction by rotating the analysers through angles 6; and 65,
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for detector A and B, respectively. The mode detected in this case are orthogonal
transformations of the modes a; and b;:

¢; = a; cosb; + b; sin6;, (13.16)
d; = —a; sin6; + b; cos b;, (13.17)
cj=ajcosf;+b;sinb;, (13.18)
djz—ajsinGj—i-bjcost. (13.19)

The detectors placed after the polarisers measure the intensities (/ li) and (Izi)
while the correlators measure (/ li Izi), etc. Clearly these moments depend on 6 and
6. Let us further suppose that in a complete theory these functions also depend on
the variable A which remains hidden from direct determination and for which only
a statistical description is available. This variable is distributed according to some
density p(A). In general, we may then write

(IE 15,0, =/p(x)lli(x,el,ez)lf(x,el,ez)dx, (13.20)

where IJT|r denotes the expected intensity at detector j given a value for A, namely

Ij(x,ej,ez) =/1j+(x,01,92)p(x)dx. (13.21)

It is reasonable to assume, as in Bell’s approach, that for a given value of A the
results at 1 cannot depend on the angle 6 chosen at 2 (and conversely). This is the
‘locality assumption’, it is formally represented by

IF (., 61,62) = I (0, 61), (13.22)
G, 01,00) = I, 62). (13.23)

Consider the following correlation functions:

(" =1 = 1))

E(61,62) = — —. (13.24)
(" +IDUy + 1))
In terms of the detected mode operators this may be written in the form
il T T Il
t(chey —cleo)didy —dldo)
E@,0) = e mee)dydy md d) ) (13.25)

(: (0164. + cic_)(dldJr + djd_) )
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where : denotes normal ordering. Assuming a local hidden variable theory we may
write

E61,0,) = N~! / FOSI, 61)S2(%, B2)d A, (13.26)
where
0L 60) — 17 (0, 61)
Si(A, 01) = e , (13.27)
0L 600) — 17 (0, 6))
S2(A, ) = 509 . (13.28)
with
FQ)=pM) L (AM)1(R), (13.29)
L) =1 (A, 61) + 17 (A, 61), (13.30)
L) = LI, 6) + 1, (A, 62). (13.31)

Equations (13.30, 13.31) correspond to the intensity of light measured at A or B with
the polarisers removed. The normalisation N is

N = / F)dA. (13.32)
The functions S1 (X, 8;) and S>(A, 6>) are bounded by unity:

IS1(x, 001 < 1, (13.33)

[S2(A, 62)] < 1. (13.34)

To obtain a testable statistical quantity we need to consider how E (61, 62)
changes as the orientation of the polarisers are changed. With this in mind, con-
sider E (01, 6) — E (01, 95). This quantity may be expressed as

E(61,62) — E(61,0;) = N~ / FOOIS1(, D) S2(x, 62) — S1(x, 01)S2(R, 65)1d .

(13.35)
Then using (13.17), (13.18)

|E©61,62) — E(61,6,)| < N~ f FOOISI, OD11S2(x, 62) — S2.(, 65)|d
(13.36)

=N"! /f()»)[l “1S2(A, 62) — S2(h, 05)[1dA (13.37)
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=2+[E(61,6:) + E6;, 62)]. (13.38)
Finally, we obtain the Bell inequality

|E (61, 62) + E(0,62) + E(61,65) — E(6,65)| <2, (13.39)

This is the same Clauser-Horne-Shimony-Holt (CHSH) inequality in (13.7). We
know the two-photon entangled state will violate the inequality. The existence of a
Glauber-Sudarshan P function excludes a violation.

13.4 Closing the Loop Holes

Did the original Aspect experiment rule out local hidden variables? A positive
response is open to two objections. Firstly, the two measurements on each of a
pair of correlated photons were not space-like separated, the “locality loop-hole”.
Secondly a very large number of trials do not yield a result due to detector ineffi-
ciencies, the “detection loop-hole”. In that case one could imagine that the events
that are registered do not give a fair-sampling of the entangled states; somehow the
measurement settings might influence which events are recorded. The second Aspect
experiment [8] went some way to closing the first loop hole.

Closing both the detection and locality loopholes was achieved using a very
different kind of source based on NV diamond single photon emitters. In addition to
using very efficient single photon detectors, the experiment used a novel ‘heralded’
source of entanglement of pairs of electron spins in physically distinct diamond
crystals. This is closer to the original Bohm-Aharonov-Bell formulation of EPR
correlations. We will describe this experiment in some detail.

Nitrogen vacancy centres in diamond exhibit good single photon emission depend-
ing on the electron spin of the vacancy at low temperatures [14]. The level structure
and optical transitions are depicted in Fig. 13.3. The ground state is a spin-triplet split
by a crystal field into spin states m; = 0 and a degenerate doubletm; = +1 separated
by 2.88 GHz. If necessary, a Zeeman field can be included to lift the degeneracy of
the my = =£1 ground states.

There are two optical transitions, one labelled E, between the m = 0 ground
state and an m; = 0 excited state and another labelled A; between my; = £1 and
a mostly m = %1 excited state. When one of these transitions is resonantly driven,
the fluorescence decays due to weak transitions into the ground state of the opposite
excitation path. This mechanism enables optical pumping of either the m; = 0 ground
state or the my = %1 ground state. This feature enables high fidelity electron spin
initialisation. The spin dependent transitions A, E also enable ‘single-shot’ spin-
dependent optical readout of the triplet ground state through observation of the strong
spin-resolved fluorescence on these transitions. In Robledo et al. [15] the fidelity of
preparation plus readout of the m; = 0 state was 99.7% while for the m; = £1 states
it was 99.2%.

The key feature of the Hanson experiment is the preparation of an initial entangled
state of two NV centres in distinct diamond samples, separated by 1280 m, using
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Fig. 13.3 The level structure
of the electronic states of a
nitrogen vacancy centre in
diamond and the associated
optical transitions

I 2.88 GHz

a variation [16] of the scheme of Barrett and Kok [17]. This is based on a non-
deterministic but heralded detection of single single photons emitted by one or the
other of the NV centres. The basic idea is depicted in Fig. 13.4. A single photon is
emitted from one of two sources located at A and B, following an optical excitation
pulse, and is detected at C after passing though a beam splitter that erases information
on which source it came from. In the experiment, the NV centre is located in a surface
fabricated confocal microscope so that the emission can be effectively coupled into
multi mode fibres. The fibres coming from A and B are directed towards a fibre beam
splitter (FBS). The photons in the output ports of the FBS are detected and recorded.

The electronic spin state of each NV centre is controlled using microwave pulses
applied to on-chip wires. In this way we can prepare the spin state of each NV centre
independently. This is essential as it is possible only to readout the spin state directly
in the Z-basis. However we can readout in other bases by first unitary rotating the
spin state with microwave pulses. In this way we can implement the two rotation
angles at each emitter prior to a spin readout in the Z-basis.

1 I:)2

i tical
ool AL o1 o LA e
Al 1

microwave
pulse

I1\ microwave
pulse

Fig. 13.4 The Barrett-Kok scheme for entangling two distant spins
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We first describe the state preparation step. Label the spin states in each emitter as
lmg =0) =] 1)and |my; = —1) = | |). Assume that, att = 0, each of the emitters is
prepared in the superposition state |[+) = (| 1) + | 1))/+/2 by optical pumping into
mg = 0 followed by a microwave pulse on the 0 <> —1 transition. Each NV centre
is now excited on the E, transition by a short laser pulse. Spontaneous emission
on this transition rapidly produces the entangled state (| 1, 1) + | |, 0))/+/2 as the
spin state | |) is not coupled to this transition. This neglects a very small amplitude
that the state has a component in the excited states of the E, transition but this is
exponentially small. Given that we ultimately post-select on the basis of counting
a single photon this amplitude does not contribute in any case. The state of both
emitters a short time after excitation can then be written as.

1
Wy=sUtDa@ 1. s+ 14.0a@ 11 Dp+1 1. Da® 1,005 +11.004@][!.0)5)
(13.40)

We now direct the emitted photons into optical fibres and through a fibre beam-
splitter. If the photons emitted from each NV centre are identical this will erase
information on which source emitted a single photon. If we now ask for the con-
ditional state of the emitters give that we detect one and only one photon after the
beam-splitter, the conditional state is of the form

1 .
ey = ﬁu MNa®| e e 1)a®]Mp) (13.41)

and the phase ¢ depends on optical path lengths in the detection pathways.

This makes the unreasonable assumption that the detectors are perfect and no
photon is missed. In the case of imperfect detection a single photon detection could
also result from an amplitude for the | 1, 1)4 ® | 1, 1) p state. To fix this Bernien
etal. [16] used an ingenious scheme in which, after a single detection event, the states
| M), 1), are flipped with microwave pulses and each NV optically excited for a
second time. This induces | )4 ® | 1)p — | 1)4 ® | |)p which is now decoupled
from the optical transition and subsequent excitation cannot result in a spontaneous
emitted photon. However the components | )4 ® | |)p,| {)a ® | 1)p do emit a
photon. If we detect a single photon in both excitation rounds (and the emitted
photons are again identical) the conditional state is

L + 13.42
ﬁ(|T>A®I¢>B [ 4)a®11)B) (13.42)

The relative phase ¢ is converted into a global phase by the second round of excitation.
The sign in this superposition depends on whether the same detector or different
detectors recorded an event in the both rounds. At the end of the protocol we have an
entangled spin state in NV centres separated by a large distance. Of course this is a
non deterministic protocol. The probability for a success in each trial preparation is

[wd-by =
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of the order of 10~° corresponding to one heralded entangled state generation every
hour.

The test of the Bell inequality can now begin. The local spin readout is done using
resonant driving on a spin-dependent cycling transition (similar to the readout of the
electronic state of a trapped ion discussed in Sect. 12.2). The NV emits many photons
when it is in the my; = O state and emits no photons when it is in the m; = —1 state.
Photon emission is labelled as a +1 result while no photon mission is labelled as
a —1 result. This is a Z basis measurement. In order to readout in a rotated basis
we use the ability to rotate the spin states using microwave pulses followed by a
Z-basis measurement. The rotated basis measurements are chosen using fast random
number generation. It takes roughy 490 ns to chose the basis and ready for readout
which takes a further 37 ps. As the NV samples are separated by 1280 m space-like
separation of events at A and B allow a time window of 4.27 ws. This leaves 90ns
for any additional uncertainties. The fidelity of preparation and readout is as good
as 97%.

The experiment took 245 trials during a total measurement time of 220 h in a
period of 18 days to yield the CHSH correlation S = 2.42 & 0.20. This is a clear
violation of the CHSH Bell inequality with both the detection loophole and locality
loophole confidently closed.

13.5 EPR Correlations

We return now to a discussion of experiments to test the original EPR scheme and the
related idea of steering. As we noted above, the original EPR state is not a physical
state. Instead we use a physical state that can approach the ideal state in a suitable
limit. Reid [18] proposed to use the quadrature phase correlations in the two modes
of non degenerate parametric down conversion.

In Chap. 4 we discussed to what extent parametric down conversion can produce
a two mode squeezed state. In the photon number basis this is an entangled state of
the form

W)ap = V1 =22 ¥'|n)a ® In)p (13.43)
n=0

It can be written as a unitary transformation of the two-mode vacuum state |V),; =
er(a'b’—ab) |0) with A = tanh r. In the limit this approaches the EPR state. To see this
we write the state in the basis of the quadrature phase operators X, Xp;

2r _ 2 —2r 2
\Ij(xa, xb) — (27_[)—1/2 eXp [_e (Xa .X'h) _ e (xa +-xh) } (1344)

8 8

Using the Fourier transform, the state in the basis of the quadrature phase operators
Y,, Ypis

2r 2 —2r o 2
e (Ya+yp)” €7 (Ya }’b)i| (13.45)

W (ya, yp) = 1) 2 exp [— . 3
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a-measurement

basis choice:
0: X3
1: Ya

source

Fig.13.5 A scheme for testing the EPR proposal using non ideal quadrature phase measurements
on one mode of a two-mode squeezed state. A random binary number determines the choice of
which quadrature phase amplitude is measured at a. What state does the observer at a assign for b,
conditional on the results x, or y,?

This state thus gives the joint quadrature phase operator variances
Var(X, — Xp) = Var(Y, + ¥)) = 2¢7 %" (13.46)

In the limit» — oo this approaches the perfect correlation of the EPR state. The state
in (13.44) is clearly Gaussian in both quadrature amplitudes X, and Y, so we only
need to give the means and co-variance matrix of the state to completely characterise
it. (Strictly speaking there is also a global phase factor but this will play no role in
what follows.)

We now consider an experiment, depicted in Fig. 13.5, in which a non ideal
measurement of a quadrature phase operator is made on one mode of the two mode
state, say mode-a. By non ideal we mean that this measurement is not perfectly
accurate. In reality this corresponds to a homodyne measurement. We allow for some
measurement accuracy to provide greater flexibility in describing an experiment. The
question we wish to answer is: what conditional state does the observer at a assign
to the state at b conditioned on the results of the measurement? We use a random
binary number to choose which of the two canonically conjugate quadrature phase
amplitudes to measure at a.

To answer this question we need to be able to calculate the conditional reduced
state of mode-b given particular measurement results at a. We will first treat the
case of an X, quadrature amplitude measurement of mode-a. The measurement is
completely described by the measurement operator

Taa) = @A) expl—(Xa — xa)*/(41)] (13.47)
The statistics of measurement outcomes is

Pxa) = Trap [ T4 (i) Ta ) W) (01 (13.48)
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The conditional state of mode-b, given the result x,, for the measurement on mode-a,
is

P = [P ()l ™ Tra [ Ta(ea) Whan (W1 (xa) | (13.49)

The conditional marginal distribution for the X quadrature amplitude is defined as
P(xplxa) = (xpl 05" |xp) (13.50)

In Exercise 13.3 you can show that the distribution of measurement outcomes,
P(x,) is a gaussian with variance with mean and variance given by

E(x,) =0 (13.51)
Var(x,;) = A + cosh2r (13.52)

Thus the mean of the measurement outcomes is zero and so equal to the mean of x,
in the prior quantum state, while the variance in the measurement outcome is the sum
of the error in the measurement and the prior variance in variable x,. In the limit of
perfectly accurate measurements, A — 0, we see that the statistics of measurement
outcomes mirrors the marginal quantum statistics of ideal measurements of X, on
the state |W)gp.

In Exercise 13.3 you can show that the conditional distribution P (x|x,) is also
a gaussian with conditional mean and conditional variance give by

E(xp|xs) = x4 tanh 2r(o/A) (13.53)
Var(xp|x,) = 6 (13.54)
where
! + ! - (13.55)
o=|[— .
A cosh2r
1+ A cosh2r
= ————. 13.
A + cosh 2r (13.56)

Note that, while the conditional mean of the state at mode-b is a random variable,
the conditional variance is deterministic. In the limit of perfect correlations, r — oo
we see that 0 = A and the conditional mean of mode-b is equal to x, while § = A
in which case the variance for the unmeasured quadrature at mode-b is reduced to
zero in the limit of perfectly accurate measurements on mode-a. This is the expected
perfect correlation of the EPR state. In general the observer at a can now define an
inferred value for the X quarter amplitude with uncertainty given by

A2 (xp) =8 (13.57)
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A similar calculation can be done for the case that we choose to measure the IA/,,
quadrature amplitude measurement of mode-a. This requires a different measure-
ment set up to that used to measure the X, quadrature amplitude. We will assume
that is is described by the measurement operator

Da(ya) = @A)V expl—(Ya — ya)?/(40)] (13.58)

Note that Ta (xq) and P A(Va) do not commute, a reflection of the fact that these
describe different and complimentary measurements. We could have chosen the
uncertainty in the Y quadrature measurements to be different for that for the X
quadrature measurements but this does not make a fundamental change to the argu-
ment.

In this case the conditional mean and variance of the mode-b state is given by

E(yp|ys) = —ytanh2r(c/A) (13.59)
Var(yp|ya) =48 (13.60)

Note the anti-correlation expected for the conditional mean in the limit of perfect
correlations and ideal measurements. In general the observer at a can now define an
inferred value for the Y} quarter amplitude with uncertainty given by

AL () =8 (13.61)
Following the logic of the EPR argument we now note that

Aing (xp) Aing (yp) = 8 (13.62)

The right hand side will be less than unity for any non zero correlation provided
8 < 1, that is to say, when the measurement accuracy is better than the vacuum state
uncertainly in the relevant quadrature amplitude. This looks like a violation of the
uncertainty principle and EPR concluded that this result indicates the incompleteness
of quantum mechanics. Bohr’s response might be simply to point out that the two
factors in the right hand side of (13.62) are obtained under distinct and complimentary
experimental arrangements. The quantum uncertainty principle has nothing to say
about such a product as each factor refers to a different conditional quantum state.
Despite this we can define the EPR criterion as

Ainf(xp) Aing (yp) < 1 (13.63)

The previous analysis assumes that the conditional state is pure. In an actual exper-
iment based on homodyne detection one needs to account for the non unit quantum
efficiency of the photo-current detectors at mode-a. This requires us to consider non
pure conditional states. Nonetheless, the resulting homodyne distributions remain
Gaussian. Reid et al. [19] show that for this case,

. ) _ 1 4cosh2r (1 —na)/na)
Amf(-xb)Atnf())b) = “cosh2r (= 1)/70) (13.64)
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This has the same form as the pure state analysis with a measurement uncertainty
A = ((1 — ng)/na). We thus see that the EPR criterion will be satisfied when 1, >
0.5.

The two-mode squeezed state is a pure state and is entangled for any value of
r. In an experiment the state produced is never pure and we need to consider the
relationship between the degree of squeezing, purity and entanglement. It is possible
for a mixed Gaussian bi partite state to exhibit entanglement without satisfying the
EPR criterion. The EPR criterion is a stronger test of non locality than entanglement
itself [19].

The first experiment to test the EPR criterion was performed by Ou et al. in 1992
[20]. The two-mode squeezed states were produced using a non degenerate optical
parametric oscillator. Bowen et al. [21] used two independent optical parametric
amplifiers produced single mode squeeze states that were mixed with a /2 phase
difference on a 50/50 beam splitter to produce a two-mode squeezed state (see
Sect. 1.5). The two output beams from the beam splitter were then directed towards
two separate homodyne detection devices with the ability to change the detected
quadrature amplitude independently at each device. A polarising beam splitter is
introduced into each arm to enable the loss in each mode of the bi partite entangled
state to be varied. In this way both the inseparability and EPR criterion can be
investigated. The optimum value for the EPR criterion was achieved when the product
of the inferred variances reached 0.58 £ 0.02.

13.6 Quantum Steering

In 1935 Schrodinger introduced a new aspect to the EPR argument which has come
to be known as quantum steering [22]. The concept again relies on the way in which
different measurements on one component of a bipartite entangled state can lead to
different conditional quantum states for the other component. It appears as if one can
steer the conditional state at a remote location by making different choices for the
measurements. Wiseman, Jones and Doherty (WJD) [23] introduced a quantitative
formulation of quantum steering by defining it as a quantum information task capable
of experimental tests, for example [26]. WID showed that quantum steering is a
distinct nonlocal property of some bipartite quantum states that differs from Bell
nonlocality and nonseparability.

The quantum information task introduced by WJD is an asymmetric communi-
cation task involving two parties, Alice (@) and Bob (b). Alice has control over an
optical source and can send quantum states to Bob over a quantum channel (e.g.
a single mode optical fibre) as well as classical information over a classical chan-
nel. Alice’s source might produce two-mode entangled states, one mode of which is
directed through the quantum channel to Bob’s detectors, and the classical informa-
tion she can send could be the results of local measurements, just as in the standard
Bell correlation experiments.

Alice however may not have a genuine source of entangled two-mode states but is
trying to convince Bob she does by sending one component of a separable state to Bob
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together with limited classical information about that state, for example, it may be
classical information masquerading as the result of a local homodyne measurement
result. Putting it another way, can Bob verify Alice’s honesty by computing correla-
tions between the classical information sent to him by Alice and the results of local
measurements at his detectors? Can Bob discover that the states he receives are sim-
ply unknown (or hidden) separable states correlated with Alice’s results or genuine
bi-partite entangled states? WJD derived an inequality that Bob can construct from
his data and the data sent to him by Alice that enables him to determine the answer
to this question and verify that Alice is indeed sending him a non-separable state.
What is surprising is that the class of such steerable states are a subset of all possible
non-separable states but not all steerable states violate a Bell inequality. This intro-
duces a hierarchy of entangled states: steerability is stronger than nonseparability
and weaker than Bell nonlocality.

The significance of quantum steering for other quantum communication protocols
arises from Bob’s ability to verify Alice’s claim even with a complete lack of trust
in anything that happens in Alice’s laboratory. It is particularly relevant for device
independent protocols.

The first experimental test of steering using qubit states was performed by
Saunders et al. [27]. Using polarisation photonic qubits to implement Werner states,
they demonstrated that steerable states were a strict superset of the set of states
that could violate a Bell inequality. A key feature of the steering communication
protocol is its asymmetry; either Alice or Bob can be untrusted but not both. A
fully asymmetric steering protocol was first demonstrated by Wollmann et al. [25].
This experiment used polarization photonic Bell states generated using a heralding
method via spontaneous parametric down-conversion (SPDC) source. This closes
the detection loophole. These states were then used to prepare Werner states. By
introducing loss into one arm, say Bob’s, Wollmann et al. were able to demonstrate
the asymmetry of the protocol. The resulting loss of information in Bob’ s arm makes
him unable to steer the state for Alice.

Problems
13.1 A two qubit system is prepared in the pure state
1
V2

A CHSH experiment is performed with two settings for each party. Alice mea-
sures A1 = o; and Ay = o,. Bob measures B; = —(cos 6o, + sinfoy) and By =
cos o, — sin oy ). Calculate the correlation function

W) = —=(l01) — [10))

C = [(A1B1) + (A2B1) + (A2 By) — (A1 By)|

as a function of 6. At what value of 0 is there a maximal violation of the CHSH
inequality?
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13.2 An experiment attempts to make the | ™) maximally entanged state of two
qubits. However, due to imperfections in the experiment, it produces that state with
probability € and otherwise produces one of the four Bell states at random.

(a) Show that this state may be written as
o I
eV YT+ _6)4_1

where [ is the 4 x 4 identity matrix.
(b) Show that this state is entangled for € > 1/3.

13.3 A two-mode system is prepared in the squeezed state
o
[Whap = V1 =22 W'n)a @ In)y (13.65)
n=0

and a measurement of the X, quadrature is made described by the Krauss operator
Ta(xa) = 2r8) " expl—(Xa — xa)*/(4A)] (13.66)

where x, is the measured result. Calculate the conditional and unconditional state
and the corresponding mean and variance of X,.
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Abstract

Quantum information theory is the study of communication and information pro-
cessing tasks using physical systems that obey the rules of quantum theory. Infor-
mation theory was largely the creation of Claude Shannon working at Bell labo-
ratories over fifty years ago. Shannon produced an elegant mathematical theory
for information encoding, transmission and decoding in the presence of noise. In
the early 1980’s a number of pioneers including, Holevo, Schumachor, Brassard,
Ekert and Bennett, began to re-consider these issues in the light of quantum noise.
In this chapter we will consider some of these developments including quantum
cryptography and quantum teleportation.

14.1 Introduction

In classical information theory, the elementary unit of communication and informa-
tion processing is the binary digit, or bit, which can take the mutually exclusive values
0 or 1. All communication and information processing can be reduced to operations
on strings of binary digits. In 1946 Shannon [1] established a number of theorems
for such operations and founded the subject of information theory [2]. Somewhat
paradoxically, the key for this development lay in asking how much information is
gained when the result of a random binary choice is known. Consider, for example,
a fair coin toss. If we encode a head as 1 and a tail as O, it is clear that to record the
result of a single coin toss we require one binary digit. When the result is known
we have gained one bit of information. If we toss N coins there are 2V possible
outcomes, yet to record a single outcome requires only N bits. It would appear from
this that an intuitive definition for a numerical measure of information is the loga-
rithm of the number of possible alternative ways a given outcome can be realised.
If all outcomes are equally likely, as in the case of a fair coin toss of N coins, the
probability of each outcome is 2~V . The information content of a the i *th outcome is
then H = —log, p; where p; = 27 Vis the probability of the outcome. The depen-
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dence of the information measure on the logarithm of the probability ensures that
information is additive as our intuition with coin tosses would suggest. In general all
outcomes are not equally likely. In that case we are led to define the average infor-
mation of an outcome as H = — ) _; p; log, p; We choose to define our logarithms
base two as this leads to a measure of information in bits, which appears more natural
in this context.

14.1.1 The Qubit

Quantum mechanics indicates that, at its most fundamental level, the physical world
is irreducibly random. Given complete knowledge of the state of a physical system
(that is a pure state) there is at least one measurement the results of which are
completely random. The simplest example is provided by a two-state system such as
a spin-half particle, a polarised photon, or a two-level atom. An elementary optical
two-state system is a beam splitter, Fig. 14.1. A single photon pulse (see Sect. 1.9.2)
is directed towards a 50/50 beam splitter will be reflected or transmitted with equal
probability (we assume an ideal device that does not absorb the photon). If we place
a perfect photon detector in both output ports of the beam splitter we will get a count
at one or the other detector with equal probability. At first sight it would appear that
a single two-state system such as this is a perfect quantum coin toss, but the reality
is more subtle.

To understand why this is so consider the example depicted in Fig. 14.2 in which
we try to toss the quantum coin twice in succession by redirecting the photon towards
another identical beam splitter. In a real coin toss the outcome is no less uncertain
than the first coin toss. Such is not the case for this ‘quantum coin toss’. In Fig. 14.2
we illustrate a possible way to make the photon choose twice in succession whether to
be reflected or transmitted, and immediately recognise the form of a Mach-Zehnder
interferometer. Clearly we can set up this device so that the photon will be detected

vac

b

Fig. 14.1 A single photon pulse travelling in a single-mode fibre is mixed with another single-
mode fibre at an R/T beam splitter can be reflected with probability P, = R or transmitted with
probability P, = T'. In the case of a 50/50 beam splitter R = T = 0.5 and a perfect photon detector
in both output ports of the beam splitter, will register a count at one or the other detector with equal
probability
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vac

Fig.14.2 Tossing a quantum coin twice using a Mach-Zhender inteferometer. After the first beam
splitter (fibre-mixer) in Fig. 14.1, a single photon is redirected, using optical fibres, towards an
identical beam splitter with R = T = 0.5. The device is now a Mach-Zehnder interferometer and
can be adjusted using a phase shift so that the photon emerges with certainty in the upper output
mode

with certainty in say the upper photon detector. This is very different from tossing
two coins in succession.

The explanation of this phenomenon takes us to the heart of why quantum infor-
mation theory will necessarily be different from classical information theory. Imme-
diately after the first beam splitter the photon is in a quantum superposition of two
distinct spatial modes of the field;

_ b
V2

If we place a photon detector in both output modes after the first fibre coupler it
is easy to see that we will count a photon in each mode with equal probability.
However the state is not a truly random state. In fact it is a pure state, the entropy
of which is zero. The beam-splitter has unitarily transformed the initial pure state
[1)q ® |0)p. If the system is caused to pass through another beam splitter a further
unitary transformation takes place which, for an appropriate phase shift, will produce
the state |1), ® |0); at the output and the photon will be detected with certainty in
the upper detector.

We need to distinguish a true coin toss from a ‘quantum’ coin toss. The key
distinguishing feature is the ability of the quantum system to be prepared in a coherent
superposition of the two mutually exclusive alternatives. While it is true that the result
of an arbitrary Pauli measurement on a single two state system will give one bit of
information in general, the system state is not like a classical coin toss, as the single
photon example illustrates.

To distinguish a true one bit classical probabilistic system from a quantum one bit
probabilistic system we will refer to the quantum case as a qubit. A qubit is then a
quantum system which can yield at most one bit of information upon measurement,
but which can be in a coherent quantum superposition of the two mutually exclusive
outcomes prior to measurement. In the example of Fig. 14.2 the state inside the

V) (1Da ®10)s +10)a ® [1)p (14.1)
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Fig.14.3 The z
parametrisation of a single ‘
qubit state is one-to-one
correspondence with a point
on the unit sphere, called the
Bloch sphere. here the point
is labelled by spherical polar -
coordinates for a unit radius

interferometer can be written as a superposition of the two possible paths, reflected
(R) or transmitted (T) after the first fibre mixer as

) = cos0]0) + ¢ "?sinO|1) (14.2)

where R = cos?6, T = sin? @ and ¢ accounts for phase difference due to unequal
path lengths, and we define the qubit basis states as [0) = [1), ® |0)p, 1) =[0)y ®
[1)p. This is called dual rail encoding . The states of a single qubit are in one to
one correspondance with the points on a unit sphere if we identify 9, ¢ as spherical
polar coordinates, Fig. 14.3. There are an uncountable infinity of such states, yet
when photon number measurements are made at the output of the device we obtain a
single bit of information with probability distribution P (0) = cos?0=1—PQQ). 1t
is easy to see that photon number measurements are equivalent to a o, measurement.
In contrast a probabilistic description of a true coin toss is defined by a single real
number p.

It is conventional to define the Pauli matrices so that o, is diagonal in the qubit
basis. In this basis the Pauli matrices are

oz = [1)([1] = 0)(|0] (14.3)
oy = —i([1){|0] — |0)(|1]) (14.4)
ox = [1)(10] + [0)([1] (14.5)

The input state in Fig. 14.2 can be written in the qubit code as [);, = |0) and
the state transformation from input to output is [0) — cos 8]0) + ¢ % sin0|1). If we
had injected the single photon pulse into mode-b we would have |1) — cos8|1) —
¢'? sin#]0). This is called a single qubit gate. In summary, the single qubit gate
implements the unitary transformation

10) — cos0]0) + e ?sinO|1) (14.6)
11). = cos@|1) — €'? sin6|0) (14.7)
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In the case of 2 qubits the system can exist in a superposition of all 4 possible
product states of each individual qubit. This requires 6 real numbers, in general, to
parameterise and there is no simple visualisation of the topology of the parameter
space as in the case of the Bloch sphere. A recent attempt can be found in [3]. In
contrast the case of two classical bits (two coins) requires three real numbers, and
the space of parameters is a simple tetrahedron. In the case of N qubits the topology
becomes very complex affording an extraordinary level of control compared to the
case of N bits. It is this complex level of control over probability distributions
for measurement outcomes, compared to that for classical distributions, that give
quantum communication and computation their power. We discuss below an example
of how even a single qubit can be harnessed to do things that a classical one bit system
never could; secure key distribution.

14.2 Single Photon Sources and Detectors

The technology of the internet is based entirely on coherent pulses propagating in
optical fibres. Huge advances in the ability to produce and control coherent optical
pulses has made this possible [4]. Key components are: laser diodes, optical filters,
couplers, switches, amplifiers, electro-optic modulators, photon counting detection.
Integrated optical systems using waveguides in bulk materials have added new ways
of processing optical signals.

Quantum communication in fibre optical networks, and integrated optical systems,
use quantum states of light, possibly encoding qubits, at transmitters and receivers
We will concentrate on using single photon sources and single photon detectors
capable of resolving the number of photons counted.

Good single photon sources has been developed over the past couple of decades.
From an optical communication perspective, it must be possible to produce transform
limited single photon pulses with arbitrary temporal modulation. It is relatively easy
to do this with coherent pulses but single photon pulse requires more sophisticated
methods. One approach that can be used for both is based on Raman stimulated
emission.

14.2.1 A Raman Single Photon Source

As an example of a single photon source we discuss a Raman model based on a
three-level A atomic system placed inside a single-sided cavity, see Fig. 14.4. Two
long-lived states |g) and |e) are coupled by a third radiative state |b). A strong
classical electromagnetic control pulse E(¢) is applied to the ground state |g) at
frequency 2. The pulse is detuned from the atomic transition |g) — |b), ensuring
that the radiative state is never significantly populated. The resonance condition is
Q — w,; = wge, where wy, is the energy difference between | g) and |e). The transition
|g) — |e) is mediated by the emission of a photon at frequency wj.
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Fig.14.4 An intracavity Raman single photon source. The atomic system is prepared in the ground
state. A classical control field pulse E () has a carrier frequency w,. The cavity resonant frequency
is w,. The Raman resonance condition is w, — w, = wge Where hwy, is the energy difference
between states |g) and |e). Both the control and cavity field are detuned from the auxiliary state |b).
When the control pulse is applied, the atom makes a two photon transition g — e emitting a cavity
field photon in the process. If the cavity id rapidly damped this photon is emitted very rapidly from
the cavity. The temporal shape of the emitted photon is determined by the cavity response function
and the temporal shape of the control field pulse

In the interaction picture under the rotating wave approximation, the Hamiltonian
describing this interaction is

H, = hE(t)a'o, + hE*(t)o_a, (14.8)

where a' and a are the internal cavity mode creation and annihilation operators, and
o4+ and o_ are the raising and lowering operators in the subspace formed |g) and |e).
At a finite temperature, the evolution of the cavity-atomic joint state is governed by
the master equation (ME)

d
L _iH,, ] (14.9)
dt

+& (i + 1) Dlalp + kiDla'1p, (14.10)

where « is the decay rate of the cavity mode into the environment, 7 = (e#« — 1) !is
the mean photon number in the environment with Boltzmann factors u; = hw; /kpT,
and Dlalp = apa’ — {a'a, p}/2 is the Lindblad dissipator. We have neglected
decay between |e) — |g) with the assumption that the atomic decay rate is much
slower than the intra-cavity mode x. We further assume the atom-cavity system is
initially in thermal equilibrium with the environment, and thus it is in a separable
Gibbs state, psys = 04 ® po. Thermal equilibrium ensures p, = pq.

A reliable single photon source requires sufficient control over the mean photon
number (ag (t)a,(t)) and optical coherence of the pulse. The quantum Langevin
equations describing the stochastic evolution of the intracavity field a(z) is

d
d—‘: — —iE(t)oy — %a + JKa; . (14.11)
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The initial condition is (a(0)) = (a;(0)) = 0. The input-output relation a;(t) +
a,(t) = /ka(t), shows that the output field is the convolution of the cavity response
and the product of the control field amplitude and atomic polarization

1
(ao(1)) = —iﬁfo dt’ exp((t’ —1)/2)E(t"){o1(1)) . (14.12)

Controlling the shape of the classical drive E(¢) shapes the overall single photon
pulse.
The intensity of the emitted pulse is

(ata,) = k(a'a) — Vilata; +ala) + (@] a;) (14.13)

where (a; a;) = n is the mean photon number of the external field. A reliable single
photon source will operate in the limit of a large cavity decay rate « and thus prefer-
entially emit into the environment rather than be coherently absorbed by the atom.
In this limit, we can adiabatically eliminate the cavity dynamics,

2iE(t 2
aty > —2EO NGl (14.14)
After adiabatic elimination , the cavity dynamics, the output intensity is
i ~ 2i il *
(a,(t)ay(t)) =n+ —=(E(t)a/oy — E*(t)o_a;) . (14.15)
e

To find the second term, we start by rewriting the master equation (14.9) for the
atomic system by replacing a in the adiabatic limit

4nl (1)

Lo = [o41p) + Dlo_1p", (14.16)

4n+ 1)1t
( ) (1) P
K

where p@) describes the quantum state of the atom alone and I(t) = |E (1)|*. The
dynamics of the atom appear to spontaneously absorb and emit photons according to
the mean-photon number of the environment 7 and the intensity of the control pulse
I1(1).

We derive the quantum Langevin equation for o using the input mode a;, which
yields the general solution to o4 (f)

o (t)——i PRI (ta; (Y E* (1) (14.17)
+() = N e o (t)a; .

Multiplying this expression by a; from the right and making use of the commuta-
tion relation [a; (), aj(t/)]zé(t — ') and the integral identity fot 8t —t)g(thHdt =
g(t)/2, we find the general solution

2 Endies — E*(oa) = 2D 1 ¢ 14.18
ﬁ< ()a; o4 (t)o_a;) = . (o7(1)) . (14.18)
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Rewriting (14.15), we obtain the expression for the mean photon number in the
output mode
§ _ 4l

(ay(Dao(1)) =n+T(0z(t))- (14.19)
Finally we can find the behavior of (o,(¢)). Making use of the fact that o, = 1 —
2P, (), we can find the evolution of o, by computing the probability of measuring
a photon in the ground state P, (¢). Thus, in the Heisenberg picture P, (f) evolves
according to (14.16), resulting in

dP,(t)  41(1) 41 ()i

- — (27 + D Py(1) + (14.20)

which has the following general solution—given the initial condition P, (0)=(1 +
e’“ﬂ)’l:

e "(14+n)+n e’
P,(t) = — ) 14.21
5 () 2+ 1 1 + eto ( )

Here 7 = (4/(2n + 1)k) fot dt'I(t") and approaches 0 in the long-time limit at zero
temperature, corresponding to a perfect emission. In the long-time limit where ¢ > 0,
the inversion of the atom (o (¢)) becomes constant

1 w
(02(1)) = 5 = tanh (szT> , (14.22)

which describes the mean atomic polarization of a two-level atom in a thermal bath
as expected. The mean intensity emitted in the long-time limit is

; _ 4 hao
(af (D)) = i + — = tanh (2k3T> . (14.23)

As the temperature goes to zero we find that

2
(@ (Hap (D)) = 4'Ef)' . (14.24)

The Raman single photon source emits a pulse with temporal shape determined by
the classical drive E(t). See Sect. 1.9.

14.2.2 Single Photon Detectors

A single photon detector is a measurement device that can reliably count a single event
from a single photon pulse with high efficiency. Currently superconducting nanowire
detectors (SNSPD) are the best choice [5]. They consists of a thin film (typically
5-10 nm thick) of superconducting material patterned as a meandering nanowire
(50-100 nm wide). In such a device the superconducitng wire undergoes a highly
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Fig. 14.5 An intracavity Raman single photon detector. The atomic system is prepared in the
excited (e) state. A classical control field pulse E(f) has a carrier frequency .. The cavity resonant
frequency is w,. The Raman resonance condition is w. — wq = wg, Where hwg, is the energy
difference between states |g) and |e). Both the control and cavity field are detuned from the auxiliary
state |b). When the control pulse is applied, a synchronous single photon pulse will be absorbed with
probability p, (or reflected with probability 1 — p,) and the atom makes a two photon transition
e — g. The probability p, is maximised when the temporal shape of the control field matches the
temporal shape of the single photon pulse. If the atom is found in the ground state, or a reflected
photon is counted, the photon has been absorbed. This detector functions as a time-resolved single
photon detector

localised transition form superconducting state to a resistive state due to photon
absorption. This causes a rapid spike in resistance and a consequent voltage spike
as the superconductor rapidly relaxes back to the superconducting state. SNSPDs
offer near-unity detection efficiencies over a wide spectral range.combined with a
low dark count rate. They have a very fast response with short dead times and fine
timing resolution.

Another approach to a single photon detector is based on a “time reversed” version
of a Raman single photon source, see Fig. 14.5.

The absorption probability for a rapidly damped cavity can be calculated using
the Fock state master equation method described in Sect. 5.2. The result to lowest
order in k! is [6]

2

Pa = g '/dt’E*(t’)v(t’) (14.25)

where v () is the temporal mode shape for the single photon input and « is the cavity
linewidth. Using (1.123) this is a maximum when E () = Egv(t). Note that we must
ensure that | Eg|? < « for the approximation to be valid.

The Raman single photon detection scheme can be formalised as a time resolved
photon detection measurement. We first define a projection operator valued measure
as

M, = a)(1)]0)(0laa(?) (14.26)
where
aq(t) = /00 da)e_iwt,tl*(w)a(a)) (14.27)
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Note that this operator does not obey the free field commutation relations. The
detector is addressable in so far as the experimentalist has control over the function
w(w). The probability to count a single photon pulse, prepared in the state |v), is

2
(14.28)

p =ulIv){v]] = ‘/ dtp*(t)v(t)

14.3 Entanglement

Quantum entanglement refers to correlations between the results of measurements
made on distinct subsystems of a composite system that cannot be explained in terms
of standard statistical correlations between classical properties inherent in each sub-
system. An example is provided by the violation of the Bell inequality for two distinct
two-state quantum systems (see Chap. 13). If the subsystems are space like separated,
quantum entanglement implies non-locality. Non-locality means that measurements
on distinct subsystems, local measurements, are incapable of determining the joint
state of the composite system. While quantum entanglement and non-locality are
related they are not the same.

In quantum optics the simplest source of entanglement is provided by the non-
degenerate squeezed vacuum state produced by spontaneous parametric down con-
version (see Sect. 1.5),

&) = (1 =232 " [n)a ® In)s (14.29)
n=0

where A = tanh r with r the squeezing parameter. Note that this state is a zero eigen-
state of the photon number difference operator, 1, — 715, between the two modes.
The entanglement here results from a superposition of the infinite number of indis-
tinguishable ways we can distribute equal numbers of photons in each mode. The
reduced state of each subsystem (modes a and b) is in fact a thermal state (see Sect.
1.5). This is the maximum entropy state for a mode with a fixed average energy. Thus
while the total state is a pure state with zero entropy, the state of each subsystem is
as uncertain as it can be given the constraint on the average energy.

Measurements on the component sub-systems of entangled states are insufficient
to completely determine the joint state of the system. In some cases local measure-
ments may give no information at all about the joint state and the entropy of the
subsystem reduced states are maximal. Such states are called maximally entangled.
An example is provided by the following eigenstates of total photon number,

1 N
) e p——— A ® N — 14.
) = —— 1n§=0|n) ® N —n)y (14.30)
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Local measurements on either mode, say a, are described by the reduced density
operator

pa = Trp(p) (14.31)

where Tr;, refers to the partial trace over mode b. In this case the resulting reduced
density operator for each mode is the identity matrix in N + 1 dimensions. The
entropy of such a state is

Sap = —TrpapInpap =In(N + 1) (14.32)

which, given the constraint on total photon number, is maximal. In general the entropy
of each subsystem satisfy an important inequality, the Araki-Lieb inequality,

[Sa — Spl <8 < Sa+ Sp (14.33)

where S is the entropy of the state of the joint system. In the case of a pure entangled
state this implies that S, = Sp.

Entangled states do not necessarily need to be pure states. Furthermore there can be
non-entangled states that still exhibit classical correlations between the subsystems.
If an entangled state interacts with an environment entanglement can be reduced to
zero while classical correlations remain. An example is provided by a two-mode
squeezed vacuum state undergoing phase diffusion in each mode. The steady state
density operator describing such a system is

p==1=3%)Y 2" n)a(n| @ n)pn] (14.34)
n=0

which still retains a perfect classical correlation between the photon numbers in
each mode. However as the sate is a convex sum of states which factorise, the state
in (14.34) is not entangled and in fact is defined as separable.

It seems reasonable to suggest that between pure entangled states and totally sep-
arable mixed states there is a gradation of entanglement. To quantify this we require
a measure of entanglement, and a number of such measures for finite dimensional
Hilbert spaces have been proposed. The situation for infinite dimensional Hilbert
spaces, which is the case for much of quantum optics, is complicated except for a
special class of states known as Gaussian states. Such states have a gaussian Wigner
function. The two mode squeezed state is an example (see Chap. 3).

When a pure state, |1) interacts with an environment it undergoes decoherence
and generally becomes a mixed state, p. We can then ask for the probability of finding
the initial state, ¥ in the ensemble represented by p. This probability is given by

F =Tr(pl¥)(¥)) (14.35)

which is called the fidelity. Fidelity has a deeper significance in terms of the statistical
distinguishability of quantum states.
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14.4 Quantum Key Distribution

For millennia, communicating parties have devised schemes whereby messages can
be authenticated (the signature) and secured from unauthorised access (cryptogra-
phy). Modern methods (symmetrical crypto-systems) for secure electronic commu-
nication involve the prior exchange of a random number which is called the key. If
the communicating parties share this number with each other and no one else, mes-
sages can be securely encrypted and decoded. The method however is vulnerable to a
third party acquiring access to the key. In this section we will describe how quantum
mechanics enables two communicating parties to arrive at a shared secure key via
Quantum Key Distribution (QKD).

The idea that quantum mechanics might enable more secure communication was
hinted at in the work of Wiesner [9] and made explicit in the pioneering work of
Bennett and Brassard [10], in which the first QKD protocol, BB84, was presented. It
uses a set of four qubit states to encode one bit. The first experimental demonstration
of QKD was made by Bennett, Brassard and co-workers in 1989 [11]. A thorough
review can be found in [12].

The key idea behind QKD is the Heisenberg uncertainty principle which ensures
that any attempt to measure a quantum state will change it, and thus eavesdrop-
ping can in principle be detected. This is related to a powerful theorem in quantum
information theory, the ‘no-cloning’ theorem: an unknown quantum state cannot
be duplicated [13]. Thus experimental QKD offers important new insights into the
nature of quantum physics. Let us now follow a classical protocol to establish a shared
random key between two communicating parties, called Alice (A) and Bob(B).

Alice and Bob are assumed to have a means to generate completely random binary
numbers. Alice generates a random binary number and sends it to Bob, and Bob
generates a random binary number and compares it to the binary number received
from Alice. If it is the same he tells Alice publicly that this is the case, but does
not reveal what the value actually was. If it was the same, Alice and Bob keep this
binary number, otherwise they discard it. Alice and Bob then repeat the procedure
for another binary number and continue in this way until they share a binary string
that is a subset of the total binary string that Alice sent to Bob. If for some reason
Alice’s binary number fails to get to Bob in a particular run, it makes no difference
to the final shared binary string (although it does reduce the rate of communication
for the shared binary string). The big problem with this method is that classically
it is possible for an eavesdropper, Eve, to copy Alice’s transmitted binary number
without disturbing it. Then Eve can listen to the public channel and hear Bob telling
Alice that this number was the same as his binary number. QKD avoids this problem
by making it impossible for Eve to measure (or copy) an unknown quantum state
without also disturbing it in general. If Alice and Bob chose carefully the quantum
state encoding their binary numbers an eavesdropper can be detected by Alice and
Bob.

Alice and Bob will communicate with polarised single photon pulses. These are
defined in the same way as in Sect. 1.9 but now the modes are indexed by a polarization
vector as well as wave vector. They first need to agree on how to physically implement
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the encoding. Suppose Alice decides to transmit only vertically (V) and +45°(D—
for diagonal) photons. She will send a V-photon when a previously generated random
binary number is a 0 and a D-photon when the random binary number is a 1.

A: V<0, D1 (14.36)

Bob and Alice also agree that Bob can make a polarisation measurements of Alice’s
photon in only two directions; horizontally (H) or at —45° (A—for anti-diagonal).
These measurements project onto non-orthogonal polarisation states. Bob randomly
decides which of his two allowed measurements he will make on any photon he
receives from Alice. The choice of measurement is made by referring to a previously
generated random bit according to the code,

B: 0« A, 1 H (14.37)

When Bob measures the polarisation he records the result as a yes (Y) or a no (N)
depending on whether the photon was indeed found to have that particular polarisa-
tion. Bob will never record a Y if his bit is different from Alice’s (crossed polarisers),
and he records a Y on 50% of runs in which their bits are the same. Thus Bob can
only get a Y if his bit is the same as Alice’s (although he may get a N in that case
as well). Finally Bob sends a copy of his results to Alice, over a public channel, but
he does not tell Alice what measurement he made on each bit. Now Alice and Bob
retain only those bits for which Bob’s result was “Y”. This process is called sifting
and A and B share the same key in principle but there may be errors.

If Eve, an eavesdropper, makes a QND polarisation measurement of Alice’s trans-
mitted photons in an attempt to learn what was sent, she will introduce a 25% error
rate between Alice and Bob’s shared key. This occurs because her measurement will
project the transmitted state into the eigenstates corresponding to her measurement
result and this state may be different from that sent by Alice. Alice and Bob can
test for eavesdropping by agreeing to sacrifice part of their shared key to check the
error rate in a process called reconciliation. If the error rate is 25% or higher they
will suspect an eavesdropper and discard the entire shared key. In reality errors are
inevitable, and Alice and Bob will need to agree on an acceptable error threshold
less than 25%. The reconciliation algorithm uses parity and error correcting codes
to reconcile errors without exposing the key values. A final essential step is privacy
amplification to reduce any partial information acquired by an eavesdropper about
the raw key to a negligible level. It is a hashing algorithm that compresses a longer,
partially secure key into a shorter, more secure final key.

The performance of an experimental QKD system is stated in terms of the number
of bits per second of a shared secret key (the distilled bit rate Ry;,) and the distance
between the communicating parties. It is usually easier to determine the raw bit rate
(Ryqw)- This is determined by actual losses in the quantum channel, sources and
detectors as well as possible intervention of an eavesdropper. From this the error
rate in the sifted key (obtained after Alice and Bob perform a round of classical
communication to reconcile their bases) is called the quantum bit error rate (QBER).
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Fig.14.6 A QKD BB84 implementation using a single photon source (SPS) [14]. Telecom single
photon pulses are generated by Alice and passed through a half-wave plate (HWP). The polarised
photons are coupled into a single-mode fibre connected to Bob. A 50/50 beam splitter (BS) fibre
coupler makes a passive random choice for which basis Bob measures. Each of the two output
channels pass through polarisation (PC) control elements towards polarising beam splitters (PBS)
before photo-detection (PD)

The requirement that we use single photon states to code the bits of information
places considerable demands on the physical resources required to implement BB84.
Considerable progress has been made in single photon sources. Given such a source
we also need to be able to reliably detect single photons, with a small dark count rate,
and we need to propagate single photon pulses over possibly large distances with as
little loss as possible. If the loss rate is too high very few counts will be available
to Alice and Bob to construct their shared key and thus the data transmission rate
could be unacceptably low. Finally, if we are to use standard optical fibres to transmit
the photons, polarisation encoding is difficult owing to the birefringence of optical
fibres. In practice this can be addressed using a polarisation compensation protocol
to automatically follow the drift of polarisation and recover any polarisation changes.

An example of a QKD BB84 using single photon sources was presented by Mor-
rison et al. [14]. A simplified scheme is shown in Fig. 14.6. The single photon source
was a frequency doubled output from a InGaAs/GaAs quantum dot inside an oxide-
apertured micropillar. The source repetition rate was 160.7 MHz. The quality of the
single photon source is defined by how identical successive pulses are. This is mea-
sured by 2@ (0) which here is 0.036 (see Sect. 2.7). The four BB84 polarisation states
are encoded using a motorised half-wave plate (HWP). A motorised half-wave plate
combines a half-wave plate (HWP), which is a birefringent optical element, with a
motorised mount that can rotate the plate to a desired orientation. Photons are trans-
mitted through a quantum channel consisting of optical fibre spools with an average
propagation loss of 0.1904 dB/km including connectors. The receiver at Bob consists
of a 50/50 fibre beam-splitter (BS) followed by two polarising beam splitters and
in-fibre polarisation controllers (PC) to project into the H/V and D/A basis respec-
tively. Photons are detected with superconducting nanowire single-photon detectors
(SNSPDs). The quantum bit error rate (QBER) at the maximum tolerable loss of
~35 dB is ~2% and is primarily limited by the quality of the single photon source.
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14.5 Quantum Teleportation

Quantum teleportation is a key quantum communication scheme, with no classical
analogue, and plays a key role in quantum networks and quantum computing. It
permits the transfer of an unknown quantum state from a client system (C) pro-
vided to a sender (A), to a remote receiver (B). The sender and receiver share a
maximally entangled state, and they can communicate via a classical channel. The
original proposal of Bennett et al. [15] was posed in terms of systems with a two
dimensional Hilbert space. Furasawa et al. [16], using a proposal of Braunstein and
Kimble [17], demonstrated that the method can also be applied to entangled systems
with an infinite dimensional Hilbert space (called continuous variable ‘CV’ telepor-
tation), specifically for harmonic oscillator states. In that work, a coherent state was
teleported using an entanglement resource that consisted of a two mode squeezed
vacuum state. The joint measurements required for teleportation are joint quadrature
phase on the client system and that part of the entangled resource shared by the
receiver.

Teleportation of continuous variables is possible using a perfect quadrature phase
QND (quantum nondemolition) measurement between two optical modes, A and
B, to create the entanglement resource. The state that is produced is an optical
analogue of the EPR state which had previously been shown by Vaidman [18] to
enable teleportation of continuous observable. The EPR state is not a physical state
because quadrature phase eigenstates are infinite energy states. However we can use
arbitrary close approximations to these states in terms of a squeezed vacuum state,
see Sect. 13.5. This is essential feature exploited in the scheme of Furasawa et al.
[16].

Suppose that at some prior time a two mode squeezed vacuum state is generated
and that one mode is available for local operations and measurements at the sender’s
location A by observer Alice, while the other mode is open to local operations and
measurements in the receiver’s location B, by observer Bob. Alice and Bob can
communicate via a classical communication channel. Thus Alice and Bob each have
access to one of the two entangled subsystems described by

E)as =V (=22 Y " "n)a ® In)p (14.38)

n=0

This state is generated from the vacuum state by the Unitary transformation
U(r) = ¢'@b'=ab) (14.39)

where A = tanh r and where a, b refer to the mode accessible to Alice and the mode
accessible to Bob respectively (see Fig. 14.7).

The entanglement of this state can be viewed in two ways. Firstly as an entangle-
ment between quadrature phases in the two modes (EPR entanglement) and secondly
as an entanglement between number and phase in the two modes. We can easily show
that this state approximates the entanglement of an EPR state in the limit A — 1 or
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Fig.14.7 A teleportation protocol. The sender, Alice, shares one mode A of a two-mode squeezed
state, and another mode, the client, the state of which is unknown to her. Alice makes a measurement
of the sum of the quadrature phase amplitudes of the client mode and mode A. The results of the
measurement are sent via a classical channel to the receiver, Bob, who conditional on the information
received, applies a unitary control to his share of the two-mode entangled state, mode B. The output
of Bob’s action is a mode now prepared in the same state as the client mode, but neither Alice or
Bob learn what this state is

r — oo. The quadrature phase entanglement is easily seen by calculating the effect
of the squeezing transformation (14.39) in the Heisenberg picture. We first define
the quadrature phase operators for the two modes

Xa=a+a' (14.40)
Ya= —i(a—a") (14.41)
Xp=b+b' (14.42)
Y= —i(b—b") (14.43)
Then
Var(Xa — Xp) = 2¢7% (14.44)
Var(Ya + Yg) = 2% (14.45)

where Var(A) = (A2) (A) is the variance. Thus in the 11m1t of r — 00 the state
|E) approaches a simultaneous eigenstates of X A— X p and Y A+ Y B. ThlS is the
analogue of the EPR state with position replaced by the real quadratures X and the
momentum replaced by the imaginary quadratures, Y.

The sender, Alice, has access to another quantum system, the client (C), in state
|¥)c. Perfect (projective) measurements are made of the joint quadrature phase
quantities, Xc — X4 and Y¢ + Y4 on the client mode and the Alice’s part of the
entangled mode, A, with the results X, Y respectively. The conditional state resulting
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from this joint quadrature measurement is described by the projection onto the state
|X,Y)cq Where

X, Y)ea = e 25a¥c Xy e @ 1Y) 4 (14.46)

The (unnormalised) conditional state of total system after the measurement is then
seen to be given by

B e = calX, YY) clE)ap ® 1X, Y)ca (14.47)
The state of mode B at the receiver, denoted as Bob, is the pure state
16X (1)) s = [P(X. ]2 calX, YY) ® 1E)as (14.48)

with the wave function (in the X B representation),

o5 ") = / dx'e” 2V E(r, )y (X + 1) (14.49)

—00

where 1 (x) = ¢ (x|¥)c is the wavefunction for the client state we seek to teleport.
The kernel is simply the wave function for the two mode squeezed state resource.

The state in (14.49) is clearly not the same as the state we sought to teleport.
However in the limit of infinite squeezing, r — oo, we find that G(x1, x2; ) —
8(x1 + x7) and the state of mode B approaches

lbxy (F) g — e~ 3V XBeAXTB 1y o (14.50)

which, up to the expected unitary translations in phase-space, is the required tele-
ported state.

For finite squeezing the state after Bob’s conditional control is not an exact replica
of the client state. We can quantify the fidelity of the reproduction by computing the
probability that the state received by Bob, after displacement, is the same as the client
state. This probability is called the fidelity and is given by

F = |(y|e2iXs =105 (X102 (14.51)

with u = gY¥, v = gX which allows for some flexibility in the choice of displace-
ments in the non ideal case. The quantity g is called the gain. In the limit of infinite
squeezing we expect g — 1.

In the experimental context, imperfections in the measurements, noise in the clas-
sical communication channel, degradation of the entanglement, and imperfections
in the local unitary transformations, mean that Bob’s state is not precisely the same
as the state of the client, C. A final step in any teleportation protocol is to check to
see to what extent the state is teleported. In other words we need to determine the
probability that the teleported state is the one we want, that is we need the fidelity.
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This of course requires knowledge of the actual state of the mode C. As the fidelity
is a probability it must be adequately sampled, so the verification stage requires
repeated measurements upon the output state of the teleportation scheme at mode B.
The previously mentioned errors act independently from trial to trial which means
we must describe the teleported state as a mixed state, pp, in general. In this case
the fidelity is given by

F = (¢lppl¥) (14.52)

We can also define an overall measure of performance in terms of the average fidelity
F obtained by averaging the fidelity over all possible client states, |y), with some
appropriate measure on the set of pure states. We first need to specify the class of
client states and the ensemble from which they are drawn. In the case of client states
drawn from an ensemble of coherent states we can obtain an explicit result. If A and
B share no entanglement F = % This is the classical boundary for teleportation of
a coherent state. A quantum protocol would need to give an average fidelity greater
than 0.5.

In order to effect a joint measurement of the combined quadratures Xc —
X A, Y c+ YA , the experiment of [ 16] first combined the client and sender field ampli-
tudes on a 50/50 beam splitter, followed by direct homodyne measurements of the
output fields after the beam splitter. After the beam splitter we then make a homodyne
measurement of X-quadrature on mode C and the Y-quadrature on mode A. In the
case of homodyne detection, the actual measurement records are two photo-currents
(Ix, Ip). For unit efficiency detectors, this is an optimal measurement of the corre-
sponding quadratures Xc, Y4 In reality however efficiency is not unity and some
noise is added to the measurement results. We shall return to this point below.

The measured photo-currents are a classical stochastic processes and may be
sent to the receiver, B, over a standard communication channel. On receipt of this
information the receiver must apply the appropriate unitary operator, a displacement,
to complete the protocol. Displacement operators are quite easy to apply in quantum
optics. To displace a mode, say B, we first combine it with another mode, prepared
in a coherent state with large amplitude, « — o0, on a beam splitter with very high
reflectivity, R — 1, for mode B. If |¢) p is the state of B, then after the combination
at the beam splitter the state of B is transformed by

|#)s — D(B)|o)sB (14.53)
where D(B) = exp(Bb" — B*b) is the unitary displacement operator, and

B = lim hm a1 — (14.54)

R—1o—

In terms of the quadrature operators for B the displacement operator can be written

D(x, y) = e Xs+ixTs (14.55)
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with 8 = x + iy. A suitable choice of 8 will produce the required displacements to
complete the teleportation protocol. This was achieved by using the measured pho-
tocurrents to control the real and imaginary components of the displacement field
using electrically controlled modulators. As the measurement records, the photocur-
rents, are classical stochastic processes they can be scaled by a gain factor, g, to
produce the required 8.

The experiment included an additional step to verify to what extent the state
received by Bob faithfully reproduced the state of the client field. In this experiment
the state of the client was a coherent state. In essence another party, Victor, is verifying
the fidelity of the teleportation using homodyne detection to monitor the quadrature
variances of the teleported state.

The key feature that indicates success of the teleportation is a drop in the quadra-
ture noise seen by Victor when Bob applies the appropriate unitary operator to his
state. This is done by varying the gain g. If Bob simply does nothing to his state
(g = 0), then Victor simply gets one half of a squeezed state. Such a state has a
quadrature noise level well above the vacuum level of the coherent state. As Bob
varies his gain, Victor finds the quadrature noise level fall until, at optimal gain, the
teleportation is effected and the variance falls to the vacuum level of a coherent state.
In reality of course extra sources of noise introduced in the detectors and control
circuits limit the extent to which this can be achieved.

In a perfect implementation, the fidelity should be peaked at unit gain. However
photon loss in the shared entanglement resource and detector inefficiencies reduce
this. In the experiment, the average fidelity at unit gain was found tobe F = 0.58 +
0.002. As discussed previously, this indicates that entanglement is an essential part
of the protocol. Subsequent experiments have considerably improved on this, for
example, Yukawa et al. [19] reported that a coherent state was teleported with a
fidelity F = 0.83 £ 0.01.

14.6 Entanglement Swapping

In developing quantum networks it is desirable to be able to entangle optical systems
that are widely separated in space. Entanglement swapping [20] is one way to achieve
this. Entanglement swapping is a ‘five agent’ scenario, see Fig. 14.8. Two agents, S
and $> prepare independent pairs of two-photon entangled states. A central observer
C, located at the origin, performs a joint measurement on one mode of each of the
independent entangled pairs that propagate towards the origin. Conditional on this
result, the remaining modes of each entangled pair are entangled, despite the fact
that they never locally interacted in their past. In order to verify this, A and B can
perform a Bell test (an CHSH test) and send the measurement settings and results
back to C who will use her measurement results to partition the data received from
A and B in order to verify a Bell violation.

We will discuss an elegant entanglement swapping experiment reported by Halder
et al. [21] as it illustrates some important aspects of temporal modes that parallels
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Fig. 14.8 A space-time diagram for entanglement swapping. Two independent agents, S; and S
each prepare a two-photon entangled state. One mode of each pair propagates to a central observer C,
who performs a local Bell measurement, while the other modes of each pair propagate to observers
A, B who each perform a Bell test (CHSH). Then A and B send the results to C who, conditioned
on his results can verify that the photons received by A, B were entangled

optical time division multiplexing in classical optical communication schemes. The
scheme is depicted in Fig. 14.9.

The experiment uses time-bin entangled photon pulses. To understand this, we
first consider a classical time-bin coding scheme. In some counting interval [0, ¢) we
define N time bins each of duration 7. Within each time bin a pulse can arrive early
or late. A pulse arriving in the first half of a bin is a logical one while. pulse arriving
in the second half of a bin is logical zero. This is depicted in Fig. 14.10.

The scheme in Fig. 14.9 works as follows. Two set of time-correlated photon pairs
are created in each of the spontaneous parametric down convertors. Of the two pulses.
the only way to get a coincidence count at the central detectors is if the incoming
photon pulses do not overlap in time. Let us assume that we have good time resolution
for these single photon detectors. In this case we do not know from which source
the early or late photon originated. This means the undetected photon pairs are time
bin entangled despite the fact that they originated in completely independent SPDC
sources. In the experiment of [21] these two photons were subject to a correlation
measurement to show that they are entangled, conditioned on the time-resolved single
photon detection evens at the central detectors in the center.

If we use only linear optics we cannot make a complete Bell measurement however
we can make a non deterministic Bell measurement that succeeds 50% of the time.
See Exercise 14.3.
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Fig. 14.9 A scheme for entanglement swapping with time-bin encode qubits [21]
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Fig. 14.10 A A classical optical circuit to encode a bit string into pulse time code. An incoming
stream of equally spaced coherent pulses is optically switched onto a direct path or a delay path
to encode bits as early or late pulses in each time bin. B A time-bin qubit encoder. A sequence
of single photon pulses is input to an optical circuit using 50/50 fibre couplers to create an equal
quantum superposition of logical bits. This is a time-bin encoded qubit. Note that the total photon

number in each time bin is one
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Problems

14.1 Show that the unitary transformation from input to output in Fig. 14.2 is given
by

|0) — cos(¢/2)]0) 4 i sin(¢/2)|1) (14.56)

up to an overall phase.

14.2 In an entanglement swapping experiment, the two sources generate the polar-
isation entangled pairs

1
W) = E(IHH)12+IVV)12) (IHH)34 +|VV)34) (14.57)
where |xx) jx = ai ja; 10} and j, k label spatial plane wave modes and x € {H, V}
labels polarisation of those modes. A Bell basis measurement on modes 2,3 is a
simultaneous measurement of the Pauli operators X, X3, Z>Z3 where

Z=|H)(H|=|V){V], X = |H(V[+|V)(H|.

Show that the conditional state of modes 1, 4 are entangled conditional on the two
binary outcomes of these measurements.

14.3 A partial Bell state measurement can be made on two dual-rail qubit states
involving two photons in four modes using only beam splitters and number resolving
detectors. In terms of dual-rail encoding, the polarisation Bell states in (13.4) can be
written

a; (]"1
Q1 ] ‘B:sl Q-
SWAP
as ans
Q2 %I
ay con4
1
Wty = —(|01) + |10 14.58
[P=) ﬁ(l ) = [10)) ( )
1
OF) = —(]00) £ |11 14.59
|DF) ﬁ(l ) &= [11)) ( )

where  |00) = [1)1]0)21)3]0)4, [10) = [0)1]1)2]1)3]0)4, |01) = [1)1]0)2]0)3]1)4,
[11) = |0)1]1)2]0)3]|1)4. We will refer to |d*) as even parity states while |W*) are
odd parity states.
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Using the HOM interference effect (see Sect. 1.9.2) show that this implements a

partial Bell state measurement that distinguishes the states | %) and |¥ ™) but not
the states |®T) and |® ), depending on the count pattern.
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Abstract

In 1982 Richard Feynman (Int J Theor Phys 21:467, 1982, [1]) suggested there
were certain problems that would be difficult to preform on a computer running
according to classical mechanics but which would be easy to do on a computer
running according to quantum principles. The reason why this is so is easy to see.
A quantum system consisting of N interacting spins requires a simulation using
vectors of 2V dimensions in general. This exponential growth of the basis size
is what makes classical simulations of complex quantum problems so difficult.
On the other hand if we built a system with N interacting spins and allowed it
to evolve unitarily, no such difficulty would be encountered. It would appear that
a computer executing unitary evolution on a system of two level systems could
significantly outperform a classical computer set to solve the equivalent problem.
In this chapter we introduce the idea of universal quantum computation and discuss
various quantum optical schemes for implementing it.

15.1 Introduction

In 1985 David Deutsch [2] gave examples of problems that might be solved more
efficiently on such a machine when compared to a classical machine. The promise of
quantum computation suggested by Feynman and elaborated by Deutsch was made
very apparent in the factoring algorithm of Shor in 1994 [3]. Shor gave a quantum
algorithm by which a large integer could be factored into its prime components with
high probability, more efficiently than any known algorithm for a classical computer.
As the supposed difficulty of factoring large integers is used in modern encryption
schemes, Shor’s algorithm indicated that such schemes would be open to attack by
anyone with a quantum computer.

To build a computer we need to build a cascaded array of irreversible switches,
synchronised by a clock signal, so that the change in state of one switch can act as
a control for another. In a modern silicon computer the basic controllable switches
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are transistors and signals are voltages. It is a very large array (trillions) of cascaded
switches. We do not use optical switches for computer chips as the resulting device
would be too large, however they are used extensively for optical communication
systems. Optical switches use pulses of classical light generated by a laser.

Quantum computers are as constrained as classical computers in the kinds of
functions they can evaluate (so called computable functions) however a quantum
computer can potentially solve a problem more efficiently than a classical computer.

A quantum computer is a cascaded array of reversible (unitary) quantum
switches—usually we call them gates—synchronised by a clock signal. The overall
device is reversible (in a perfect device) right up until the output is readout. That step
is necessarily irreversible. Once a measurement is made a quantum switch cannot
be reversed. This is a fundamental feature of measurement in quantum theory (see
Chap. 7). Thermodynamics again ensures that no measurement can be perfect so some
measurements make mistakes and accidental measurements are also irreversible.

The efficiency of an algorithm is related to how many computational steps (number
of switches) are required to solve the problem as the ‘size’ of the problem increases.
The size of a problem can often be expressed by the number of bits in a single
number, for example in the case of the factoring problem, the size of the problem
is just the number of bits required to store the number to be factored. If the number
of steps required to implement an algorithm grows exponentially with the size of
the problem, the algorithm is not efficient. If however the number of steps grows
only as a polynomial power of the size of the problem, the algorithm is efficient.
Shor’s algorithm is an efficient factoring algorithm for a quantum computer, while
all known algorithms for factoring on a classical computer require an exponentially
increasing number of steps as the size of the integer to be factored increases.

How does a quantum computer achieve this enormous increase in efficiency? The
answer lies in the quantum superposition principle. Suppose we wish to evaluate a
function f on some binary input string x to produce a binary output string, f(x).
We can code the input and output binary string as the product state of N qubits. The
output qubits however are preset to zero. Now we set up a machine so that under
unitary quantum evolution the state transforms as

1X)10) = [x}[ f(x)) (15.1)

Why do we demand that the transformation be unitary? Consider what happens when
we prepare the input qubits in a uniform superposition of all possible input states;

D10y = Y If () (15.2)

If the dynamics is unitary the linearity of quantum mechanics ensures that (15.1)
implies (15.2). It would appear that in a single run of the machine we have evaluated
all possible values of the function.

This is not quite as interesting as it seems. If we measure the output qubits we
will get one value at random. That does not seem very useful. To see why it is useful
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to do this let us ask; when would we ever want to evaluate every value of a particular
function? The answer is, when we are not so much interested in a particular value of
the function as a property of the function. The power of quantum computation arises
in what we do next, after the transformation in (15.2). In the next step we continue to
unitarily process the output register to extract, in one go, a property of the function,
while simultaneously giving up information on the output of any particular evalua-
tion. In all of this we emphasise the need to perform perfect unitary transformations
of the qubits. Moreover the unitary transformations necessarily entangle many qubit
degrees of freedom. A quantum computer must produce highly entangled states of
many qubits without suffering any decoherence. It is this requirement that makes a
physical realisation of a quantum computer so difficult to achieve as we shall see
below.

How can we use the superposition state in (15.2) to determine properties of func-
tions? To see this consider a function f which maps the binary numbers {0, 1} to
{0, 1}. There must be four such functions, two of which are constant functions with
f(0) = f(1), and two have f(0) # f(1), so called balanced functions. Suppose
now the problem involves determining if a function is balanced or constant. On a
classical computer to answer this we need to make two evaluations of the function,
f(0), f(1). We would then need to run the computer twice. However a quantum
computer can determine this property in only a single run.

Suppose we have two qubits. One qubit will be used to encode the input data
and the other qubit, the output qubit, will contain the value of the function after the
machine is run. The output qubit is initially set to 0. The machine might then run
according to (15.1). However there is a problem with this expression. If f isaconstant
function we have two distinct input states unitarily transformed to the same output
state. Clearly this is not a reversible transformation and thus cannot be implemented
unitarily. The problem is easily fixed however by setting up the machine to evolve
the states according to

) y) = x)|y & f(x)) (15.3)

where the addition is defined modulo two and we have allowed all possible settings
of both qubits. The unitary transformation which realises this operation is called the
f-controlled NOT gate. The input qubit x is the control qubit while the output qubit
y is the target. If the value of f on the control qubit is one, the bit on the target is
flipped; thus the name. Every unitary transformation on qubits can be realised as
suitable networks of simple one and two qubit gates using primitive gate operations.

The quantum algorithm that solves this problem is a version of a quantum algo-
rithm first proposed by Deutsch. It proceeds as follows. In the first step we prepare
the output qubit in the state |0) — |1) (we ignore normalisation in what follows for
simplicity). This can be done using a single qubit rotation |1) — |0) — |1). Such
a rotation is called a Hadamard transformation. In the second step the input qubit
is prepared in the O state and is then subjected to a Hadamard gate as well, which
immediately produces a superposition of the two possible inputs for the function f.
In the third step we couple the input and output qubit via the f-controlled NOT gate.
The transformation is
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Fig.15.1 An optical realisation of the Deutsch algorithm in terms of an optical fibre (or waveguide)
Mach-Zehnder interferometer. The fibre couplers are symmetric (50/50). Synchronous transform-
limited single photon pulses can be injected into either arm. In this case only the upper (U) arm is
used. Single photon detectors sample the probability distributions for detection at the upper detector
or lower detector. The phase shifts are chosen according to the values of a binary function f as

do = fO)r, ¢1 = f()m

(10) + 11)(10) — 1)) = (=1)T@10) + (=) D1))(J0) — 1)) (15.4)
In the last step we apply a Hadamrd gate to the input qubit so that

(=D 10) + =D D) 0) — 1) = DIV 1F O @ f(1))(10) 1))
(15.5)
Thus the input qubit is in state O if f is constant and is in state 1 if f is balanced and
measurement of the qubit will determine if the function is balanced or constant with
certainty in a single run of the machine.

There is a simple quantum optical realisation of this algorithm based on a Mach-
Zehnder interferometer, see Fig. 15.1. The interferometer couples two modes of the
field, labeled upper (U) and lower (L). A single photon in the mode-U encodes logical
1 while a single photon in mode-L encodes logical 0. At the input a single photon in
mode-U is transformed by the first beam splitter into a superposition state in which it
is in either mode-1 or mode-0. If we encode our qubits so that a |1) corresponds to the
photon in mode-1 and a |0) corresponds to a photon in mode-0, the first beam splitter
performs a Hadamard transformation. Now we insert into each arm a phase shift ¢;
which can only be set at O or  phase shift. We encode the value of the functions as
¢0 = f(0)m, ¢1 = f(1)m. Set the interferometer so that in the absence of the phase
shift the photon emerges with certainty at the upper detector, which encodes a 1. The
lower detector encodes a zero. It is then clear that if f(0) = f(1) a single photon
will emerge at the upper detector, while if f(0) # f(1) the photon will be detected
at the lower detector, that is the result is a 0. This device is a classically controlled
all-optical switch.

The previous example illustrates the key features of a quantum algorithm. Firstly
it involves unitary transformations of pure quantum states. Secondly we need both
single qubit and two qubit interactions to produce entangled states. These were the
Hadamard transformation (H-gate) and a controlled NOT transformation (CNOT-
gate). It turns out that suitable networks of an arbitrary single qubit rotations, together
with a controlled NOT gate, can perform any computation involving arbitrarily many
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qubits. These features guide us in the search for a suitable physical implementation
of a quantum computer. The requirement of unitarity is most severe. In general small
imperfections in an actual machine will not enable perfect unitary evolution. The pure
states are necessarily degraded by unwanted interactions with extraneous degrees of
freedom, the environment. The necessity for at least two qubit interactions means
we must necessarily seek interactions that entangle at least two quantum systems.
Fortunately even in the presence of nonunitary transformations we can use quantum
error correction methods to mitigate the deleterious effects of environment induced
eITorS.

The difficulty for optical quantum computation is that photons at optical frequen-
cies do not interact except when mediated by matter, and these interactions are weak
at the single photon level. This problem can be circumvented using measurement
based approaches that produce highly non classical states of light in a multimode
system, conditioned on a measurement outcome (photon counting or homodyne
detection) made on a subset of modes [4]. When this is combined with the ease
of generating entangled photon pairs (Bell states) in down conversion, a powerful
scheme for quantum computation was developed based on fusion gates [6]. A second
difficulty is that photons are easily lost due to absorption or scattering. This leads
to computational errors. Of course, all quantum computation schemes need to battle
errors and powerful error correction codes have been developed for many schemes
including photonic.

Photonic schemes are of two general kinds depending how a qubitis encoded in the
physical states of an optical mode. This encoding needs to be adapted to the particular
qubit measurement scheme. If the measurement is based on photon counting, the
measurement results are integers (a count) and the scheme is called discrete. If the
measurement is based on homodyne/heterodyne detection, the measurement results
are real numbers. This is called continuous variable quantum computing. We will
begin with the discrete case.

15.2 Photon Boson Sampling

The Hong-Ou-Mandel (HOM) two-photon interference discussed in Sect. 1.9 is a
hint of the much deeper complexity at the core of multi-photon interference in linear
optical interferometers. This was made explicit in the discovery of photonic boson
sampling by Scott Aaronson and Alex Arkhipov in 2013 [7].

In Fig. 15.2 we show a general liner optical unitary transformation with an
unknown product number state and known number states (ancilas) [r) = |n1)|n2) . ..
|nk) at input. A photon counter records a count record m = (m1, my, .. .ny) for the
last £ modes. The linear optical device performs a unitary transformation on all the
input states. It may be described by a unitary transformation of the form

U(H) = exp[—ia'Ha] (15.6)



274 15 Quantum Optical Computation

R
1) 1Y)
° °
° °
L . U(H) :
—‘Tm( — "
Na D moy
B P
(@}
N — e @
° °
—{’I’Lk ° ° o my,
Fig.15.2 A conditional linear optical gate
where
a
az
a=| ay (15.7)
aAN+1
AN+K

and H is a hermitian matrix. This transformation leaves the total photon number
invariant,

U'(H)a" -aU(H)=a" -a (15.8)
It also induces a linear unitary transformation on the vector a as

UT(H)aU(H) = S(H)a (15.9)

One should not confuse the unitary transformation, U (H ), acting on states, with the
induced unitary representation, S(H), acting on the mode operators.
The conditional state of the signal modes, |v') are then determined by
1
p(m)

where the observed count is represented by the vector of values m, and the probability
for this event is p(m). The measurement operator is

ly')s = E(njm)|y), (15.10)

EMIm) = gne(m|U (H)|0)gne (15.11)
with

M)ane = [M1)N+1 @ IM2)N2 @ ... @ M) Ntk (15.12)
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We will first calculate how coherent states transform under this process. Define

loe) = Jorp) @ |a2) @ ... ley+k) (15.13)

where

o
o

o= oaN (15.14)
ON+1

ON+K
Then

UH)le) = |e(H)) = |1 (H)) ® |aa(H)) ... lan+k (H)) (15.15)
where a(H) = ST(H)a , reflecting the well known fact that coherent states do not

become entangled through a linear optical transformation of the kind considered
here. The matrix element,

—at.
Up (o) = («|U(H)|t) = (| |U(H)lox)e ™ (15.16)
completely determines the operator U (H ), and the Bargmann coherent states are
lle) = e ©|0) (15.17)

which are related to Glauber coherent states by |a) = exp[—oﬁ.(x /2]]e).
Consider two modes, a, ap, coupled with

00
H = <9 0) (15.18)

then the transformation is parameterised by a single parameter, 6 and

a1(0) = cosfa; — sinfBay (15.19)
a>(0) = cosBay — sinfay (15.20)
so that
cos@ sin6
S(H) = (—sin@ cos@) (5.21)
Then we see that
—(l1 P+leal?)

Up (a1, @) = e expl(Joet |* 4 |az|?) cos 6 + (a5 — afaa) sin 6]

(15.22)
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Due to the over completeness of the coherent state basis, this diagonal matrix element
suffices to completely determine the operator. We will call this diagonal matrix
element the Q-symbol.

We now assume that photons are counted on mode a; and calculate the conditional
state for mode a; for the four cases: n = 0, 1 and m = 0, 1. The conditional state of
mode a; is given by,

1 ~
my = ——F 15.23
|y (1) s (nlm)|¥) (15.23)
where
pmln) = 1 (YIET (lm) E (nlm)|y) (15.24)

The Q-symbol for the operator E (n|m) is

Eyln, m) = e~ lalP+al) (15.25)

a\"/ 3 \"
<8a*> <8742> [exp[(|a1|2 + |aa]?) cos 6
2

+(oya; — ajar) sin 9]]

ay=0
The corresponding operators are
(0.¢]
A cosd — )" . N
E(0]0) = Z %(d{)”af —. p—In(cosO)ajar .
n=0 :

E(1]1) = cosOE(0]0) — sin® 6a] E(0]0)a;
E(10) = —a] sin6 £(0]0)
E(0[1) = sin6E(0|0)a;

The generalisation to many modes is straightforward. It is easy to see that the
Q-symbol for a general U (H) is given by

Uy (a) = exp[—a’ - a]expla’ST(H)a] (15.26)

The Q-symbol for the measurement operator in (15.10) as

Ep (osIn, m) = ¢ (o E (n]m)]ecy)s (15.27)
where
o
an
oy = . (15.28)
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where the subscript s refers to the signal modes alone.
Noting that

(15.29)

1 2 \"
|n)—ﬁ(£> [ler)

and that the partial derivatives commute with U (H), we find

a=0

Enlesinm) = e [my ! myixnynl. . onnig!]2 (15.30)
[@N1)™ " (k)™

X ()™ L @)K exple’ ST(H)al]

Aanc=

where

AN+1

ON+2
Canc = . (15.31)

UN+K

and

or =

k
oot

d

day,

Op =

This expression enables us to construct the relevant Q-symbol for the conditional
state transformation by expanding the function Uy (ar) as a power series and reading
off the relevant coefficient. This function thus plays the role of a Feynman prop-
agator in ordinary quantum mechanics. If it is expanded as a Taylor series, each
term describes the many ways in which a classical coherent amplitude can prop-
agate through the linear optical network, keeping track of the manyfold coherent
amplitudes for reflection and transmission.

The case of Boson sampling is a special case of this with the input state such
that all signal modes have exactly one photon each and all ancilla modes are in the
vacuum, see Fig. 15.3. The output state is

Wour) = ) veln©) (15.32)
C

where C is a configuration of |n€) = |n RN nf,?). This is an m-fold par-

tition of the integer n into partial sums

<) (C)
1 1

m
n= Znﬁc) (15.33)
j=1
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Fig.15.3 A boson sampling configuration of a linear optical network

The probability for a particular configuration is Pc = |yc|?. The connection to par-
titions can be used to show that

Per(S)c

Yc = —F/————
AT

where Per(S)c is the permanent of the n x n sub-matrix of S(H). Unless you know
some number theory, you may be surprised to learn that permanents, unlike deter-
minants, are computationally hard. Calculating matrix permanents is # P-complete.
This is even more intractable than NP-complete problems. This suggests that the
most efficient way to compute a permanent is to set up a linear optical analogue
experiment.

In what sense is an analogue experiment like this a computation of a permanent?
The permanent determines a probability. How many trials would we need to perform
to sample a probability to estimate the permanent? Any experiment is finite and prone
to errors. How sure can we be that an estimated probability in a finite experiment
will actually be a good estimate of the permanent—by definition a known function
of the corresponding matrix. The number of configurations C is

N[C] = (" +’: - 1) (15.35)

(15.34)

This is super-exponential in n. In a finite experiment we cannot sample this efficiently
except in special cases. The conclusion is that we cannot use boson sampling to
calculate a permanent. Despite the apparent complexity of linear optical experiments
of this kind , there is no known practical application of boson sampling.
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15.3 Photon Number Quantum Computation

In the interferometric implementation of Deutsch algorithm we used a simple phys-
ical qubit based on a single photon pulse of one of a pair of spatio-temporal modes
(pulses). This is know as a “dual rail” logic. Single photon pulses were described in
Sect. 1.9,

§)) = / do E(@)a}()|0) (15.36)

where k; labels a particular spatial mode. We will drop the explicit reference to
£ (w) as we assume that all single photon pulses are prepared in the same temporal
mode and write |£;) = |1) ;. The relationship between logical states and the physical

photon number state is

0) = 1)1 ®10)2 = f do & (w)a] (©)|0) (15.37)
e = 1001 ®[1)2 =/ do & (@)a} (©)|0) (15.38)

The modes could be two input modes to a beam splitter distinguished by the different
directions of the wave vector, or they could be distinguished by polarisation. In
the case of a beam splitter a single qubit gate is easily implemented by the linear
transformation

ai(®,0) = U©O) a;(0)U () (15.39)

In order to simplify the notation we drop the explicit frequency dependance from
now on but it must be kept in mind that these are defined in frequency space and
have the delta function commutation relations for the free field. We write U (0) =

exp [G(alag — azaz)]. Thus

ai(0) = cosBa; — sinbay (15.40)
ay (@) = cosfay + sinfay (15.41)

In the case of a pulse-mode fibre coupler, al.T creates a single-photon pulse in a single

mode fibre labelled by subscript i, see Fig. 15.4. The description in the logical basis
becomes,

|0) — cosB1|0); —sinOy|1)f (15.42)
[1)z — cosBq|1)r + sin6;]0) (15.43)

While single qubit gates are readily implemented by linear optical devices such as
beam splitters, quarter wave plates, phase shifters etc., two qubit gates are difficult.
In order to implement the controlled phase gate (CSIGN) defined by

IX)ely)e = Ucplx)ly) = (=D |x)Lly)L (15.44)
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Fig. 15.4 An optical realisation of a CZ gate with dual rail photonic encoding. The final single
photon counters make a measurement of the qubit in the computational basis as they determine
which rail has a photon. In the case of a correctly running CZ gate, the probability to detect a
photon in the upper arm at each output is 1

In a dual rail, single photon code, this can be implemented using a two mode Kerr
nonlinearity. A simple nonlinear optical model of a Kerr nonlinearity was discussed
in Chap. 8 in relation to optical bistability. The two mode generalisation is described
by the Hamiltonian

H = hya|a1alas (15.45)

Atthe level of single photons this Hamiltonian produces the transformation, |x)|y) —
e~x!|x)|y) and it is a simple matter to implement the CSIGN gate in the log-
ical basis for the dual rail single photon code. The optical circuit is illustrated in
Fig. 15.4. While this gate does not change the total photon number in each pulse
because the Kerr interaction is photon number conserving, it does change the tem-
poral shape in each pulse due to quantum phase back-action.

There are at least two problems in pursuing this approach; (a) the difficulty of
realising number states in the laboratory, (b) the difficulty of producing one photon
phase shifts of the order of 7. We will say more about the fist of these problems
below. The second difficulty is very considerable. Third order optical nonlinearities
are very small for a field with such a low intensity as a single photon. However
experimental advances may eventually overcome this.

A quite different approach to achieve large single photon conditional phase shifts
is based on the non-unitary transformation of a state that results when a measurement
is made. Consider the situation shown in Fig. 15.5. Two modes of an optical field
are coupled via a beam splitter. One mode is assumed to be in the vacuum state (a)
or a one photon state (b), while the other mode is arbitrary. A single photon counter
is placed in the output port of mode-2. What is the conditional state of mode-1 given
a count of n photons?
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Fig. 15.5 A conditional state transformation conditioned on photon counting measurements. In
case a an optical pulse in an arbitrary quantum state is injected into the top rail and vacuum is
applied at the bottom rail. The conditional state of the bottom rail, given no photons are counted in
the top rail is |1 ©). In case b an optical pulse in an arbitrary quantum state is injected into the top
rail and a single photon pulse (not a logical qubit state) is injected at the bottom rail. The conditional
state of the bottom rail, given one photon is counted in the top rail is |y (V)

Consider two modes, ay, az, coupled with a beam splitter interaction, described
by the unitary transformation given in (15.40, 15.41). We now assume that photons
are counted on mode a; and calculate the conditional state for mode a; for two cases:
no count and also for a single count at mode a;. The conditional state of mode a is
given by (unnormalised),

Oy = Y@y (15.46)
where
T@) = 2(ilU@)]i)2 (15.47)

with i = 1, 0. The probability to observe each event is given by
P@) = W OTOIYN (15.48)

which fixes the normalisation of the state,

o) LAG!
[y = mllﬂ ) (15.49)
In Exercise 15.4 we find that
o0
N (cos® — "
T =) @)
n=0 ’

Y(l) = cos T @ —sin? Qairf(o)al
This can be written more succinctly using normal ordering,

Y (0) =: eMmcos®) . (15.50)
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Fig.15.6 A conditional state transformation on three optical modes, conditioned on photon count-
ing measurements on the ancilla modes aj, a2. The signal mode, aq is subjected to a 7w phase
shift

In order to see how we can use these kind of transformations to effect a CSIGN
gate, consider the situation shown in Fig. 15.6. Three optical modes are mixed on a
sequence of three beam splitters with beam splitter parameters 6;. The ancilla modes,
ai, a are restricted to be in the single photon states |1)1, |0)2 respectively. We will
assume that the signal mode, ay, is restricted to have at most two photons, thus

[¥) = a|0)o + Bl1)o + v[2)o (15.51)

This captures the fact that in the dual rail encoding a general two qubit state can have
at most two photons. The objective is to chose the beam splitter parameters so that
when the two detectors at the output of modes 2, 3 detect 1, 0 photons respectively
(that is detect no change in their occupation), the signal state is transformed as

1Y) = 1¥') = «|0) + BI1) — y12) (15.52)

with a probability that is independent of the input state ). This last condition
is essential as in a quantum computation, the input state to a general two qubit
gate is completely unknown. We will call this transformation the NS (for non-
linear sign shift) gate. In Exercise 15.6 we find that this can be achieved using:
01 = —63 = 22.5deg and 8, = 65.53 deg. The probability of the conditioning event
(np = 1,n3 = 0) is 1/4. Note that we can’t be sure in a given trial if the correct
transformation will be implemented. Such a gate is called a nondeterministic gate.
However the key point is that success is heralded by the results on the photon counters
(assuming ideal operation).

We can now proceed to a CZ gate in the dual rail basis. Consider the situation
depicted in Fig. 15.7. We first take two dual rail qubits encoding for |1)7|1)z. The
single photon components of each qubit are directed towards a 50/50 beam splitter
where they overlap perfectly in space and time. This is precisely the case of the
Hong-Ou-mandel interference discussed in Sect. 1.9, and produces a state of the
form |0)212)3 + |2)2]0)3. We then insert an NS gate into each output arm of the
HOM interference. When the conditional gates in each arm work, which occurs with
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Fig.15.7 A conditional state transformation conditioned on photon counting measurements. A CZ
gate that works with probability of 1/16. It uses HOM interference and two NS gates

probability 1/16, the state is multiplied by an overall minus sign. Finally we direct
these modes towards another HOM interference. The output state is thus seen to be
—|1)|1) L. One easily checks the three other cases for the input logical states to see
that this device implements the CZ gate with a probability of 1/16 and successful
operation is heralded. We call this the CZ; 16 gate.

Clearly a sequence of nondeterministic gates is not going to be much use: the
probability of success after a few steps will be exponentially small. The key idea in
using nondeterministic gates for quantum computation is based on the idea of gate
teleportation of Gottesmann and Chuang [11]. We saw in Sect. 14.5 that in quantum
teleportation an unknown quantum state can be transferred from A to B provided
A and B first share an entangled state. Gottesmann and Chuang realised that it is
possible to simultaneously teleport a two qubit quantum state and implement a two
qubit gate in the process by first applying the gate to the entangled state that A and
B share prior to teleportation.

We use a non deterministic NS gate to prepare the required entangled state, and
only complete the teleportation when this stage is known to work. The teleportation
step itselfis non deterministic but, as we see below, by using the appropriate entangled
resource the teleportation step can be made near deterministic. The near deterministic
teleportation protocol requires only photon counting and fast feed-forward. We do
not need to make measurements in a Bell basis which would require entangling
operations that cannot be done using linear optics alone.

A nondeterministic teleportation measurement is shown in Fig. 15.8. The client
state is a one photon state in mode-0 «|0)og 4+ B|1)o and we prepare the entangled
ancilla state

[t1)12 = 101) 12 + [10)12 (15.53)

where mode-1 is held by the sender, A, and mode-2 is held by the receiver, B. For
simplicity we omit normalisation constants wherever possible. This an ancilla state
is easily generated from |01) 1, by means of a beam splitter.
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Fig.15.8 A partial teleportation scheme (T ,2) for single photon states using linear optics

If the total count is ng + n; = 0 or ng + n; = 2, an effective measurement has
been made on the client state and the teleportation has failed. However if ng + n; =
1, which occurs with probability 0.5, teleportation succeeds with the two possible
conditional states being

al0)2 + Bll)2ifng=1,n; =0 (15.54)
«|0)2 — B[1)2 if ng =0,n; =1 (15.55)

This procedure implements a partial bell measurement and we will refer to it as
a nondeterministic teleportation protocol, T1,2. Note that teleportation failure is
detected and corresponds to a photon number measurement of the state of the client
qubit. Detected number measurements are a very special kind of error and can be
easily corrected by a suitable error correction protocol. For further details see [4].

The nextstep is touse T/ to effect a conditional sign flip csign, ;4 which succeeds
with probability 1/4. Note that to implement csign on two bosonic qubits in modes
1, 2 and 3, 4 respectively, we can first teleport the first modes of each qubit to two
new modes (labelled 6 and 8) and then apply csign to the new modes. When using
T /2, we may need to apply a sign correction. Since this commutes with csign, there
is nothing preventing us from applying csign to the prepared state before performing
the measurements. The implementation is shown in Fig. 15.9 and now consists of first
trying to prepare two copies of |¢1) with csign already applied, and then performing
two partial Bell measurements. Given the prepared state, the probability of success is
(1/2)2. The state can be prepared using csign 1/16» Which means that the preparation
has to be retried an average of 16 times before it is possible to proceed.

To improve the probability of successful teleportationto 1 — 1/(n + 1), we gen-
eralise the initial entanglement by defining

lta)1.20 = ) ID710)" 7 [0)/[1)" . (15.56)
j=0
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Fig.15.9 A CZtwo qubit gate with teleportation to increase success probability to 1/4. When using
the basic teleportation protocol (T1), we may need to apply a sign correction. Since this commutes
with CZ, it is possible to apply CZ to the prepared state before performing the measurements,
reducing the implementation of CZ to a state-preparation (outlined) and two teleportations. The
two teleportation measurements each succeed with probability 1/2, giving a net success probability
of 1/4. The correction operations C1 consist of applying the phase shifter when required by the
measurement outcomes

The notation |a)/ means |a)|a) ..., j times. The modes are labelled from 1 to 2n,
left to right. Note that the state exists in the space of n bosonic qubits, where the k’th
qubit is encoded in modes n + k and k (in this order).

To teleport the state «|0)g + «|1)o using |t,,)1..2, We first couple the client mode
to half of the ancilla modes by applying an n + 1 point Fourier transform on modes
0 to n. This is defined by the mode transformation

1 . kl
ay > ———— w"ay (15.57)
Vn+1 ;

where @ = ¢/%*/?+1) This transformation does not change the total photon number
and is implementable with passive linear optics. After applying the Fourier transform,
we measure the number of photons in each of the modes O to n. If the measurement
detects k bosons altogether, it is possible to show [4] thatif 0 < k < n + 1, then the
teleported state appears in mode n + k and only needs to be corrected by applying a
phase shift. The modes 2n — [ are in state 1 for 0 < < (n — k) and can be reused
in future preparations requiring single bosons. The modes are in state 0 forn — k <
| <n.Ifk =0o0rk =n + 1 an effective measurement of the client is made, and the
teleportation fails. The probability of these two events is 1/(n 4 1), regardless of
the input. Note that again failure is detected and corresponds to measurements in the
basis |0), |1) with the outcome known. Note that both the necessary correction and
the receiving mode are unknown until after the measurement. The success probability
of the teleported CZ gate can thus be boosted to n?/(n + 1)2.
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A number of LOQC protocols have been implemented in the laboratory. The
first experiment was performed by Pittmann and Franson [15]. This used entangled
ancillas that are readily produced as photon pairs in a spontaneous parametric down
conversion process. This idea was subsequently used to develop fusion gates for
optical QC discussed below.

A simplified version of the LOQC model was implemented by O’Brien et al.
[16], based on a proposal of Ralph et al. [17] for a CNOT gate. The simplification
requires only detecting photon coincidences at the output. This gate performs all the
operations of a CNOT gate but requires only a two photon input. Detecting only
coincidences means that the device must be configured so that correct operation
leads to a coincidence detection of both photons at the output. The gate is non
deterministic but gate failures are simply not detected at all. Successful operation
is heralded by coincidence detection of both photons and success will occur with
probability 1/9. In the UQ experiment the two modes of each qubit are distinguished
by orthogonal polarisations. The advantage in using a gate based on two photon
coincidence detection is that spontaneous parametric down conversion (SPDC) may
be used in place of true single photon sources. An SPDC produces a photon pair in
two distinct spatio-temporal modes at random times. There is a small probability of
producing more than two photons, but this can be neglected.

Itis possible to do quantum computation with single photon pulses using heralded
non unitary operations, the probabilistic nature of the process means that many
trials need to be made. This leads to an explosion in the number of beam splitters
and counters required to do even simple gates. One way to reduce the resource
count was proposed by Neilsen using cluster states and measurement based quantum
computation MBQC [12]. The cluster state model was developed by Raussendorf and
Breigel [13] and is quite different from the circuit models that we have been using. In
cluster state QC, an array of qubits is initially prepared in a special entangled state.
The computation then proceeds by making a sequence of single qubit measurements.
Each measurement is made in a basis that depends on prior measurement outcomes.
Nielsen realised that the LOQC scheme discussed above could be used to efficiently
assemble the cluster using the nondeterministic teleportation #,. The failure mode
of this gate constituted an accidental measurement of the qubit in the computational
basis. Such an error does not destroy the entire assembled cluster but merely detaches
one qubit from the cluster. This enables a protocol to be devised that produces a
cluster that grows on average. The LOQC cluster state method dramatically reduces
the number of optical elements required to implement the original LOQC scheme. For
example, the KLM CZ gate with 95% success probability requires ~10'# operations!

15.3.1 Fusion Gates

A breakthrough in simplifying linear optics quantum computation with single pho-
tons when Browne and Rudolph [6] combined cluster state measurement based quan-
tum computation with the gate of Pitmann and Franson to build operations that can
fuse small clusters into large ones. The first step is to consider a simple implemen-
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tation of a different approach to quantum computation called measurement based
quantum computation (MBQC) [8].

Consider a two-dimensional array of qubits shown below. Each qubit at a vertex
is prepared in the physical qubit/photon state |[+) = (|0) + |1))/ /2. We then apply
a CZ (CPHASE) gate between each vertex connected by an edge. For example

CZ1nCZy»CZ3u|l++++) = % (104+0+)+10—1=)+ |1 =0+)+ |1 +1-))
(15.58)

We have ordered the qubit states so that the corresponding label increases from
left to right. We now regard each row of a cluster as one logical qubit. The notion
CZ j; means that the unitary operator expl[in Z; Z] is applied to the pair of qubits
labelled jk. We have introduced a more compact notation for Pauli matrices so that
X =o0y,Y =0y, Z =0, and Z is diagonal in the qubit basis.

When we make independent Pauli measurements on the physical qubits labelled
2, 3, there are four possible outcomes. Label the outcomes s>, s3 € {0, 1}. These
then label the conditional states of physical qubits 1, 4. As an example suppose we
measure o, on physical qubits 2, 3 and further that s, = 1, s3 = 1, corresponding
to finding these two physical qubits both in state 4-). Inspection of (15.58) gives the
corresponding conditional state of physical qubits 1, 4 as

[V)oa = 10+) +1-) s =s3=1 (15.59)

(We are ignoring the normalisation to simplify the notation). The conditional transfor-
mation for the physical qubits on the right hand column from pre to post measurement
state is

[+ +) =HIIAI+IRHZ)|++) (15.60)

Of course the measured qubits now factor out of the cluster state, and are no longer
entangled with physical qubits 1, 4. Measured physical qubits are deleted from the
cluster state.

We now adopt a more abstract notation that distinguishes physical qubits from
logical qubits. We regard the physical qubits in each horizontal line as encoding a
logical qubit. In this example, this gives two logical qubits initially prepared in the
state | + +) . After the measurement there are only two physical qubits in each row
of the cluster and the state in this example is given by (15.60) (H 1+ 1® HZ)| +
+) 1. Thus the transformation of logical qubits, given these particular measurement
outcomes, i

|++) > (HQI+IQ HZ)| ++)1 (15.61)

In this case the cluster has simulated a particular circuit on the two logical qubits.
Working through the other three possible measurement outcomes we find that in
general the circuit for logical qubits is shown in Fig. 15.11.

Using LOQC we need to be able to assemble cluster states non deterministically
as we do not have a deterministic CZ gate. This can be done using the teleported non
deterministic gate CZ,2,,.1y2 described previously. Nielsen [5] adapted this gate
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Fig.15.10 A simple two dimensional cluster of entangled qubits. Vertices label qubits and edges
show which pairs are entangled. We now regard each row of a cluster as one logical qubit
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. 7 \ 7
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[+)z R.(02) H
\ 7/ \ J

Fig.15.11 The cluster state simulation using the graph in Fig. 15.10 of a simple gate for two logical
qubits. The operators R, (@) represent rotations about the Z axis. The values used for 6; depend on
the outcomes for measurements on physical qubits 2, 3

to make cluster states non deterministically. In the case of a general two qubit CZ
gate, he showed that each physical qubit in a cluster has at most one vertical edge.
We connect another physical qubit by one horizontal and one vertical edge using
requires two successful CZ4,/9 gates. He showed that for n = 2 this requires less than
70 beam splitters, 30 photodetectors, and 12 single-photon preparations.

Nielsen showed how to build the cluster non deterministically using two types
of operation: add a qubit connected to the current cluster by a single bond, and
attempting to add a qubit connected by a double bond. Any cluster can be built up
by alternating these operations. Operations of the first kind can be done using the
CZ4)9. Two key features of the procedure are: failure does not change the rest of the
cluster, and a cluster of size S(n) can be grown with about 95 (n) attempts.

Browne and Rudolph (BR) [6] substantially improved Nielsen’s scheme using
the non deterministic gate of Pittman and Franson. In BR we code physical qubits
as single photons in polarisation modes. (H — 0, V — V) and use polarisation
rotations to measure qubits in arbitrary basis. Instead of CZ gates between clusters
they use probabilistic fusion gates described by a fusion operation |0) (00| 4 |1)(11].
This replaces two qubits with a single qubit while retaining all cluster state bonds
on each qubit. The important insight was that this would enable LOQC schemes
to dispense with gate teleportation and use instead resource states of the form of
photonic Bell pairs
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1
C2) = S HH)H) + V) + [V)(H) = V)] (15.62)

These are two qubit clusters |0+) + |1—) with polarisation mode encoding |H) —
|0), |V) — |1). These states can be generated by spontaneous parametric down
conversion, see Sect. 4.2.

We use Fock state pulses of four distinct modes. Each spatio-temporal mode is
labelled by wave vectors k1, k» and two orthogonal polarisation vectors, H, V. Now
define four pairs of annihilation and creation pairs (ay, aif), (ar, ag ), (ai, dj), (ar,
&;), such that

al|vac) = |H), (15.63)
dj.|vac> =|V); (15.64)

where |vac) is the four mode vacuum state. In the experiments we will describe the
spatio-temporal modes are Fock state pulses in waveguides labelled by j. (Recall
that our notion explicitly assumes these are frequency space operators a; (w).) We
do not specify the temporal pulse shape &;(¢) for each wave guide as they are all
the same. This is in fact defined by a suitably engineered single photon source. The
cluster state in (15.62) can now be written as

Cy) = % (4] @} +a}) +af (@] -} ] vac) (15.65)

We first discuss type-1 non deterministic fusion operation shown in Fig. 15.12
This uses a polarising beam splitter that enables us to direct orthogonally polarised
photonic pulses in different directions. We will take the convention that vertically
polarised photons are reflected and horizontally polarised photons are transmitted.
The PBS thus implements the following unitary transformation in the Heisenberg
picture

aj; — daj (15.66)
a — ap, ap —> aj (15.67)

In Fig. 15.12, there is one photon in each input and so there are four possible
output counts (n1,n2) € (1,1), (2,0), (0,2). The case (1, 1) can occur in two
indistinguishable ways depending on the input state, |H H) or |V V). The last two
cases correspond to the input states | H V') and |V H) respectively. A single count will
occur 50% of the time. The count ny = 0, 2 is a heralded failure and is discarded.
Thus the success probability is 50%. The transformation of the cluster state by the
PBS is given by

1 1
C2) = 5 [afa} — afa} | vac) + 5 [a]a] +ajas | vac) (15.68)



290 15 Quantum Optical Computation

polarisation

/4

discriminating
detector

Fig.15.12 A type-1 non deterministic fusion operation using single photon pulses at a polarising
beam splitter (PBS) and conditioning on single photon detection events. We label spatial modes by
wave vectors k; for top waveguide modes and k> for bottom waveguide modes. We label polarised
two-photon states as an ordered symbol string, for example, |HV) = |[1)x,, 7 ® |1)k,,v. Prior to
detection, an optical element rotates the polarisation by 7 /4

The second term is the component that leads to a total count of np =2 ornp = 0 at
the detector. We therefore drop this term as we only condition from single photon
detection events determined by the state

Lrs v sy
Dy = — [a o —ala ] |vac) (15.69)
«/i 172 172
The counter has two output channels that discriminate orthogonal polarisations

of the single photon counted. This occurs after the 7 /4 polarisation rotation that
implements the unitary transformation on mode k; alone

a; — %(Cll +ap) (15.70)
a — %(dl —ap) (15.71)
The state in the single photon sector is then transformed to
Wy - % (@] +aDa] @] - a}aj ] vac) (15.72)
= %[(IH>+|V>)|H>—(|H)—IV))IV)] (15.73)

If the single photon counter is engineered to discriminate between H /V polarisation,
there are two conditional states are

lp®) = %QH) +|V) ® |vac) (15.74)
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Fig.15.13 A scheme for fusing two Bell pair clusters to produce a three node cluster. At the right
we give a graphical representation of the process. When fusion fails it has the effect of measuring
both input qubits in the o, basis

O O O O—Wpalro 50%

Fig. 15.14 Adding a polarisation entangled Bell pair to an existing polarisation encoded qubit
cluster

depending on which polarisation channel registers the count. We treat the photon
detection as an absorption event which returns mode k> to the vacuum state. It doesn’t
matter which of these we get as they differ by a local o, which can be included in
the control protocol. If we have two Bell pairs, i.e. two qubit cluster states, we can
use type-1 fusion to get a three qubit cluster state. Let us begin with the Bell pair
|C2)12 ® |C2)34 where there are now four polarised single photon pulses, see Fig.
15.13. As this operation is only 50% successful, we use four Bell pairs, on average,
to create a three qubit cluster. We can use this operation to add a Bell pair to an
existing linear cluster state, see Fig. 15.14. T On average, the length of cluster does
not increase. On average cluster increases by half qubit. To add one qubit to the
cluster need 2 x 4 — 1 = 7 Bell pairs. Thus, 6.5 Bell pairs per added qubit.

We also need to be able to grow two-dimensional clusters from linear clusters.
We seem to be heading in the right direction however type-1 fusion is only 50%
successful. Failure is equivalent to o, measurement and this breaks a bond. To get
around this the type-II fusion gate can be used. These use a two Bell pairs for a
resource state. This is depicted in Fig. 15.15. Successful operation is heralded by
a single count at each photon counter. Failure is indicated if there are no photons
detected at one of the counters. In order to understand how this can be used, BR
introduced a photonic redundant encoding. This uses polarised multi-photon pulses
to encode a qubit. For example,

0), =alaj|0) = |H)®2,  |1), =alal|o) = |V)®? (15.75)
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Fig.15.15 A type-II fusion gate. Successful operation is heralded by a simultaneous single photon

detection event at each photon counter

A single qubit in the cluster state may be represented by two photons and a
generic cluster state by |¢)o ® |0)1 + |¢)1 ® |1)1 where we have singled out from
the rest of the cluster the particular qubit which is redundantly encoded with two
photons. If we measure the polarisation of the second photon in the |H) &£ | V) basis,
a oymeasurement, of the redundant logical qubit, it simply removes this photon but
does not destroy the cluster, up to a phase shift. Returning to the type-II fusion gate
in Fig. 15.15, we see that failure corresponds to an accidental o, measurement on
one of the photons in each of the redundantly encoded qubits at the input. Provided
we start with enough photons in the redundant qubit we can try the gate many times

until success.

If we want to ‘knit’ two linear clusters together to form a two-dimensional cluster,
we ensure that somewhere in the chain of pulses in each chain there is a N photon
pulse. We can then apply a type-II fusion gate between those redundantly encoded

qubits. This is illustrated in Fig. 15.16.
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Fig.15.16 An example of a two dimensional cluster state, with redundantly encoded qubits

15.4 Continuous Variable (CV) Optical Quantum Computation

Encoding a qubit in single-photon pulses is not the only way to use optical switching
networks for quantum computation. We can use single pulses prepared in squeezed
states, cat states or GKP states (see Sect. 1.8). An MBQC protocols can then be used
with linear optics to do universal quantum computation.

An important theorem for CV quantum computation was presented by Braunstein
and Lloyd [21]. What kinds of Hamiltonians are capable of generating an arbitrary
state of a single optical mode? In terms of the corresponding unitaries we can ask the
equivalent question about the generators of the unitary. In addition to displacements
and squeezing unitaries it turns out that we need a unitary with a generator that
is at least cubic in the annihilation and creation operators. The opto-mechanical
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Fig. 15.17 The probability distritzution for |6) (left) and |i) (right) in the diagonal representation
of X; =a+a' withr =—12, A =001

interaction in Chap. 7 is an example. Another is a Kerr nonlinearity in Sect. 4.2.
These unitaries in suitable sequences can create an arbitrary single mode state. These
states are typically non classical in so far as they do not have Glauber-Sudarshan P
representations. Another way to pose the question is to ask for the class of unitaries
that transform states with Gaussian wave functions for quadrature phase operators
into each other.

The first CV encoding scheme in the context of encoding a qubit in the states of
a harmonic oscillator, was proposed by Gottesmann, Kitaev and Preskill [22]. It is
known as the GKP encoding. As each optical field mode is equivalent to a quantised
harmonic oscillator, this scheme can be used for CV encoding of optical qubits.
The ideal states are defined in Sect. 1.8. These are not physical states. Instead, the
ideal encoding is approximated by a coherent superposition of Gaussian displaced
squeezed vacuum states, Fig. 15.17.

0)= No Y. e ¥E Dy, (15.76)
k=—00

=N Y e Dk 4 1/2)ym)lr), (15.77)
k=—o00

where D(k+/7) is the displacement operator defined in (1.29) and A = ¢~ . In
terms of the diagonal representation of X these can be written

0 2
B - — 2%k
(xl0y = No Y e AR @A) exp [—%] (15.78)
k=—00
0 2
- o K2 \2 ~ (x — 2k + 1)J/7T)
x|y = Ny k;we ATCKHD" 2 AY 4 exp [— X v (1}5.79)

where A = ¢~ In cases of practical interest A = A.
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These states are produced as post selected (conditional) states in a measurement
protocol. We will describe two schemes. The first makes use of the cubic interaction
between a signal (a, a”) and probe (b, b") field described by the ‘optomechanical’
Hamiltonian,

H=rhx@ +a)b'b (15.80)

where a, a' are the annihilation and creation operators of the signal mode and b, b
are the annihilation operators for the probe mode. The signal mode is prepared in a
squeezed state

|Vin) = S(r)|0) (15.81)

and the probe mode is prepared in a coherent state |8) with 8 € C. We choose a phase
convention such that « is real and r > 0. This implies a phase squeezed state, that
is to say, the quadrature phase amplitude in phase with the coherent displacement is
anti-squeezed.

The probe mode is now prepared in a coherent state |8) with 8 € C. After a fixed
interaction we project the probe mode into an eigenstate of X; = (b + b"). This
is equivalent to homodyne detection with an integrated signal current [23]. Let the
result of this measurement be y € R. The (unnormalised) conditional state of the
signal mode is then given by

[Wour) = T)Win) (15.82)

where the Krauss operator is given by

Ty) = p(yle 0@ +0bb gy, (15.83)
where 6 = T for interaction time 7. This operator is diagonal in X = a +a'. In
this basis we define

T (xly) = (x| T)x) (15.84)
We then find that

T(x|y) = 2m)~/*exp [iyrsin(@x — ¢) — (y — 2r cos(@x — ¢))*/4]  (15.85)
is a conditional probability amplitude, and
1T (x|y) > = 2m) "2 exp [~ (y — 2r cos(Ox — ¢))?] (15.86)

is a conditional probability with 8 = |B|e’?.

In Fig. 15.18 we plot the conditional probability |T(x|y)|2 versus x for various
values of y. The peaks are centred at cos(6x — ¢) = y/2r. For r sufficiently large
the peaks are separated in displacement by by 7 /6. The off-set between the peaks
for =0and ¢ = /2 is 8x = /20 so choosing & = /7 /2 gives the GKP qubit
states.
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Fig.15.18 A plot of the conditional probability versus x with y =0.1,r =4,0 = 7/2

The un-normalised conditional output state, conditioned on the measuremt result
¥, in the diagonal representation of X is

TP (x]y) = T (x]y)Win (x) (15.87)

Normalising the state we see that

1
@) - .
VPG = =T xly)Win () (15.88)
where
Py) = / dx | TP [Win (0 (15.89)

is the probability distribution of the measurement outcomes. The mean and variance
of this distribution are

E(y) = 2r{cos(8X — ¢)) (15.90)
V(y) = 14 4r’((cos’>(0X — ¢)) — (cos(6X — ¢))?) (15.91)

Clearly (cos2(6X — ¢)) < 1 thus
V(y) < 1+ 4r? (15.92)
We now take two special cases ¢ = 0, /2 and define correspondingly

C = cos(6X) (15.93)
S = sin(@X) (15.94)
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Fig. 15.19 The probability density of the conditional output state with y = 0.5, 0 = 20,60 = 7 /2

If we take the input state as a squeezed vacuum state,

(C) = e (15.95)
($H=0 (15.96)

Thus in the case that ¢ = 0 we have that
E(y) = 2re~%’ (15.97)

Figure 15.19 we plot the position probability density of the output state.

Assuming that we can prepare a GKP encoded qubit, what is required for universal
computation? It was shown in the original proposal [22] that if we can implement
the unitary transformation

Us(y) = 7% = pivtata®)’ (15.98)

then we can implement universal QC using the GKP code. This is called the cubic
phase gate.

The cubic phase gate is implicit in the unitary factor of the Krauss operator in
(15.85). Expanding the trignometric functions to third order in x and setting 6 = 0,
we find that

T(xly) = 2r)~ Y exp [iyr(0x — (0x)°/6) — (v — 2r)*/4] (15.99)

The phase shift linear in x can be removed with a conditional displacement once y
is recorded. The real factor drops out after normalisation as it does not depend on
x. Many other approaches have been suggested for the cubic phase gate. A deter-
ministic scheme to implement the cubic phase gate in a single microwave mode was
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Fig. 15.20 An optical Gaussian Boson Sampling scheme for producing an approximation to a
GPK state, conditioned on the correct count string (ny, n2). The inputs are single mode displaced
squeezed vacuum states

demonstrated at Chalmers University using a non liner inductance and a microwave
cavity [24].

15.4.1 GKP via Gaussian Boson Sampling

The qubit codes of GKP can also be generated by adapting the method of Gaus-
sian boson sampling (GBS) [25]. This relies on the ability to prepare single mode
squeezed states (with Gaussian probability amplitudes for the quadrature phase oper-
ators), entangled by Gaussian unitary transformations (an LOQC network), with
number-resolving photon counting for post-selection. This approach was proposed
in Bourassa et al. [26]. It can produce cluster states built from GKP states, thereby
enabling measurement based QC that is fault tolerant in principle.

An example of this approach is shown in Fig. 15.20. The analysis of this GBS
scheme is given in [27]. The heralded output state is a superposition of number states,
with bounded total number (n,,4, ), followed by a squeezing operation, parametrised
by & and a displacement, parametrised by d,

Nmax

[V)our = D)SE) Y caln). (15.100)
n=0

By carefully adjusting the parameters of each of the three beamsplitters, the output
state can be made a good approximation to a GKP state with a Gaussian envelope
for a particular count pattern.

15.5 Cat State Qubits

An early proposal using nondeterministic teleportation gates for cat state codes was
given in [28]. Many more schemes have been proposed. Parity cat states are defined
as

|£) = Nx(la) £ | —a)) (15.101)
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\W = S(r)|0>a

a

R,T

|#) = S(=7)[0)s n
b

Fig.15.21 A scheme first suggested by [29] for the non deterministic of cat states using a special
two-mode GBS implementation of GBS equivalent to photon subtraction

where the normalisation constant is given by N5 '/* = /2 (1 + e‘z“’”z). They are

eigenstates of the parity operator IT = =" a'a The qubit code is then simply |0) =
|+), |1) = |—). Cat states produced nondeterministically can easily be entangled
on beamsplitters [28], thus entangling gates are easy. Single qubit gates are more
difficult but can be done using weak displacements and teleportation.

Kerr nonlinearities can produce cat states with Poisson statistics. Such nonlinear-
ities can be large in superconducting quantum circuits, but are too small for optical
systems. In that case nondeterminsistic (measurement-based) protocols can be used.
These only require single-mode squeezed states (a Gasussian resource) and number-
resolving detection. This approach is promising for scalability.

An example is shown in Fig. 15.21 which is a variation on a simple two mode
GBS scheme. Consider two optical modes with annihilation operators a, b. These
are prepared in the product input state

[W)in = |w)a b |¢)b (15.102)

Each mode then interacts via a beam splitter described by the unitary transformation

Ujo(0)aU}s©0) = ~Ra+vTh (15.103)
U s(0)bUS(0) = ~Rb —NTa (15.104)

where +/R = cos 0, ~/T = sin@ so that R + T = 1. Thus the joint output state is
W)ous = Uy (0)| W) (15.105)

Using the coherent state resolution of identity this may be written as

42
W)our = / ?—ﬂy{( )B(B) Ufs(@)le)a ® 1B)s (15.106)

where A(x) = (x|¢¥) and B(B) = (B|¢). As coherent states are not entangled by
the beam splitter interaction this becomes

2
W) s = / 7—ﬂﬂ(a>ﬂ(ﬂ>|«/§a +VTB)aWRB —NTa),  (15.107)
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As the beam splitter transformation does not change phase space volume we can
make a change of variable by the rotation,

ay\ VR T\ [«
(5)- () (3) e
The output state then becomes
- d*a d*B
W )our = / — —AWRe = VTHBWRE +VTa) ) |B)y (15.109)

where we have dropped the tildes.
Now suppose that the input states are squeezed vacuum states with equal and
opposite squeezong

[¥) = S(r)|0)q (15.110)
) = S(=r)|0)p (15.111)
Then
Al) = ——ex |:—l(|a|2+tanhra* 2)] (15.112)
~ Jcosh(r) P 2 ’
_ 1 _l 2 * 2
B(a) = 7cosh(r) exp|: 2(|/3| tanhr B )i| (15.113)

In this case we find that
ANRa —VTB) BWRB +VTa) (15.114)

= exp [—%(mz +181) — %tanhr (n@*? —p*?) — 4va*,3*)]

withyy = R—T and v = ~/RT.
Suppose we make a measurement of the output photon number on mode-b with
result n. The unnormalised conditional state of mode-a is then given by

Itﬁn):/ d*a Py () o) (15.115)
with

P, (o) = e—lolP/2-wanhra” 2/2/(12,3 5_"_e|5|2m2hf(uﬂ* e’ B) (15.116)

n!

The norm of |1},) is the probability P, to obtain the result 7.
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The B integral can be done using the generating function for complex Hermite
polynomials. We first use

e—aﬂ2+2haﬂ — Z (\/Eﬂ)m Hm(b()l/\/é_l) (15117)
= m!

with @ = (u/2) tanhr and b = —v tanh . Then use

/ d2Be 1Bl gngrm — (15.118)
We thus end up with
2, B" 1812 —ap* 242ba*B* a"? * 1
P I8P - -2 g 15.1
/dﬁme e o) (15.119)

The cat state structure is clearly evident. The unnormalised conditional output state
is determined by the amplitude

a? 20 gt 2
Pp(@) = an(b*/\/a)e*W' /2—a (15.120)
n:

witha = (u/2) tanhr andb = —va tanhr and u = R — T. The beamsplitter param-
eters u, v are related by

2
N MT (15.121)

In Fig. 15.22 we plot |P, (a0)|? in the complex pane for various values of n, u.

Problems

15.1 Find an array of beam splitters and phase shifters that implements the three-port
transformation.

1
ay — —=(ap + a1 + az)

V3

1 —2mi/3 2mwi/3
ay — —(ao + e 7 Ba; + &7 RPay)
V3

1 2mi/3 —2mi/3
ay — —(ap + €7 RPay + e 72" yy)
V3

15.2 It is not possible to do teleportation with duel rail encoded qubits using linear
optics alone however a non deterministic scheme exists can be constructed for single
photon states. Prove that the teleportation of the input state «|0) 4+ 8|1) works 50%
of the time provided the total count at the top two detectors is one.
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ooz,
0.015)
oot
0005

Fig.15.22 The Q-function amplitudes for the conditional state achieved in Fig. 15.21 with a count
of n = 16 and decreasing values of p

15.3 A cluster state is to be created according to the graph shown below.

The first step is to prepare all the qubits in the state | + + + +) by single qubit H
gates.

(a) Verify that

1
CZ1nCZo3CZal ++ +4) = 5 (10 +0+) +10 = 1) + 1= 04) + |1 +1-))

(b) If a z-measurement is made on qubit-1, show that this qubit is removed from the
cluster but the rest of the cluster is unchanged. What happens if a z-measurement
is made on qubit-2.?7

(c) What happens of an x-measurement is made on the second qubit?

15.4 Consider the conditional experiment shown in Fig. 15.5. The fibre coupler
implements the unitary transformation

a1 (@) = cosba; — sinfay

ar(0) = cosfay — sinfay
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The conditional state at the output is determined by

1 A
' s =—F—=FE s
1) o) (n|m)[r)

and E(n|m) = anc(m|U (H)|n)ane where n, m € {0, 1}. Show that

oo
A Z cosf — 1)" i
E(O|O) — %(a'{)na? — eln(cos@)alal
n=0 )

E(111) = cos6E(0]0) — sin® a] £(0]0)a;
EO[1) = —a] sin6 E(0]0)
E1]0) = —sin0E(0]0)a;

15.5 Show that a o, measurement on a qubit in a linear cluster combines the neigh-
bouring qubits into a single logical qubit (redundantly encoded).

15.6 Derive (15.120).
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Abstract

The development of quantum sensors is a major component of emerging quan-
tum technologies. As our understanding of measurement in quantum mechanics
advanced it became clear that there would be new opportunities for quantum sen-
sors that could out perform their classical counterparts. Optical sensors have long
been a key sector of the precision sensor industry and quantum optical sensors
are a natural extension of this, especially for remote sensing. The recent progress
in machine learning has led to a new kind of smart-sensor and these ideas can be
readily applied to quantum optical sensors.

16.1 Precision Sensing

Precision sensors are ubiquitous in modern technology. A sensor is a device that
enables us to detect changes in one or more parameters in a physical process. The
output signal is a result of some physical measurement, eg a voltage, a photo-current
or a homodyne signal. The sensitivity of the sensor will determine how small a
change in the parameter of interest can be detected in the measurement signal and
this will depend on the noise added by the measurement process as well as intrinsic
background noise sources, typically thermal.

In Fig. 16.1 we give an example of an optical accelerometer based on a Michelson
interferometer. The parameter of interest is an acceleration in the horizontal direction.
What is measured is the displacement of the proof mass due to this acceleration. The
optical measurement scheme seeks to detect the change in the relative arm length
and estimate the acceleration. We can treat the proof mass as a mirror with a linear
restoring force in the horizontal direction. The spring constant is k and the mass is
my. Let the displacement from equilibrium be x and thus the change in the relative
path length for the interferometer is also x. The effect of the acceleration is to apply a
time-dependent force f(t) = moa(t) to the oscillator. For simplicity, we will assume
that the oscillator is heavily damped with damping rate n and that the temperature
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Fig.16.1 A simple Michelson interferometer for an optical sensor for inertial acceleration

of the environment is 7. In the classical case, the displacement obeys the classical
Smolochowski process with stochastic differential equation [1]

2
dx = —Xxdr + (ajy)dt + odW (16.1)
y

where the fluctuation-dissipation theorem requires that 6> = 2k Ty . The stationary
solution for the displacement is

P(x|a) = e~ —a/w))?/28 (16.2)
The mean and variance of the displacement is
kT
J——

a
2 2
g mowy

(16.3)

X =

This suggests that in order to estimate a we need to measure the displacement and
form the empirical average

N
1
Qoss = wgﬁ § *n (16.4)
n=1

The deviation of the estimate from the parameter is §a = a5, — a. The precision of
the estimation is the second moment of §a. This is bounded below by the Cramer-Rao
lower bound [2]

2
E[(6a)7] = NF@)

(16.5)
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where F'(a) is the Fisher information defined by

B 1 AP (xla)\>
F(a):/dxp(x|a)( ” ) (16.6)

In this case F(a) = A so the precision is bounded by

E[(8a)?] >

kpT
2 (16.7)

Nmowj

This scheme constitutes a linear sensor as x o a. The estimate can be improved
by lowering the temperature, or increasing the mass or increasing the oscillator
frequency. As we lower the temperature and increase the frequency we will need a
quantum description of overdamped motion when hwg > kgT. We will not pursue
this here. In stead we will consider a quantum optical version of this sensor after we
have formulated the quantum parameter estimation problem.

16.1.1 Optical Accelerometer

It is straightforward to model the quantum limits to the accelerometer depicted in
Fig. 16.1. To simplify the explanation we reconfigure the scheme so as to look like
a Fabry-Perot interferometer, see Fig. 16.2. In this case the input-output methods in
Chap. 6 give

lour (@) = Mam(w) : (16.8)
5 —i(w— 8)

where § = w.x/L where L is the length of the cavity and x is the displacement of
the mirror from an exact cavity resonance. A coherent pulse at the cavity resonance
o = 0 with amplitude ¢ experiences the phase shift ¢ (§) where

tan(¢(8)) = (16.9)

K
y2/4 =82

Integrating the quadrature-phase homodyne current current over a measurement time
T gives a random variable is (see (7.64)),

T
2 = «Tag sin(¢(8)) ~ %x 4 ﬁ/ AW (1) (16.10)
0

for small displacements. The mean signal is thus linear in the acceleration and we
define the signal as E[z] = gTa where the gain is

dagwe
=72
wyL

(16.11)
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The variance in z is V[z] = «T. The square of the signal-to-noise ratio is

2.2
T
sNR2 =82~ (16.12)
K

In order for this to be greater than one, we need

JK

N 16.13
eVT ( )

Amin >

As g? is proportional to the input power, we can make this small by using a more
powerful laser input. As we will see in Sect. 16.6, there is a another limit that sets
in while increasing the laser power. We can also make the sensor more sensitive by
increasing the integration time, at the expense of making it slower.

16.2 Quantum Parameter Estimation

The general quantum parameter estimation, for a sequential scenario, is sketched in
Fig. 16.3 An initial state, p;, undergoes a dynamical transformation that depends on
some real parameter 6 to produce an output state p,(9). A measurement is made of
some observable, described by a POVM ﬁ(é). After N repetitions, the sequence of
outcomes is used to form an estimate 6 of the parameter 6. The probability distribution
of outcomes, conditioned on the parameter 6 is

P(10) = tr[P(£)po(0)] (16.14)
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[l

dynamics measurement estimation

Fig.16.3 A sequential scheme of parameter estimation

The estimate of the parameter is a function of the measurement results § =

] (&1, &, ..., &EN), for example, the empirical mean

I

GZN];SI{ (16.15)
We form the deviation as

80 =10 — 0 (16.16)
where

do
A= T (16.17)

removes the local difference in the “units” of the estimator and the parameter.
The quantum Cramer Rao lower bound is obtained by a further optimisation over
all POVMs [2]

1
E[§60%] > ———— (16.18)
N (ds/d)?
where the statistical distance is defined by
(ds/do)* = tr[p' L, (p)] (16.19)

and p = p,(9), p' = % 00(0) . The super-operator L, in the basis that diagonalizes
p , takes the form

N 2 .
L= > ——Ajilj) (K (16.20)
(ks put0) PI T Pk

and A jx = (j|Alk).
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16.2.1 Single Parameter Unitary Transformations

As a simple example, suppose we want to estimate how much coordinate time has
elapsed by making measurements of an arbitrary observable on the unitarily evolved
state

0o(T) = e—if}T/hpieiﬁT/h (16.21)

where H is the system Hamiltonian. The quantum Cramer-Rao (QCR) bound gives

2
E[8T2] > — (16.22)
N(AH2)i
where
(AH%); = tr[p; (AH)?] (16.23)

with AH = H — (ﬁ ). We see that we need to use an input state with as large a
variance in the energy as possible.

It is important to note that the QCR bound does not tell us what POVM to use
to saturate the bound. It might in fact be a very difficult measurement to make. For
example, suppose the system is a single mode cavity field, H = hwa'a. Consider
an input squeezed vacuum state |r) (see Sect. 1.4). The variance in the energy is

rI(AH)?|r) = %hzaﬁﬁ(ﬁ +1) (16.24)

where 71 = sinh? r. This suggests that we need 77 >> 1. In other words, we need initial
states of very high average energy. This is a general feature of estimating elapsed
local time.

What measurements should we actually make? There is no point in photon count-
ing as it is insensitive to this transformation. Homdyne detection would require
knowing the parameter in order to choose the correct quadrature phase. It turns out
that the Susskind-Glogower POVM in Sect. 1.6 is optimal but of course is unphys-
ical. In fact it is generally the case that choosing a POVM that commutes with the
operator canonically conjugate to the generator of unitary transformations is always
best.

16.2.2 Single Parameter Non-unitary Transformations

Consider the one parameter non unitary operation defined as

Po(0) = ) k()P Y[ (0) (16.25)
k
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An example is given in in Sect. 7.1.

~ 1 _ —0ata/2
Y(n|9) = —(1 — e 0y /2e= 00 al2gn (16.26)
/n!
where the sum is n = 0, 1, 2, .. .. which describes a photon loss process where the

probability to absorb a photon is 1 — e~?_ Tt is easy to se that

—d’;(:) =ap(®)a’ — %(aTap(G) +p()a’a) (16.27)

The rate of change of statistical distance is

2
(Z—;) = trlapa’ Ly(apa)] - 2(a" ?a®) + ((a'a)?) (16.28)

If we start in a coherent state |oo) solution to (16.27) is p(0)=|age /%) (ape /2.
As this is a pure state it has only a single unit eigenvalue. We find that

ds\? 2,60
— | =aol%e .
20 || (16.29)
The parameter uncertainty bound is then

0

E[56%] > Ne—no (16.30)

where 1o = |ap|? is the initial mean photon number. If all photons are lost & — oo
and it is impossible to estimate 6.

16.3 Kinetic Uncertainty Relations

In many quantum optics experiments, the measurement record is a stochastic pro-
cess for example a homodyne photo-current J (), (see Sect. 7.3). The source of the
light could be controlled by a parameter that we need to estimate. For example, the
detuning of a laser drive from an intra-cavity dipole emitter could be estimated using
homodyne detection of the emitted light. In this case we could integrate the mea-
surement current over a time 7 to get a random variable x (7') the statistics of which
can be used to infer the relevant parameter using the QCR bound [3]. In this case the
bound will need to reflect irreversible dynamics of the cavity.

As an example we consider the case of a coherently driven single mode cavity
with damping rate k containing a two level system (see Fig. 16.4). The question we
ask is: is there a universal bound for parameter estimatoin in this case regardless of
what integrated current we choose?
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Fig. 16.4 A driven cavity containing a single two level atom emits a field into the environment.
This may be subject to photon counting or homodyne detection. In both case we wish to infer some
parameter of the irreversible dynamics from the integrated photo current or homodyne currrent that
produces a random variable x ()

This problem was first posed in a quantum optical setting by Gammelmark and
Molmer [3]. It also arises in the study of stochastic thermodynamics where the answer
is given in terms of entropy production [4]. Not surprisingly it can be formulated in
terms of the Fisher information associated with the statistics of x (¢).

Hasegawa [4] showed that under physically realistic assumptions

Vix] - 1z
E[x]> ~ T(K + Q)

(16.31)

where T is the integration time and i = 1 for integrating a photon counting measure-
ment and u = 1/4 for a integrating a homodyne current. Here K arises purely from
classical stochastic processes, for example, decay of photons into the environment,
while Q captures quantum coherence terms and arises from the Hamiltonian part
of the dynamics. These quantities are determined entirely by the master equation
that describes the source of the measurement current. We will refer to K, Q as the
classical and quantum activation respectively.

As an example we consider the interaction picture master equation describing the
a two-level atom in a highly damped cavity and driven cavity (see Sect. 9.2),

dp

A
g = iz low pl—iQloy + o, p]+yDlo-]p (16.32)

where €2 is the Rabi frequency, the detuning is A = w, — wy, and wy, is the carrier
frequency of the driving field and w, is the atomic transition frequency. In this case



16.4 Quantum Optical Clocks 313

K = y pe.ss where p, g is the steady state probability to find the atom in the excited
state. The classical and quantum activation are then given by

4y Q?
K= s (1639

128Q% [4A% + A%(y2 4 32Q%) + (y2 + 4Q2)?
0~ [ 6% )+ (v )?] (16.34)
Yy (4A2 +y2 4+ 4Q?)

Hasegawa also proved an important connection to the field of stochastic thermo-
dynamics. This relates the bound in (16.31) to the entropy production X in the steady
state,

Vix] - 2u
Ex]? — TZ
We thus see that decreasing the lower bound is achieved by making the entropy

production rate in the environment as large as possible. We will consider how this
works in the case of clock design in the next section.

(16.35)

16.4 Quantum Optical Clocks

Form the perspective of quantum optics, a clock is a quantum sensor to estimate a
period or frequency of a periodic process that is as precise as possible. This task can
be related to the kinetic uncertainty relation discussed in the previous section. In the
case of a clock the sensor is typically a counter for some sustained temporal process.
The process itself can be quite varied but for an autonomous periodic clock it is often
a dissipative dynamical structure known as a limit cycle [5]. Microwave generators
achieve this using a DC drive to a circuit with negative differential resistance over
some voltage range. This is a form of amplification that leads to a limit cycle forma-
tion in which a dissipative nonlinear system undergoes a Hopf bifurcation to a one
dimensional attractor.

As we saw in Chap. 10, a good example is a laser which exhibits a fixed point to
limit cycle bifurcation in a semi-classical description of its dynamics (see (10.23)).
The laser is an autonomous clock in that it can reach a non-thermal equilibrium
steady state due to a population inversion maintained by two thermal baths at dif-
ferent temperature. Above threshold, the laser exhibits phase diffusion due entirely
to quantum noise. This ultimately limits its precision as a clock, although in a real
artefact many technical noise sources are likely to limit its performance. The laser
exhibits another important aspect of a quantum clock: the nature of the measure-
ment is important. There is no point counting photon emission from a laser. To use
it as a clock you need to make a phase-dependent measurement such as homodyne
detection or a Ramsey fringe interferemetor.

The laser phase diffusion rate decreases as the mean photon number in the cavity
increases (see (10.33)). This is a generic feature of all limit cycle clocks and leads
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to fluctuations in the period of the extracted clock signal and a Lorentzian line shape
for the power noise spectrum. We will consider the statistics of the period first.

The period is the time taken for a monitored oscillatory variable to change its
phase by 27. Fluctuations in phase of the oscillation mean it sometimes gets to 27
a bit too early or a bit too late. This is a first passage time problem: what is the
probability distribution for the time 7 taken for the phase to first reach 2 starting
from a zero point. In the case of a limit cycle, the resulting distribution in periods is
given by the Wald distribution (see Chap. 10).

In the case of clocks built from limit -cycle dynamics, this is given by [6],

[ &
W(T,a, ) = 2—T_3/2 exp [—
T

where «, A are positive real parameters (A is called the spread parameter). The mean
and variance are

—a)z} t>0.

E[T)=a, V[T]= O‘T (16.36)
In the case of a laser @ = 2%, where w. is the laser cavity frequency, and A = 72/ T,
where I is related to the mean photon number in the cavity # and the gain G as
I' =G/(8n).
We define a clock quality N as the square of the signal-to-noise ratio.
= E(TT? = A/ (16.37)
= VITE o .

A good clock is one for which A > «. In the case of a laser

Tw
N=— (16.38)
2r
We now turn to the noise power spectrum. The phase variable on the limit cycle
is defined in terms of the complex amplitude of the laser cavity field a(f) = roe’?)
where
do = —iwdt + Zdw (16.39)
ro

where w is the frequency on the limit cycle and o2 is the variance in the noise. For
a thermal clock o2 o< kzT. In the case of a quantum clock this is not the case, for
example, in a laser ro = +/71 and 02 = G /2. The Ito stochastic differential equation

for a(¢) is the Kubo oscillator (See [7] p. 104).

da = ia()dO(t) = i(wdi + ZdW)a(r) (16.40)
ro

The stationary two-time correlation function for heterodyne detection is given by

Ela*Oa(@)]=¢ 3 (16.41)
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The noise power spectrum is the Fourier transform of this

2y
P(Q) = ;m (16.42)
where the line width is
o (16.43)
V= .
4r0

a Lorentzian. In the case of a laser y = G/(8n).

16.4.1 FPT Uncertainty Relation

Various authors [8] have shown that the quantity, N satisfies an uncertainly relation
closely related to a KUR,

N <E[T](K + Q) (16.44)

when the clock signal is derived from measurements made on the field emitted by a
source that obeys a Markov master equation. As a simple example we consider a clock
made up of photon emissions from the cavity in Fig. 16.4, in the bad cavity limit,
and thermally driven. The two-level atom that obeys the master equation, (9.40),

p= _%[Gz» pl+yn+1DDlo_]p + ynDloy]p (16.45)

where y is the spontaneous emission rate and 7 is the mean thermal occupation of
the cavity at the atom resonance frequency. In the eigenstates of the atomic energies
this is a two state markov stochastic process,

Pg = VPe — L+ Pg = —Pe (16.46)

where v = y(n + 1), © = yn are the transition rates frome — g and g — e respec-
tively. When the atom makes a transition from one falling edge to the next a photon
is emitted and we regard each of these as a ‘tick’ of the clock. The distributions of
the period T defined this way is given by

P(T) = MY (T — T (16.47)

In the high temperature limit v — p, this becomes
P(T) = u>Te M. (16.48)
The mean and variance of this distribution are

2
=. (16.49)

E[T] = 3, V[T] =
w w
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Thus N = 2 for this aperiodic clock. In this case K = u, Q = 0 and the FPT bound
is saturated.

A more interesting case was studied experimentally in [9]. A driven supercon-
ducting transmon two-level system in a coplanar microwave cavity was described
by the master equation

d
d_f = —i[Qoy + Ao, p] + ' Dlo.]p = Lp, (16.50)

where €2 is the Rabi frequency, A is the Stark shift, I' is the dephasing rate determined
entirely by the o,-QND measurement back action. In the experiment, spontaneous
emission of the transmon qubit was negligible. Given that this model is only subject
to dephasing, it is easy to show that the steady state is just the maximally mixed state
Pss = % There are two types of dynamics; underdamped, I' < 22, which exhibits
oscillations and over-damped, I' > 22 with a monotonic approach to the steady
state.

We will suppose that the system is being continuously measured via Homodyne
detection and is described by the stochastic master equation

dpy = —i[Q0y + Aoy, pyldt + ' Dlo,lpsdt + VT (o.py + pyo, — 2ttlo.ps AW, (16.51)

where d W is a Weiner process, and the index J indicates that we are conditioning
on the Homodyne current

J(t)dt = 23/Ttrlo,psldt +dW. (16.52)

This problem was discussed in Sect. 11.2.1 and we use that model to illustrate the
role of FPT uncertainty relations for understanding precision. As defined by He et
al. [9], the precision of the clock can be measured by the signal-to-noise ratio (SNR)
in the first passage time for the clock to undergo a tick and tock. This corresponds
to the time it takes for the system to traverse a longitudinal angle of 6 = 27, which
we will denote as t. Thus the quality of the clock is measured as

_ E[z?
"~ Var|t]

. (16.53)

If we ignore the multiplicative noise term in the conditional dynamics, the statistics
follows a Wald distribution in the underdamped oscillatory regime (I" < 2€2),

_ 2
P(t) = /1% exp (—%) , (16.54)

with mean and variance given as:

ol

3 (16.55)

E[r] = % Var[z] =
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Thus N =2n (%) A direct simulation of the stochastic differential equations indi-

cates that this is a good approximation when I" is very small.
The FPT uncertainty relation [8] gives, N < (K + Q), where

2
K=T, Q:ﬁ, (16.56)
r
Not surprisingly, for a good clock we need 2 > I
In the quantum jump regime we define one period to be the time from one down-
ward transition to the next. The Markov transition rate, u, can be used to calculate
a FPT distribution:

P(T) = u>Te T, (16.57)
where the transition rate is u = I'Q%/(I'2 + A?) Then

2 2
E[T]=—, Var[T]=—, N=2. (16.58)
5 5

This is the expected result for a Markov process clock. This system enables us to
move from an oscillatory clock, when the measurement dephasing is weak, to a
quantum jump clock for which the measurement dephasing is very large. Changing
the measurement process changes the nature of a quantum clock.

16.5 Non Linear Quantum Sensors via Machine Learning

Many sensors operate with linear response for which the measured variable is pro-
portional to the parameter to be estimated. The rise of machine learning has led to
the concept of a smart sensor [10] that moves beyond this. More broadly, machine
learning is impacting many areas of quantum technology [11].

We will discuss a machine learning enhancement for single photon scanning of
a phase image [12]. A phase image encodes the data in the spatial distribution of
phase changes in an optical wave after reflection. In the single photon case, the phase
changes lead to an intensity modulation of the reflected pulse. Using a time resolved
Raman single photon detector (see Sect. 14.2) a control pulse can be optimised
using a machine learning to extract the spatially dependent parameters encoding the
image. As an example, will assume that these are the detuning from the pulse carrier
frequency and the line-width of a reflecting optical cavity. Single photon pulses, as
opposed to weak coherent pulses, offer a number of advantages.

The scheme is depicted in Fig. 16.5. A single photon Raman pulse produces a
sequence of identical single photon pulse with temporal function v(¢). The reflected
single photon pulse has a different temporal function &(f7, #) that depend on the
true parameters f7 = (k, A) of the cavity currently under scan. The reflected pulses
arrive back at a Raman single photon detector controlled by a classical coherent pulse
with temporal shape w(f, ¢). The error channel is a reflection from this detector and
a machine leaning algorithm changes the parameters f until the error is minimised.
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SMART SENSOR
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Fig. 16.5 A sequence of identical single photo pulses are reflected from an array of single-sided
cavities, with a spatially varying piezo-modulation of the detuning from the carrier frequency. The
image is encoded in the detuning A and the line-width « of each cavity. These change the temporal
response of each cavity distorting the intensity of the single photon pulse upon reflection. A machine
learning scheme based on Raman single photon detectors can estimate the parameters «, A for each
cavity

When this is reached the energy loss due to photo reflection is minimised. The overall
detector has learned the true parameters with a low probability of error.

In analysing this scheme is important to include thermal effects in both the detec-
tors and the optical fields. The error probability is given by [12]

1+7  4nl (hwd/kBT>
— T 7T anh (45

e () 14 2n K4

(16.59)

where I' = | [ dt'u* (£, )& (fr, t’)|2 and we have included the superscript (Q) to
distinguish this scheme from an equivalent classical scheme discussed below. The
parameter wy is the frequency of the Raman transition in the detector, k4 is the
response rate of the detector, and 7T is the ambient temperature and 7 is the average
number of thermal photons in the background field. At very low temperature the error
probability tends to Pe(Q)(t) =1- % and is minimised when I' is a maximum.
This will occur when f = f7.

An equivalent classical scheme would use coherent state pulses with on average
«|? photons per pulse. The error probability in this case is

14+n 4nr _ hwg /kpT
POy = — — — 1 p=%l/ka qpp ( —2L22° ) 16.60
e =T T e ¢ n 2 (16:60)

In Fig. 16.6 we compare the quantum and the classical protocols in terms of the
normalised parameter difference |f — fr|y, defined as a function of iterations i in
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the learning algorithm and the error probability also as a function of the number of
iterations.

16.6 LIGO

Arguably, the largest quantum sensor existing today is LIGO (laser interferometer
gravitational observatory) [13]. It consists of a Michelson-Morley interferometer,
with a Fabry-Perot cavity in each arm to ‘store’ light, See Fig. 16.7. Each mirror
is suspended and subject to a linear restoring potential. Caves [14] suggested in
1981 that squeezed light might be used to achieve better sensitivity in the interfero-
metric detection of gravitational radiation. The result of Caves indicated that while
squeezed light would not increase the maximum sensitivity of the device, it would
enable maximum sensitivity to be achieved at lower laser power. Later analyses [18]
demonstrated that by an optimum choice of the phase of the squeezing it is possible
to increase the maximum sensitivity of the interferometer. This result was established
by a full nonlinear quantum theory of the entire interferometer, including the action
of the light pressure on the end mirrors. We shall demonstrate this following the
treatment of Pace et al. [18].

A gravitational wave induces weak tidal forces, in a plane perpendicular to the
direction of propagation. A gravitational wave passing normal to a circular arrange-
ment of masses would periodically force the circle into an ellipse. In the case of
the interferometer depicted in Fig. 16.7, the end mirrors of the two cavities are con-
strained by a weak harmonic potential, and lie on a circular arc separated by 90°.
Thus, when a gravitational wave passes orthogonal to the plane of the interferometer,
one cavity will be shortened as the other cavity is lengthened. If the intensity differ-
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Fig.16.7 A simplified scheme of LIGO consisting of a Michelson-Morley interferometer, with a
Fabry-Perot cavity in each arm to ‘store’ light

ence of the light leaving each arm of the interferometer is monitored, the asymmetric
detuning of each cavity caused by the moving end mirrors causes this intensity to be
modulated at the frequency of the gravitational wave.

While gravitational radiation reaching terrestrial detectors is highly classical
(many quanta of excitation), the interaction is weak. The relative change in the
length of each cavity is then so small that it is easily lost amid a multitude of noise
sources, which must somehow be reduced if any systematic effect is to be observed.
To begin with, it is necessary to isolate the end mirrors from external vibrations and
seismic forces. Then one must ensure that the random thermal motion of the end
mirrors is negligible. Ultimately as each end mirror is essentially an oscillator, there
is the zero-point motion to take account of.

Quite apart from the intrinsic noise in the motion of the end mirrors, noise due to
the light also limits the sensitivity of the device. The light noise can be separated into
two contributions. The measurement we ultimately perform is an intensity measure-
ment which is limited by shot-noise. In the case of shot-noise, however, the signal-
to-noise ratio scales as the square root of the input power, thus one might attempt to
avoid this noise source by simply raising the input power. Unfortunately, increasing
the input power increases the contribution from another source—radiation pressure.
A careful study reveals that we can optimise these two complementary sources of
noise. In this calculation we treat each end mirror as a damped simple harmonic
oscillator subject to zero-point fluctuations and the classical driving force of the
gravitational wave. We assume the thermal motion has been eliminated.
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Fig. 16.8 The spatial optical modes used the quantum noise analysis. The symbol C denotes a
circulator to spatially separate the input and output fields. The dashed line represents a vacuum
inout. This is called the ‘unused port’. The performance of the sensor can be improved by injecting
squeezed light at this input

The spatial modes we will use are shown in Fig. 16.8. The measured signal is then
determined by the photon number difference operator at the photo detectors (PD),

I R [a; out gout g=i¢ _ h.c.] (16.61)

where where ¢ is a controlled phase shift inserted in arm 2 of the interferometer
to enable the DC contribution to the output intensity difference to be eliminated.
Assume that the laser is described by a coherent amplitude input with average field
Ey!'/2, then each cavity is driven by the same amplitude that is € = E/+/2 then
(ai") = /e, such that (aZ i”a,i") has units of s~ .

We turn now to a description of the intra-cavity dynamics. The end mirrors are
treated as a quantised simple harmonic oscillator subject to radiation pressure forces
due to the light in each cavity. Each cavity is thus a standard opto-mechanical res-
onator [19]. Define position and momentum operators Q, P for each mechanical
oscillator. The radiation pressure force is proportional to the intra-cavity photon
number. The total Hamiltonian for each cavity, in the interaction picture for the field,
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then takes the form

2
H=hY Adlaj+QB]B;+goala;(Bj + B)) (16.62)
j=1

+H(=1)/ f()(B; + B)) — i(c*a; — ea))

where € is the coherent driving field for each cavity, B, B ; are the raising and
lowering operator for vibrations of the mechanical oscillator defined in terms of the
position and momentum for each cavity,

2% 1/2 + 2% 1/2
Pj = —i (hM2/8)"% (B; — Bj.) = (hM2/8)/? p; (16.64)

which imply that the commutation relations for the dimensionless canonical variables
are [g;, p;j] = i. The single photon opto-mechnical coupling rate is

wo [ 2h \ /2
g = —To <m> (16.65)

with wg, L the optical resonance frequency and length of the optical cavity respec-
tively. We have take the gravitational wave to exert a time dependent force on each
mirror f(t) = focos wgt where fy = hLa)g (%)1/2 and 4 is the maximum frac-
tional change in the length, L, of each cavity. The tidal forces acting on the mirrors
are 7 out of phase due to the gravitational wave. For simplicity we will assume the
cavities and mechanical resonators are identical.

The quantum stochastic differential equations are

da; .
44j _ e—iAaj—Zaj—igoqjaj+ﬁa'~", (16.66)
dt 2 J
dq;

= Qp;, 16.67
dt Pj ( )
dpi . .
d—tf = —Qq; — goala; — (=) fos(t) = Tjp; + VTl (16.68)

where I' is the frictional decay rate of each mechanical system (assumed to be the
same for simplicity). The mechanical components correspond to the usual classical
Langevin equations for frictional damping. These equations are non linear due to
the opto-mechanical coupling. The corresponding semiclassical equations may not
have a stable steady state, but assuming we operate in a regime where they do, we
can linearise the un-driven small-amplitude dynamics around this fixed point.

The only difference between the two sets are in the phase of the driving force. In
the absence of the gravitational wave we can thus treat the linearised dynamics as
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the same for each opto-mechanical system and drop the subscript. Defining the new
canonical operators as da = a — «p, g = q — qo,8p = p — po where oo, qo, Po
are the semiclassical stable fixed points, see Exercise 16.3. We will now assume that
we are in the highly under-damped regime for which @ <« I'.

The linearised semi-classical dynamics, in the under-damped limit, for the coupled
opto-mechanical system, to lowest order in go, '/ 2 is equivalent to

dx —% 0 0 O dx

dlsy|] | O —% —u 0 3y

dilsg| 1 0o o -L 8q (16.69)
8p -n 0 - -5/ \sp

2¢

where p = 2goag and oy = n is the steady state field amplitude in the cavity,

taken real. the field quadrature fluctuation operators are defined by 8x = da + da’
and 6y = —i(6a — 8a™). Tt is clear that 8x(r) = 8x (O)e’yT'. In the long-time limit,
we can neglect the variables §x for the deterministic part of the motion. Secondly
we note the mirror position fluctuations 8¢q are literally coupled to §y and thus
directly determine the output intensity difference signal. Finally, the fluctuations of
the in-phase field variable §x drive the momentum of the mirror. This is the radiation
pressure contribution. Setting §x (0) = 0, the mirror dynamics is especially simple—
a damped harmonic oscillator.

When we linearise the output fields around the stationary states we find that the
output signal is then determined by the operator

A o0 Yoo i i
A= VT(Syl —8y2) — c Gy =8y (16.70)

where 8y, = i(Sax — 8a;) and 8y = i(5ai" — 8a; ™). We have chosen the arbi-
trary phase reference so that the input amplitude, and thus the steady state amplitude
o, is real.

Each cavity may now be analysed using the input-output relations as the system
is linear. The mean signal in a linearised semiclassical approximation can be shown
to be [18]

32hwowy 1 cos(wgt +6 + ¢)

. _ 16.71
V=) = I (g — N2 T iy T Dy 2 — il
where,
2
L 4|62| (16.72)
Y

P t Lo (16.73)
= —arctan| ——m— . .
M4+ Q2 —
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and 6 = arctan(agwg/y ). The signal is directly proportional to fp and thus to the
mirror fractional displacement, /4, so this is a linear sensor for the gravitational wave
amplitude.

In the frequency domain we define the average signal as

[{(n_(w))| = S(wg)d(w — wg) (16.74)
where
St 32hw0w§1 (1675)
“8 = T IALIA Iy /2 — o '
where
Ay =T24i(w—Q) (16.76)
A_=TR-—i(lw+9Q) (16.77)

while the noise power density, or signal variance is

Va_(@) = (n_(@)n_(o)") (16.78)
Define the normalised variance by N (w) = V"E 1(")) where [/ is the output intensity

from each cavity. Using the input-output relations this is given by we find that this is

166311 (12/4+ 22 + o) (16621202
—— + -
A+ (@ PA-(@)ly/2 —iol?  |A+(@)P|A=(@)2]y/2 - iol*

Nw)=1+ (16.79)

The first term in (16.79) is the shot-noise of the incident light on the detector. The
second term is the mirror noise. It is a direct consequence of treating the mirror as
a quantum harmonic oscillator damped into a zero-temperature white-noise bath.
This white-noise bath produces frequency-independent fluctuations in the mirror’s
momentum which in turn produce small phase changes in the cavity light field and
hence fluctuations in the output signal. The last term is the radiation pressure noise,
which is produced by the intrinsic intensity fluctuations of the light field mode inside
the cavity.

We now consider how accurate the estimation of the parameter & can be for this
linear sensor. Using (16.75) we write the signal as

S(w) = fs(w)h (16.80)

Signal processing theory tells us that for a measurement of a signal at a frequency
wg the uncertainty in the estimation is 6/ with

V2IN@) 1
[fs(@)] T/2

Sh = (16.81)
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where the measurement time t is much greater than the period of the gravity wave.
The minimum detectable % is h,,;, = 6h. We can then minimise 64 as a function
of mean photon number in each cavity, I (see (16.72)), which is proportional to the
power of the coherent field driving the cavity. The resulting minimum detectable
amplitude is [18]

h
h2. ~ m[m +y] (16.82)
The first term arises from the vacuum noise in the light and the second term arises
form modelling the mirror as a quantised harmonic oscillator damped to a white
noise bath.

Caves [14] proposed that the performance of the sensor would be improved if
squeezed light was input the unused port of the interferometer, specifically, that the
minimum detectable amplitude /,,;, could be achieved for lower laser power. In
the case of squeezed light there is an extra parameter—the phase of the squeezing
relative to the coherent amplitude of the coherent input, (see Fig. 1.1). When the
minimum amplitude is also optimised with respect to this phase, we find that [18]

SRS #[252'”9 + ] (16.83)
mn 8Mw§L21522
where r is the squeezing parameter of the squeezed light injected input the empty
port. The optimum phase of the squeezing with respect to the coherent field, at the
optimum power, is /2. The optimum power is independent of squeezing as the
correlation term causes both the photon counting and radiation pressure noise terms
to scale in exactly the same way.

Problems

16.1 The generator of displacements in quantum mechanics is the momentum oper-
ator. Show that if a displacement, x, is generated unitarily, the QCR bound for
estimating this parameter is
2
s (16.84)
N(APp?)

Investigate how cat states (Sect. 1.7) can be used to get close to this bound.
16.2 Consider the unitary squeezing transformation S(r) = er@=a' /2
(a) Find the QCR bound for estimating r.
(b) If the input state is the vacuum state how close do photon number measurements
get to the QCR bound?

16.3 The Bures statistical distance between two states pi, p; is given by

(s8(p1. p)* =201 —try/ p; % p2p) ] (16.85)
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(a) Setting p1 = |¥) (| show that

s =2[1 = VWinalv)] (16.36)

(b) A cavity field is subject to dephasing decoherence described by the master equa-
tion

p=—iwla'a, p] + T'Dla’alp (16.87)
Solve this equation in the number basis for an initial coherent state and compute

the rate of change of the Bures distance as a function of time. Interpret the results
for the limits + — 0 and t — oo.

16.4 Show that to lowest oder in go the semiclassical fixed points for the opto-
mechanical system of Sect. 16.6, in the absence of a gravitational wave are, py =
0,0 =2¢/y,q0 = —g0|a0|2/52, where we choose A = —gopqo
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