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Chapter 1

Some facts from linear optics

1.1 Wave equation

The Mazwell equations, assuming that there are no free charges or currents (p = 0, J = 0), in SI
units, are as follows:

VD =0; (1.1)
V-B=0; (1.2)
T xE=-B (1.3)
VxH=D (1.4)
In addition, the following relations are valid:
B=uH (1.5)

(where we assumed that the material is non-magnetic) and
D=¢FE + P, (1.6)

where P is the polarization of the material: dipole moment per unit volume.
In polarization, we separate the linear and nonlinear terms:

PZ]SL-FPNL, (17)

where R B
P, =eoxE, (1.8)

(x being the linear electric susceptibility of the material) and Py, is the dipole moment due to various
effects not linearly dependent on the applied field. In this chapter, we assume the susceptibility to
be a scalar, although it is generally a rank 2 tensor (in which case the field and the polarization may
have different direction).

Note 1.1 All quantities entering Maxwell equations are functions of position and time. They all
represent physical observables, and are thus represented by real numbers.

Problem 1.1 Derive the electromagnetic wave equation

L

1
2 c2¢g

- P (1.9)

(V-V)E-—=E-=
from Egs. (1.1)—(1.6).
Hint.
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Eliminate H and D using Eqs. (1.5) and (1.6).

Use eopig = 1/c2.

e Take the curl of both sides of Eq. (1.3) and substitute V x B from Eq. (1.4).

Use the identity
VxVxE=V-(VE)-(V-V)E. (1.10)

e Apply Eq. (1.1) to get rid of the first term in the right-hand side of Eq. (1.10)!.

Problem 1.2 Show that in the absence of nonlinearity, the wave equation permits the following
solution: L
E(7,t) = Ege™ %t 4 cc. (1.11)

(where “c.c.” means ”complex conjugate”) with

k= (w/e)\/1+x. (1.12)

Note 1.2 The phase velocity of the electromagnetic wave (1.11) in the absence of absorption is
given by vy, = w/k = ¢//T+ x. The quantity n = /1 + x is called the index of refraction. For x « 1,
we have n =1+ x/2.

Generally speaking, the linear polarization P = P(t) depends not only on the momentary value
of E(t) at a particular moment in time, but also on the electric field in the past. To visualize this,
think of polarization as displacement of the electrons with respect of the nuclei. The electrons have
inertia, so it takes time for the field to displace them. Accordingly, the response of the polarization
to the field will be delayed. To account for this delay, we write

[

A = 5 [ x(E@-r)dr (1.13)
s
with x(7 < 0) = 0 due to causality: the medium at time ¢ cannot be affected by the field values at
times greater than ¢. The time-dependent susceptibility has the meaning of the medium’s response
to a very short electric field pulse. If E(t) = Aé(¢), then we have, according to Eq. (1.13),

Bi(t) = fl%)}(t). (1.14)

Think of it as follows: the application of a pulse will set the electrons in the medium in motion
which will continue for some time. This motion will generate a time-dependent dipole moment that
is proportional to x(t). For an example, see Ex. 1.13

Problem 1.3 a) Show that the result of Problem 1.2 remains valid if Eq. (1.13) is used rather
than Eq. (1.8), but the value of y in Eq. (1.12) is substituted by the Fourier transform of the
time-dependent susceptibiity

X@):%/X(T)ewaa (1.15)

b) Show that Eq. (1.8) obtains as a particular case of the more general definition (1.13) for
X(7) =27xd(7) and x(w) = x = const.

Note 1.3 The dependence of the susceptibility (and, accordingly, the refractive index) on the
frequency is called dispersion. If dn/dw > 0, the dispersion is called normal, otherwise anomalous.

I This is a bit subtle. Equation (1.1) automatically implies that V -E =0 only if D and E are proportional to each
other, i.e. in the absence of optical nonlinearities. However, by decomposing nonlinear polarization into a Taylor
series in electric field (we’ll discuss it in the next chapter) one can usually show that V Py, = 0
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Note 1.4 While time-dependent susceptibility x(7) must be real (why?), its Fourier image (1.15)
is a complex number: y(w) = x'(w) +ix”(w). The imaginary part of x(w) leads to complex k in
Eq. (1.12) and, subsequently, to a real component in the exponent of Eq. (1.11). This component is
interpreted as absorption or amplification of the electromagnetic wave.

Problem 1.4 Show that in the presence of the imaginary part of the susceptibility, the intensity
I of the wave propagating along the z axis behaves as

I =Ipe (1.16)

where w
a(w) = ;x"(w). (1.17)

is the absorption coefficient.
Hint: do not forget that the intensity is proportional to the square of the amplitude.

Note 1.5 Equation (1.16) is called Beer’s law. The quantity L, where L is the length of the
optical path inside a medium, is called the optical depth of the medium.

Equation (1.17) can be rewritten as aA/27 = x”(w), where X is the wavelength. The quantity
X" (w) can thus be interpreted as the amount of absorption that light experiences over a distance of
A2m.

Note 1.6 Absorption is a consequence of delayed response of the medium to an external pertur-
bation. If the response were instantaneous [i.e. Eq. (1.8) were valid], there would be no absorption.

1.2 Slowly-varying envelope approximation

So far, we have been assuming that the field propagating in the medium is a plane wave. In practice,
plane waves do not exist; realistic electromagnetic fields have finite spatial and temporal extent. In
this case, we can view the field as a carrier plane wave multiplied by an “envelope” that is varying
slowly in space and time (Fig. 1.1):

E(z,t) = E(z, 1)t 4 cc. (1.18a)

where £(z,t) is the envelope and e?**~** is the carrier wave. The polarization is expressed accord-
ingly as

P(z,t) = P(z,t)e** " 4 c.c. (1.18b)

Problem 1.5 By “slowly varying” we mean that the envelopes’ significant change in time and
space occurs at a rate much slower than the period and the wavelength, respectively. Show that this
condition can be written mathematically as

( gj )(5,73) <<( f} )(5,73). (1.19)

When we study fields described by the slowly varying envelope approximation, we are often only
interested in learning about the evolution of the envelope rather than the carrier. If this is the case,
we can significantly simplify our math.

Before we proceed to calculate this evolution, let us note that we have some freedom in defining
the carrier wave. A small variation in the wave vector or the frequency of that wave may affect the
shape of the envelope, but not necessarily invalidate condition (1.19). In the exercise below we study
two cases: the carrier wave propagating at the speed of light in vacuum and at the phase velocity
determined by the medium’s index of refraction.

Problem 1.6 Substitute Egs. (1.18) into Eq. (1.9) and show that, under Egs. (1.8) and (1.12), in
the first nonvanishing order the equation for the evolution of the envelope takes the following form.
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Figure 1.1: A pulse with a slowly varying envelope.

a) If the carrier wave has wave vector k = w/c

1 12 .
[az N 7at] E=i2p. (1.20)
c 2€pC
b) If the carrier wave has wave vector (1.12)
k - w? -
O+ —01|E=i—— . 1.21
[ T t] ok N (1-21)

Neglect dispersion.

Note 1.7 According to the above result, in the absence of nonlinearity, the envelope propagates
with the speed equal to the phase velocity v,y = w/k = ¢/y/T+x. This is true only under the
simplifying assumption Eq. (1.8), i.e. that no dispersion is present (see Problem 1.3(a)). In the
presence of dispersion, the envelope will propagate with the group velocity, as shown in the following
problem.

Problem 1.7 Show that, if we use Eq. (1.13) instead of (1.8), the equation of motion for the
slowly varying envelope will take the form

2
[az+ ! at]ézi‘*’ﬁm. (1.22)

Vg 2¢e0kc?

with
1o _dk k| w? dx
vgr  dw  w  2kedw’

(1.23)

Hint: For a slow envelope, during the short time period when x(7) is significantly nonzero, we can
write £(t - 7) ~ E(t) = 7E(t). Therefore

F) (1-:13) 2f}z(T)g(t_T)eikz—ithriwr+C.C'
27
= 1 ) ) ) - 1 . . .
v eb(t) — [ R(r)emdr et e £(1) — f TR(T)e T dr et 4 ¢
27 2w

x(w) —idx(w)/dw

Note 1.8 The group velocity defined in Eq. (1.23) is a complex quantity. It accounts for both
the propagation and absorption of the wave. The quantity referred to as the group velocity in the
literature consists of only the real part of Eq. (1.23).
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1.3 The Kramers-Kronig relations

These relations connect the real and imaginary parts of the frequency-dependent linear susceptibility.
They are obtained from the most basic principles: causality and the fact that physical observables
are real-valued.

Problem 1.8 Show that
x(w) = x*(~w). (1.24)

Alm o

B~C

D:Rem

Figure 1.2: Integration contour of Eq. (1.25). Ponts A and D are positioned at w’ = Foo, points B
and C at w’ =w F 0, respectively.

Problem 1.9 The quantity x(w) is formally defined by Fourier integral (1.15) not only for real,
but for arbitrary complex w. Show that this integral converges as long as Imw > 0.

Problem 1.10 Analyze the integral

55 X,(”,) 4’ (1.25)

along the contour shown in Fig. 1.2.
a) Show that the entire integral (1.25) is zero. Hint: Are there any poles inside the contour?

b) Show that the integral over part DA of the contour is zero. Hint: Check that x(w) — 0 for

|w| — 00.
c¢) Show that the integral over part BC of the contour is —imx(w).
d) Conclude that

+ 00 ’
X(w):iiwvf X(widw’, (1.26)
vy

w' -

where VP stands for the principal value of the integral, i.e. the sum of parts AB and C'D of
the contour.

Problem 1.11 Using Eqgs. (1.24) and (1.26), derive the Kramers-Kronig relations

X' (w) = ngdw' (1.27)

T (.d'2 _ w2
0

2w [ Y (w)
X' (w) = - w’Q—wzdw,' (1.28)
0
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Figure 1.3: The classical theory of dispersion. (a) Model; (b) Real and imaginary parts of the
susceptibility.

1.4 Classical theory of dispersion

Problem 1.12 Calculate the susceptibility x(w) of a gas of electrons shown in Fig. 1.3. Each
electron has charge e, mass m, is mounted on a spring with spring constant & such that \/x/m = wy
gives the resonant frequency of the oscillators. The damping constant is I', meaning that the friction
force experienced by each electron is —I'ma, where x is the position of the electron with respect to
the equilibrium position. The number density of electrons is N. Assume I' < wy.

Hint: Let the electric field be given by

E = Ege~h#miwt c.c.,

the coordinate of each electron

—ikz—iwt
T =x0e T+ coc,

polarization
P = Pye k=it | o e
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Calculate zg as a function of Ey. Determine the amplitude of polarization as the dipole moment per
unit volume. Determine the susceptibility as the proportionality coefficient between the polarization
and field amplitudes.
Answer: ) )
Ne 1 Ne 1
= N — (1.29)

eom wi —w? —ilw  eymwo 2A + il

where A = w — wy, the approximate equality is valid for A <« wy.

Problem 1.13 Let us obtain the same result (1.29) using the notion of time-dependent suscepti-
bility discugsed in QSec. 1.1. Suppose the medium is acted upon by a very short (<« 1/wg) electric
field pulse E(t) = Ad(t).

a) Show that, immediately after the pulse, each electron will start moving with velocity vy = Ae/m.

b) Show that the motion of the electrons after the pulse is described by (Fig. 1.4)

x(t) = il sin(wt)e_gt. (1.30)
wo

c¢) Calculate the time-dependent susceptibility x(¢) and apply the Fourier transform (1.15) to
re-derive Eq. (1.29).

Ax(t)
| «—— short pulse excitation

I'CSpOl’lSG

A /\ N hene, e

LA

Figure 1.4: The response of a classical charged oscillator to a pulsed excitation.

Problem 1.14 Use the classical theory of dispersion to calculate the index of absorption and the
index of refraction of a gas at wavelength A = 800 nm with the resonance width v/27 = 6 MHz and
number density 10° cm™3.

a) Assume that the oscillators do not move.

b) Take into account Doppler broadening. Assume room temperature. The mass of each oscillator
is equal to that of a rubidium atom. Hint: because the natural oscillator’s linewidth can be
assumed much narrower than the Doppler width.

Problem 1.15 Show that, in the framework of the classical theory of dispersion, the maximum
value of the index of refraction obtains at A = -I'/2 and that it is related to the maximum (on-
resonance) absorption index as npax — 1 = S%amax, where A is the wavelength (Fig. 1.5). Calculate
Nmax — 1 for the example of Ex. 1.14.
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Note 1.9 We see that in spite of significant absorption in the medium on resonance, the variation
of its refractive index is relatively small. This is because the imaginary part of the susceptibility
equals the amount of absorption over a path length on a scale of a wavelength (see Note 1.5). While
this quantity may be small, the absorption may become significant over a macroscopic path length.
On the other hand, both x’ and X" are of the same order of magnitude near resonance, and so is
Nmax — 1.

Off resonance, the situation is drastically different. The real part of susceptibility falls with the
detuning as o< 1/A, whereas the imaginary part as oc 1/A? (check this!). Therefore, the off-resonant
refraction can be significant while absorption negligible. This explains, for example, why glass,
whose optical resonances are in the ultraviolet region, is transparent, yet exhibits high refraction.

Problem 1.16 Verify the Kramers-Kronig relations for the linear and imaginary parts of suscep-
tibility (1.29). Near-resonance, narrow-resonance approximations can be used.

1.5 Fast and slow light

The phase velocity of light in the medium, given by v, = w/k = ¢//T+ X/, is superluminal (exceeds
the speed of light in vacuum) whenever x’ < 0. Under the classical theory of dispersion, this happens
for all w > wg (Fig. 1.5). This is not surprising given that the phase velocity is not related to the
speed with which the energy or information carried by the light wave travel.

The latter are usually associated with the group velocity. However, as we will see in this section,
this quantity can also exceed the speed of light or even be negative, albeit without violating special
relativity or causality.

Let us make an order-of-magnitude estimate of the real part of the inverse group velocity given
by Eq. (1.23) and use the assumption that the susceptibility remains small at all frequencies. Then
w/k ~ ¢ and we have
I 1 wdy

Re (1.31)

Vgr ¢ 2cdw

The quantity dx’/dw is on a scale of x/ ../T (Fig. 1.5). Accordingly, the scale of the second term is
(1/6)(@/T) Ximax-

Specializing to the example of Exercises 1.14 and 1.15, we have that, although x/,.. ~ 1073 is
small, the second term is enhanced by the ratio of the optical frequency and the resonance width:
w/T ~ 108, Accordingly, the second term can be on a scale of 10°/c, greatly exceeding the first one.
Dependent on the detuning, we can have the following situations.

a) In the region of normal dispersion, v, is positive but many orders of magnitude lower than
the speed of light in vacuum. This is the so-called phenomenon of slow light.

b) Within the region of anomalous dispersion near the extremum points, where the second term of
Eq. (1.31) is negative but its absolute value is less than 1/e¢, the group velocity is superluminal.

¢) In most of the anomalous dispersion region, the group velocity is negative.

The latter case is most curious. What does it mean to have a negative group velocity? Suppose
a pulse arrives at a sample of length L at time ¢;,. According to the definition of the group velocity,
it should leave the sample at time .y = tin + L/vgr. If vg, <0, the pulse will leave the sample before
it has arrived.

Doesn’t this imply violation of causality?

To answer, we have to remember that the optical pulse is not instantaneous; it has finite duration.
The timing of the pulse is determined by its middle point. If the absorption of the pulse is non-
unifirm, so its shape changes while traversing, its central point may shift. This shift may affect the
apparent “check-in” and “check-out” timings of the pulse.

Think of the pulse as a long train approaching a bridge — the sample. Suppose just after the
locomotive has passed the bridge, the bridge crumbles and the remainder of the train falls into the
river. How will this accident affect the timings?
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The time t;,, is the moment the middle car of the train enters the train. This moment will occur
after the bridge has collapsed and the locomotive has cleared the bridge. Since the “transmitted”
train consists only of the locomotive, it is that latter moment that we designate as t,,:. FErgo,
tin > tout, and the causality is not violated.

This allegory surprisingly accurately describes the negative group velocity phenomenon asso-
ciated with an atomic absorption resonance. Similarly to the locomotive crossing the bridge, the
leading trail of the pulse is almost unaffected by the absorption. To understand this, let us recall
the ball-on-a-spring model we used as the basis of the classical theory of dispersion.

Absorption occurs because the oscillation of the electrons is damped and the energy is dissipated.
The characteristic time of the dissipation is 1/T" (Fig. 1.4). During the initial part of the pulse, shorter
than 1/T", the dissipation will not “catch up” with the oscillation, and hence no significant absorption
will occur.

One can think of this in the spectral domain as well. The spectral width of the pulse must be
narrower than the width T" of the absorption resonance, so the pulse duration must exceed 1/T. If the
pulse is shorter, most of it will miss the resonance and will not be absorbed. But when responding
to the leading edge of the pulse, the medium “does not yet know” if the incoming field is a short
pulse or a beginning of a long pulse. Hence it will respond to it in the same way it would to a short
pulse, i.e. let it pass without significant loss.

Whatever the interpretation, we see that absorption is essential for the medium to exhibit neg-
ative group velocity. Let us now verify this mathematically.

Problem 1.17 Consider a pulse of duration 7, ~ 1/I". Show that, in order to advance the pulse in
time by tout — tin, = —MT, (where M is an arbitrary number), the optical depth of the medium must
be on a scale of oL ~ M.

<sublumina1 phase velocity | superluminal phase velocit&

!
X max

-2 /2 A

< — < > — >
normal dispersion ! anomalous :normal dispersion
! dispersion !

Figure 1.5: The real part of the susceptibility and the dispersion regions.

A closely related phenomenon is that of slow light. While it does occur in the normal dispersion
regions of an absorption resonance (Fig. 1.5), it is more instructive and practically relevant to
study it on a different system whose spectral properties are largely opposite to those studied so
far. Specifically, let us analyze a medium with a narrow transparency “window” in a broadband
absorption spectrum (Fig. 1.6):

P apc 2
= 1-— - 1.32
X wo ( 4(w—w0)2+I‘2)’ (1.32a)
, age [ 2(w-w)T
= —|—-— . 1.32
X wo (4(w—w0)2+F2 (1.32D)

(as usual, we assume y' ~ X" « 1). Because of the opposite sign of the absorption feature, this
system’s dispersion must also be opposite to that of the absorption resonance. We have normal
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dispersion (slow light) on resonance and anomalous dispersion (superluminal and negative group
velocities) off resonance. Thanks to the similarities between the two systems, we can readily find
the delays associated with the slow light.

X
-T2 \ 12 A
ae|*
(’00
T2 TR A

Figure 1.6: Susceptibility of a medium with a transparency window in the spectrum.

Problem 1.18 Consider a slab of length L consisting of the substance described by Eq. (1.32).
a)* Verify the Kramers-Kronig relations for the real and imaginary parts of the susceptibility.

b) Calculate the group velocity vy, on resonance. Show it to be subluminal.
Answer: 1/vg =1/c+ ap/T

c) A laser pulse of frequency wy and temporal width 7, » 1/I" (so its spectrum just fits into the
transparency window) propagates through the medium of length L. Find the delay compared
to propagation through vacuum. Express it in the units of 7,.
Answer: delay = agL/T" ~ (o L)y

As previously, significant absorption is a requirement for the abnormal group velocity. In the
present case, however, the pulse is within the transparency window, i.e. it need not experience
absorption and its shape need not change in order for the slowdown to occur.

This result is relevant to quantum memory based on electromagnetically-induced transparency
(EIT). In this memory protocol, the signal pulse is slowed down inside a transparency window, and
its geometric length is reduced accordingly. The result of Problem 1.18(c) shows that the slowdown
is sufficient for the cell to fully accommodate the signal pulse only if its optical depth outside the
EIT window exceeds one.



Chapter 2

Basics of nonlinear optics

2.1 Nonlinear susceptibility

According to the classical theory of dispersion, the polarization response of the medium is entirely
linear. This is because in the harmonic oscillator potential, the displacement of a particle is directly
proportional to the electric field force acting on it: & o E.

For a physically realistic system, the harmonic oscillator picture is an approximation valid only
in the limit of weak fields (Fig. unharmonicFig). In general, the displacement is a complex function
of the field. This function can be decomposed into a Taylor series: z = a1 E+ s E? + a3 E3+. ... This
gives class to a large class of linear optical phenomena, some of which are studied in this chapter.

U(x)

potential

~harmonic
approximation

Figure 2.1: Harmonic potential is a valid approximation only for weak displacements.

We begin by calculating the nonlinear polarization. The polarization of the medium is propor-
tional to the average displacement of its microscopic oscillators, so we write (assuming for now that
the medium’s response is instant):

=i B EE3® EEE+.. (2.1)
where )%(i)(ﬁ, ..., T;) is the nonlinear susceptibility tensor of order i. The tensor notation should be
interpreted as follows (using the second-order term as an example):

(2) =(2)  mg 3 (2)
P =(X":EE);= ), XijiEi Bk (2.2)

J,k=1

We see that the susceptibility tensor of of order ¢ has rank i + 1. Below, we will sometimes omit the
tensor notation and treat all quantities as scalars if the tensor properties are not of interest.
Following the route established in Chapter 1, we generalize Eq. (2.1) to a realistic situation of a

13
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medium with non-instantaneous response to perturbations:

Py = an- [ XO@EE-T)r .
+€g (2711_)2ﬂ2(2)(71772)E(t—Tl)E‘(t_Tz)dTlde

[}

+ 00
]' ~ =3 -
+60W/[ Y3 (11,70, 73)E(t = 1) E(t = 72) E(t — 73)drdrodrs + . . ..

This expression appears complicated, but, similarly to the linear case, simplifies significantly in the
frequency domain.

Problem 2.1 Show that in the Fourier domain Eq. (2.3) takes the form!
Pr(w) = eox"(w)Ep(w) (2.4)

+o00
+60/]X(2)(w1,w2)5(w—w1—wg)Ep(wl)E’F(WQ)dwldwg

+o00
+€0[/ x(3)(w1,w2,w3)5(w—w1 —wg—w;g)EF(wl)EF(wQ)E'F(wg,)dwldwgdwg,

+..

where subscript F indicates the Fourier transform defined similarly to Eq. (1.15).

The Dirac delta functions in the nonlinear terms of Eq. (2.4) permits simple interpretation. The
frequency of the nonlinear response must always be the sum of frequencies of the input fields. Caveat:
if the input field is a sinusoidal wave oscillating at frequency w, its Fourier image also contains a
component at —w, and this component must be taken into account when evaluating the polarization
spectrqu.

Before we analyze this matter in detail, let us establish an important symmetry, one of the many

we will encounter in this chapter.

Problem 2.2 Show that, without loss of generality, one can assume that

xff,l(wwz) = xf-i;—(wmm); (2.5a)
2552(71772) = Xgi}(mﬁ)- (2.5b)

That is, any nonlinear medium can be described by a susceptibility compliant with Egs. (2.5)
Note 2.1 The above relations can be generalized to higher-order nonlinearities.

Let us now familiarize ourselves with a few physical phenomena that arise due to nonlinear
optical polarization.

Problem 2.3 Suppose the field has only two components:

E(t) = Eye rttithiz | pyeiwattikaz | ¢ (2.6)

1For educational purposes, it is sufficient to verify Eq. (2.4) for the second-order term. Higher-order terms are
derived similarly.

2the delta functions in the right-hand side of Eq. (2.4) can be easily eliminated by additional integration. However,
we prefer to keep this form of the equation because it explicitly shows the symmetry with respect to the input field
frequencies.
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Calculate P(t) due to the second-order nonlinearity. Discuss the physics of each term.
Answer:

P(Z)(t) _ EOI:X(Q)(wl,wl)E%e—inltJ&iklz i X(Z) (("127 w2)E226—2iw2t+2ikgz (27)

second-harmonic generation (SHG)

+ 2X(2) ((-L)l, w2)E1E26—i(wl+w2)t+i(k1+k‘2)Z + 2X(2) (Wl, _(.A.)Q)ElEge_i(wl_wQ)t+i(kl_k2)

sum-frequency generation (SFG) difference-frequency generation (DFG)

+ X(Q)(wl, —u11)|E1|2 + X(Q)(w27 —a;2)|E2|2 +c.c.]

optical rectification (OR)

In other words, if we have two input fields of frequencies 300 THz and 500 THz, the polarization
will have components of twice each frequency (600 and 1000 THz), sum and difference frequencies
(800 and 200 THz) and zero frequency. The latter phenomenon, known as optical rectification,
implies that the medium will obtain DC polarization when the optical fields are applied.

Note 2.2 Equation (2.7) has a factor of 2 in front of the SFG and DFG terms that is absent in
SHG. It may appear that the nonlinear effect of two slightly non-degenerate fields is different, by a
factor of two, from the nonlinear effect of two identical fields. This is, of course, not so. If we have
E, = E> and w; = ws, then the second harmonic and sum frequency components of the polarization
(the first three terms of Eq. (2.7)) become frequency degenerate, giving in combination a term that
is four times as large as the second harmonic of each of the fields alone. It is this term that must
be compared with the total effect of the second harmonic and sum frequency terms that are present
when the input fields are non-identical.

Note 2.3 Because of the delta functions in Eq. (2.4), the frequency-domain second-order suscep-
tibilities are sometimes written in the following notation,

X(z) (w1,we) = X(Z)(w,wl,c@) = X(Q)(w =wp +ws). (2.8)

Problem 2.4 Verify that the dimension of x")(w) is unity; the dimension of x(®)(w) is m/V; the
dimension of x® (w) is m?/V?2.

Problem 2.5 Repeat Problem 2.3 for the third-order nonlinearity with three fields.

2.2 Evaluating nonlinear susceptibilities

In the previous section we discussed the general framework for analyzing nonlinear optical effect.
Our next goal is to develop tools for evaluating the nonlinear susceptibilities quantitatively. To that
end, we utilize our old friend, the classical theory of dispersion, with a modification. We assume
that the springs on which the charges are hanging are unharmonic, so the potential energy is given
by

L o 1 3,1 4

U(z) = —kz” + —max” + —mbx™* + ..., (2.9)

2 3 4
where a and b are the constants quantifying the unharmonicity, which we will estimate them later
in this section.

Problem 2.6 Assuming that the nonlinearities are small, show that the second- and third-order
nonlinear susceptibility in a system of oscillators described by Eq. (2.9) is given by

Neda 1
. . . 2.10
X (Wi, w2) eom? D(wy +wz)D(wy)D(ws)’ .
Ne*b 1
X(3)(w17w27w3) (211)

- eom?’ D(wl +wo + u)g)D(wl)D(WQ)D(WS) ’
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where
D(w) = wi —w? —iwny. (2.12)

Hint. In order to calculate the second-order susceptibility, assume that two fields are applied akin
to Problem 2.3. Write the equation of motion and calculate x(¢) initially neglecting the nonlinear
term. Then substitute this solution into the equation of motion and solve this equation again, for
example, for the sum frequency component of the oscillation spectrum.

Note 2.4 Based on the previous calculation, we obtain Miller’s rule: the quantity

X(Q)(Wla wa)
X (w1 +w2)x M (w1)x® (w2)

is frequency-independent.

Problem 2.7 Estimate the order of magnitude of the first-, second- and third-order nonlinear
susceptibilities in a crystal assuming that the anharmonicity of the potential becomes significant
when the position = of the electron is on a scale of the lattice constant d:

rd ~ mad® ~ mbd®, (2.13)

where x = mw? is the spring constant associated with the harmonic oscillator. Assume that all
frequencies are in the optical range, but the optical fields are far away from the resonance at wy.
Answer:

2

O S 2.14
X eod3mw? ( )
©) L 1070m /v
X eodim2w
Y3 et ~10720m2 V2
eod®m3wb

Problem 2.8 Using the model of Problem 2.6, obtain the following relation:
Y P (w3 =wy +ws) = XD (w1 = ws —ws) = XP (wa = w3 —wy). (2.15)

Note 2.5 A more careful calculation taking into account tensor nature of the susceptibilities shows
that
2 2 2
x,il; (w3 =w1 +we) = XEk;(wl =w3-wy) = x§k1(w2 =w3z-w) (2.16)

(where i, j, k are spatial coordinates), i.e. the tensor indices must be permuted together with the
frequencies. A similar result is valid for the third-order nonlinearity.

An even stronger relation is obtained under the assumption that the susceptibilities are frequency
independent. In this case, any permutation of indices is allowed, for example:

X2, = x, =X, = x =x2, = x2),

or
(2) (2) (2)

Xzazz = Xaze = Xzza-
This result is called Kleinman’s symmetry; it is also valid for the third-order nonlinearity. Note that

Kleinman’s symmetry does not mean that, for example, ngﬂ)z = ng)y.

Problem 2.9 Show that there are only 10 independent tensor elements of x(?) under Kleinman’s
symmetry.
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2.3 Symmetries

In the previous section we obtained several relations among elements of the nonlinear susceptibility
tensor. Although these relations turn out to be quite general, they rely on a specific physical model.
And any model, however sophisticated, has its limitations. Important additional insight about the
nonlinear properties of a material can be recovered from intrinsic symmetries that its molecular
structure may possess. This is the subject of the present section. In this basic course, we discuss
two classes of such symmetry: rotational symmetry (isotropicity) and mirror symmetry.

Isotropicity implies that the optical susceptibility tensor is invariant under rotations. Isotropic
materials include gasses and liquids (with the exception of liquid crystals). On the other hand, most
crystals have an unisotropic lattice and therefore have unisotropic optical properties. Such crystals,
however, may be symmetric with respect to mirror reflection about one or several planes.

Problem 2.10 a) How does the susceptibility tensor of an arbitrary material transform under
a 180° rotation around each of the Cartesian axes?

b) Show that the only tensor elements of the second-order susceptibility that may not vanish in an

isotropic medium are those with all three indices different (i.e. ngy)z, ng)y, Xg,i)z, Xﬁ)m, ngz)y, X,(fy)x)

Problem 2.11 a) How does the susceptibility tensor of an arbitrary material transform under
a mirror reflection about Cartesian planes xy,yz, x27

b) Show that the second-order nonlinear susceptibility in any medium with mirror symmetry with
respect to these three planes completely vanishes.

Figure 2.2: A chiral molecule of an amino acid (adapted from Wikipedia).

Materials without mirror symmetry are called chiral. Chirality may arise both due to the struc-
ture of a crystal lattice or that of individual molecules composing the material (Fig. 2.2). In the
latter case, even an isotropic medium (e.g. a liquid or a gas) can exhibit second-order nonlinearity.

In non-chiral materials second-order nonlinear effects are impossible, unless the symmetry is
broken, for example, by an external field. This explains why ferroelectric crystals comprise the bulk
of materials used for second-order nonlinear optical applications. For the third-order nonlinearity,
however, this restrictive rule does not hold, as demonstrated in the following exercise.

Problem 2.12 Show that in an isotropic non-chiral medium, the only nonvanishing elements of
Ef’j)j, Xg’i)j, and XS’;Z Show that each of these elements
is the same for all ¢ and j as long as i # j (i.e., for example, Xf(ﬁi)yy = Xz(/?;)ZZ) Show that

the third order nonlinear susceptibility are y

3 3 3 3
chx)a:x = chx)yy + chy)xy + X;(cy)ya:
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Note 2.6 An alternative notation® for the second-order susceptibility with Kleinman’s symmetry
is tensor d;; with
L)
dy = gxijk
and the pair of indices jk map onto a single index [ as follows:

xm‘yy‘zz‘yz:zy‘xz:zx‘xy:yx
1123 4 | 5 | 6

2 2
For example, dys = %xgy)y, dsg = %Xiy)x, etc.

Problem 2.13 Which of the d’s are equal to each other under Kleinman’s symmetry?

Note 2.7 The values of d’s for most important nonlinear crystals, defined with respect to crystal-
lographic axes, are tabulated and can be found, for example, in the Handbook of nonlinear optical
crystals together with the recipe to determine the effective nonlinearity (see below). Due to external
symmetries, many crystals have fewer independent d’s than 10.

2.4 Frequency conversion

ol — O
)

4>Z

Figure 2.3: Sum frequency generation.

Now that we are familiar with the basic properties of nonlinear susceptibilities, let us discuss their
practical applications. Suppose two waves of given frequencies are propagating through a second-
order nonlinear medium with known properties. As we know, they will generate polarization, i.e.
a bulk dipole moment, oscillating at the second-harmonic, sum and difference frequencies. This
dipole moment, in turn, emits an electromagnetic wave. In this section, we will study methods of
calculating the amplitude of these waves, their dependence on the propagation distance, and their
back-action upon the initial (fundamental) waves.

Before we proceed with the calculation, let us introduce a notational agreement to simplify the
bookkeeping. Consider, for example, the sum frequency term in Eq. (2.7) (Fig. 2.3:

Pi(Q)(z,t) = QXSIZ(WLw2)E1jE2k€_i(m+w2)t+i(k1+k2)z tec (2.17)
Jk

If we are interested in the magnitude P of the polarization vector as well as those F1, E5 of the field
vectors, we prefer not to drag the tensor notation through the calculation. Therefore we rewrite
Eq. (2.17) in the scalar form

P(2)(z,t) = 2xg?(w1,wQ)ElEge_i(w”wQ)t”(k”kz)Z +c.c., (2.18)
where ng) is the effective susceptibility.

For example, suppose we are generating sum frequency in an isotropic, chiral medium, with E,
oriented along the z axis, and F» along the y axis. In this case, the only nonzero element of the
susceptibility tensor that can contribute to the sum-frequency effect is Xi.i)y (see Problem 2.10).

3This convention does not appear very logical. First, the factor of 1/2 does not reflect any physics. Second, there
are 3 x 6 = 18 d’s while the number of independent x’s is only 10.
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Therefore the polarization vector will be oriented along the z axis and the effective susceptibility is

(2 2
Xeff) = X,(zr)y

The definition of effective nonlinearity can be straightforwardly extended to other nonlinear
effects. We can also define deg = Xi? /2 in accordance with Note 2.6.

Problem 2.14 Consider a sum-frequency experiment in which both fundamental waves are prop-
agating along z. Wave 1 is polarized linearly along the = axis and wave 2 at a 30° angle with respect
to the x axis. Without making any assumptions about the symmetry of the medium, determine the

direction of the polarization vector and the effective susceptibility. The susceptibility tensor of the
(2)

medium Xijk 18 known.

Now that we know how to calculate the polarization, how can we use this information to deter-
mine the generated field? The most useful approach turns out to be the slowly varying envelope
approximation discussed in Sec. 1.2. Applying Eq. (1.22) to each of the waves involved permits us
to write differential equations that determine the wave amplitudes’ evolution in space and time.

In what follows, we continue to specialize to the sum-frequency generation process. We will
assume the continuous-wave (CW) regime, i.e. that the fundamental waves’ amplitudes are constant
in time. The nonlinear polarization and the generated wave amplitude will then not depend on time,
either, so we can concentrate on their behavior as a function of the propagation distance.

Problem 2.15 Derive the coupled-wave equations for sum-frequency generation (1+ 2 — 3) in the
continuous-wave regime, for all waves propagating along the z axes:

22'deﬁwl * —iAkz

8Z(€1 = Tlcgggz € , (219&)
2id . i

0.6 = ancwz E&re ok (2.19b)
2id .

0.8 = SOAYs n:;wg £1Exe" M (2.19¢)

where dy = k1 + ko — k3 is the phase mismatch, £’s are the time-independent slowly-varying envelope
amplitudes.

It is generally not enough to write the propagation equation for the generated wave alone. As
you know, any electromagnetic field carries energy. The energy of the sum frequency field must
come from the fundamental fields, so the amplitudes of these fields must accordingly diminish with
the propagation distance z. This, in turn, will affect the sum-frequency wave.

Another way of looking at it is as follows. As the sum-frequency field is generated, it becomes
involved in nonlinear interaction with fields 1 and 2, generating difference-frequency waves at fre-
quencies we and wy, respectively. These waves destructively interfere with the fundamental fields,
resulting in a loss of amplitude.

Let us study this argument in more detail. As we know, the energy carried by an electromagnetic
wave is described by its intensity I, which is the energy flux per unit area and per unit time. If the
amplitudes of the waves change with z, the energy conservation demands that

8.11(2) + 0. In(2) + 0. I5(2) = 0. (2.20)

A stronger relation comes from the quantum picture of SFG. According to that picture, the SFG
process consists of a pair of photons from each fundamental wave fusing together to produce a single
sum-frequency photon: Aw; +hws — A(wiws). The flux of photons in each wave is proportional to its
intensity divided by the energy of one photon, i.e. I; 2 3(2)/w1,2,3. Therefore we have the so-called
Manley-Rowe relations:

1 1 1
7(‘)2]1 = —8ZI2 = —fazjg. (221)
w1 w2 w3

In other words, the rates at which photons are removed from waves 1 and 2 are equal to each other
and equal to the rate at which photons are added to wave 3.
Let us now bring these findings together.
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Problem 2.16 a) Derive the energy conservation condition (2.20) from the Manley-Rowe rela-
tions.

b) Derive the Manley-Rowe relations from the classical coupled-wave equations for sum-frequency
generation (2.19). Hint: I; = 2n,ec&]?.

Let us now proceed with solving the coupled-wave equations. A general solution is rather com-
plicated, so we have to make a few simplifying assumptions.

Problem 2.17 Waves 1 and 2 with intensities I; and I, respectively, are incident on the front
face (z = 0) of a nonlinear crystal with effective nonlinearity dog and generate a sum-frequency wave.
Solve the coupled-wave equations to find the dependencies of I; and the sum-frequency intensity I3
on the propagation distance z. Assume that Iy > I; so wave 2 does not get substantially depleted
in the process.

a) Assume that wave 1 does not get depleted, so its intensity remains constant.

Answer: N
wz 1 sin” ==
L(2)=L(0)2 2 2.22
3(2) = In( o %y A (2.22)
where
€0C3N1NaN3
Lt = —- -z 2 2.23
NL 2&]1603[26133 ( )
is the so-called nonlinear length.
b) Assume perfect phase matching (Ak = 0) instead.
Answer:
2 Z
ILi(z) = I;(0)cos” —; (2.24)
Ly,
Ii(2) = L(0)*2sin? = (2.25)
w1 Ly,
¢)* Do not assume either (a) or (b).
Answer:
AK? 1 cos?gz
Li(z) = 11(0)[ S+ 3 29 ]; (2.26)
4g Ly, 9
wy 1 sin®gz
I3(z) = Il(o)iT 29 . (2.27)
w1 Ly, 9
where
1 Ak?
= —+ —. 2.28
9=\ 2 T (2.28)

Let us stop and discuss this important set of results. In the beginning, before the effects of
depletion or mode mismatch kick in, the amplitude of the sum frequency field initially grows linearly
with z in accordance with Eq. (2.19¢), so its intensity grows quadratically. In the absence of mode
mismatch, this quadratic growth is limited by the depletion of wave 1. This complete depletion
occurs at z/Lyy, = /2, after which the sum frequency process fully yields its place to the difference
frequency process. Wave 1 is completely regenerated at z/Lny, = 7, and then the story repeats itself
[Fig. 2.17(a)].

If the phase mismatch is significant (§k > 1/Lny,), it becomes the dominant limiting factor in
SFG. The growth of the sum frequency wave stops at Akz ~ 7, after which it reverses, so, again,
we obtain a squared sinusoidal behavior of I5 as a function of z [Fig. 2.17(b)]. In this case, wave 1
almost does not get depleted, so the approximation used in part (b) of Problem 2.17 is valid.
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Figure 2.4: SFG conversion efficiency as a function of the propagation distance (Problem 2.17).

The nature of the phase mismatch is illustrated in Fig. 2.5(a). The phase of the sum-frequency
wave generated at each particular point z is defined by the phase of the nonlinear polarization Ps(z)
at that point, which, in turn, is the sum of phases of waves 1 and 2:

P3(z) oc g'k1+ka)z (2.29)

(we neglect the time dependence in this argument).

But the SFG field amplitude at z is determined not only by the nonlinear effect at that specific
point. The sum frequency field is generated everywhere in the crystal, and the amplitude at point
z is the sum (interference) of the “wavelets” that have been generated at all points 0 < z’ < z and
then propagated to point z.

But the wave vector ks with which the sum frequency wave propagates may be different from
k1 + ko. Accordingly, all wavelets have slightly different phases and their interference is not entirely
constructive. In fact, if the phases associated with wavelets from all points 0 < 2’ < z are distributed
over the angle of 27 (this happens when Akz ~ 2N, N being an integer), the interference wipes
out the SFG wave completely.

Therefore it is important to have the phase mismatch low: less than or on the order of the inverse
length of the crystal. This is illustrated in Fig. 2.5(b), which shows the intensity of the output SFG
field as a function of the phase mismatch for a constant crystal length z, under the assumption that
z < Ly, so that the depletion of wave 1 never plays a role.

Problem 2.18 A wave with intensity I; and frequency w is incident on the front face (z = 0) of
a nonlinear crystal with effective nonlinearity deg and generates a second-harmonic wave. Write
the coupled-wave equations and find the behavior of I; and the second-harmonic intensity I» as
functions of z.

a) Assume that the propagation distance is sufficiently short so wave 1 does not get depleted.
Answer [Fig. 2.6(a)]:

2 Ak
L(z)=1 LZTsinc2 z (2.30)
NL
where
€0C3n2ng
Ly =\| =——5—- 2.31
MU\ w2l 2, (2:31)
b)* Assume perfect phase matching (Ak = 0) instead. Verify energy conservation.
Answer [Fig. 2.6(b)]:
2
I5(2) = I tanh? LZT (2.32)

NL
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Figure 2.5: : (a) Explanation of phase mismatch. The sum frequency wave at the end of the crystal
is the result of interference of waves generated at different points within the crystal. In the presence
of nonzero mismatch, these waves have different phases. (b) SFG/SHG intensity as a function of
the phase mismatch for a constant crystal length.

¢)* Do not make any of the above assumptions.
Answer [Fig. 2.6(b)]:
Ir(2) = Ik sn® (s 22/ Ly, k) (2.33)

where sn(-,-) is Jacobi’s elliptic sine and

2
[ RV 231

161, 4Ly

From part (b) of Problems 2.17 and 2.18 we see that the spatial evolution of the second harmonic
field in the case of perfect phase matching is significantly different from that of the sum frequency.
This happens not due to different nature of these two processes, but because in our SFG calculations
we assumed that fundamental wave 1 is much weaker than wave 2. Then wave 2 does not get depleted,
so the generated sum frequency wave interacts with it, leading to periodic interconversion of waves
1 and 3. In Problem 2.18, on the other hand, when the single fundamental wave becomes depleted,
there is no process that brings about conversion of the SHG wave back into the fundamental wave®.

Suppose that we are given a nonlinear medium with given properties and a laser source of given
average power. How should we configure an SHG or SFG setup in order to optimize the frequency
conversion process — that is, to minimize the nonlinear length? Prior to discussing this question,

let us perform a numerical estimate.

Problem 2.19 A laser beam of power P =1 W is focused onto a spot of d = 0.1 mm diameter in a
crystal with effective second-order susceptibility of deg = 1 pm/V. Estimate the order of magnitude
of the nonlinear length Ly, for second-harmonic generation in the cases of (a) CW laser; (b) pulsed
laser with a pulse width of 7 =1 ps and the repetition rate f =100 MHz.

4This is not strictly correct. Parametric down-conversion, which we will study shortly, converts photons into pairs
of lower energy photons. However, this phenomenon is of pure quantum nature; it is impossible classically and very
weak. Hence it can be neglected in this discussion.
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Figure 2.6: SHG conversion efficiency as a function of the propagation distance for various values of
the phase mismatch [Problem 2.18].

As evident from Egs. (2.23) and (2.31), the nonlinear length is inversely proportional to the
intensity of the fundamental wave — that is, its power per unit cross sectional area. One way of
maximizing the intensity is proposed in Problem 2.19: using a pulsed laser. With sufficiently short
pulses, one can achieve sufficient conversion in a single pulse of a laser beam through a crystal. In
the CW case, a single pass is typically insufficient; one needs to build a Fabry-Perot cavity around
the crystal to enhance the intensity and conversion efficiency.

SHG power can also be enhanced by focusing a laser into the crystal. However, one should be
careful not to focus too tightly. If one focuses into an excessively narrow spot, the beam will quickly
diverge due to diffraction, so the advantage of high intensity is present only over a short length
(Fig. 2.7).

One should therefore focus into a spot that is as narrow as possible as long as the diffraction
divergence does not play a major role. This translates into a requirement that the Rayleigh range®
of the focused beam be on the order of the length L of the crystal:

(2.35)

7rw(2) £
A 2’

where wy is the 1/e? radius of the beam waist. A more precise calculation, performed in 1968 by G.
D. Boyd and D. A. Kleinman, shows that the focusing is optimized when 7w2/\ ~ L/5.68.

\i/\/
_/ZWT\/_\

[

insufficient focusing optimal focusing excessive focusing

Figure 2.7: Focusing a laser beam into the crystal for optimal conversion.

5The Rayleigh range is the distance along the propagation direction of a beam from the waist to the place where
the area of the cross section is doubled.
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2.5 Linear optics in crystals

Because second-order processes vanish in symmetric media, in practice these processes are often
implemented in crystals with asymmetric lattices. Such crystals possess peculiar optical properties,
and design of any nonlinear conversion experiment requires deep understanding of these properties.
This is the subject of the present section.

In fact, complex optical properties of crystals is not a bug, but a feature. As we discussed, precise
phase matching is paramount for the efficiency of a nonlinear process. This phase matching is not
automatic. For example, in the case of SHG, Ak = 0 implies that n(w) = n(2w). But most media
have dispersion, and refractive indices at different wavelengths are different.

This is where peculiar properties of crystals become useful. Most crystals are birefringent:
their index of refraction depends on the polarization. Furthermore, for some polarizations the
refractive index can change gradually as a function of the propagation direction with respect to the
crystallographic axes. It is sometimes possible to pick a propagation angle such that n(w) for one
of the polarizations equals n(2w) for the other, thereby achieving phase matching.

We proceed by recalling that the first-order susceptibility XE;) is a rank-2 tensor, so it has nine
components. However, it follows from linear algebra that the first-order susceptibility tensor can be

diagonalized by re-orientation of the reference frame®.
Xex Xzy Xz Xzw 0 0
Xyz Xyy Xuz | =] O Xgy O (2.36)
Xzz  Xzy Xzz 0 0 Xz

We will be working in the reference frame in which y is diagonalized. The coordinate axes are then
called dielectric axes of the crystal”. The planes xy, xz and yz are called principal planes. With
each y;;, we associate a principal value of the refractive index n; = /1 + Y.

For example, let us consider a wave propagating along the z axis. If it is polarized along z, its
index of refraction equals n,, and for § polarization it is n,. This is an example of birefringence:
dependence of the refractive index on polarization. The physics becomes even more complicated if
we consider a wave that is propagating diagonally with respect to the crystal’s axes.

Problem 2.20 Consider a plane wave of frequency w propagating in the principal plane xz with
the k vector oriented at angle  with respect to the z axis. The wave is polarized so that its electric
field vector is also in the xz plane.

a) Show that such a wave, with the index of refraction given by

.2 2
ne(lg)2 _ 51239 N coni%e7 (2.37)
is a valid solution of Maxwell’s equations.
b) Show that the Poynting vector S = iE x B is not parallel to k, but oriented at angle
n2
tanf’ = n—‘g tan (2.38)

with respect to the z axis.

Hint: Because the susceptibility is non-scalar, we have P 4 E and thus D H E. Therefore you
have to start from Maxwell’s equations and determine the magnitude of £ and the direction of Ej

61n this section, we talk only about X(l). The supersctipt (1) will be omitted. The crystal is assumed non-magnetic.

"The dielectric (crystallophysical) axes coincide with the crystallographic axes, but are denoted differently. Crys-
tallographic axes are denoted a, b, ¢, and dielectric x, y, z. The conventional assignment of axes may not be
straightforward, e. g. for LBO it is abc - zzy. In the literature, the table in Note 2.6 may refer to either crystallo-
graphic or dielectric axes. In this course, however, we will always define objects with respect to the dielectric axes,
unless otherwise indicated.
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under which the wave Eqe’*" "t satisfies these equations. It is convenient to solve the problem in
ksinf
the vector form. Notice that because of Eq. (1.1) we must have D 1 k. Therefore, if k = 0 ,
kcos6
Dgcosf 0
then Dy = 0 and thus Fy = % Dg cos 9/n
—~Dgsinf -Dy 51n9/n

The behavior of the refractive index (2.37) is not surprising. If 6 = 0, the wavevector is parallel
to the z axis, so the polarization is along & and the refractive index n.(0) = n,. On the other hand,
for 6 = /2, the wavevector is along &, polarization is along 2 and n.(7/2) =n.. For the propagation
angle between 0 and 7/2, the index of refraction also takes on values between n, and n,.

The second result of Problem 2.20 is more astonishing. It implies that the direction in which a
laser beam propagates through a crystal is not perpendicular to the wave front. This phenomenon is
called walk-off, and the angle between k and S the walk-off angle. The walk-off effect is the principle
of operation of many optical devices. In particular, it permits clean filtering of polarizations, because,
as we shall see below, walk-off is present for only one polarization direction.

Problem 2.21 Show that, if the wave in Problem 2.20 is polarized orthogonally to the yz plane,
it behaves as a regular electromagnetic wave in an isotropic medium, i.e. E L k and there is no
walk-off. Verify that the index of refraction for this wave is n,.

We see that the two polarizations of a wave propagating diagonally in one of the crystal’s principal
planes have only different refractive indices, but significantly different physical properties. The wave
polarized in the direction perpendicular to the plane is called ordinary while that polarized in the
plane is extraordinary.

A natural question one might ask is what behavior one can expect from a wave that is neither
ordinary nor extraordinary, i.e. a wave with the amplitude vector E, oriented at an arbitrary angle
with respect to the propagation plane. The answer is that no expression of the form Eoe**™ = will
satisfy Maxwell’s equations, so such a wave cannot propagate in the crystal.

So what will happen if such a wave enters the crystal? This wave will decompose into an ordinary
and extraordinary components, which will experience different indices of refraction. Accordingly,
the wave’s polarization vector will not be preserved. It will evolve (rotate) with the propagation
distance, akin to the evolution that optical polarization experiences in a wave plate.

Dependent on the lattice symmetry, we can identify three types of crystals.
e Crystals with all three refractive indices equal (e.g. with a cubic lattice) are called isotropic.

e Crystals with only two refractive indices being equal, and the third one unequal to the first
two, are called uniazial. Examples: trigonal, tetragonal, hexagonal lattices.

e Crystals with all three refractive indices being unequal are biazial. Examples: triclinic, mon-
oclinic, orthorhombic lattices.

Let us study each of these types separately.

An isotropic crystal will exhibit the same index of refraction no matter what the propagation and
polarization directions of the wave are. This is because the susceptibility tensor (2.36) in this case
is proportional to a unity matrix, so it will not be affected by any transformations of the reference
frame.

In a uniaxial crystal, the dielectric axes are conventionally defined so that n, = n,. The properties
of the crystal are then axially symmetric with respect to the z axis. Any wave propagating at angle
6 with respect to the z axis is then decomposed into ordinary and extraordinary wave, with the
indices of refraction given by no = ng, = n, and Eq. (2.37), respectively.

A propagation direction for which all polarizations are ordinary so there is no birefringence is
called the optical azis of the crystal. In a uniaxial crystal, the optical axis is the z axis. Note that
optical axes need not necessarily coincide with one of the crystallographic axes, as we will see shortly.
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In the context of uniaxial crystals, the refractive index m, is sometimes called extraordinary
(ng = n.). Note a possible confusion: the index of refraction n.(#) for the extraordinary wave
varies with 6 and equals ng only if 6 = 7/2 [see Eq. (2.37)]. Thus the terms “extraordinary index
of refraction” and “index of refraction for the extraordinary wave” mean different things. In this
course, we use a capital E subscript to denote the former and a small e for the latter. If ng > no,
the crystal is called positive, otherwise negative.

Figure 2.8 illustrates the behavior of the refractive index as a function of the propagation direc-
tion. This diagram should be interpreted as follows: for a given propagation angle, the length of a
radius from the origin to the curve associated with either ordinary or extraordinary wave signifies
the magnitude of the associated index of refraction.

zZ -
extraordinary wave %4

\ n() ne(e)
0 1
\5& o
ordinary wave

Figure 2.8: Dependence of the refractive index on the propagation direction in a positive uniaxial
crystal.

Let us now consider a biaxial crystal with n, < n, <n,. For each principal plane, we perform an
analysis similar to that in Problems 2.20 and 2.21 and arrive at the diagrams shown in Fig. 2.9. In
this case, we have two optical axes, both in the xzz plane.

)4 z
extraordinary 1 extraordinary 1
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N

ordinary ordinary ordinary

optical axes

Figure 2.9: Dependence of the refractive index on the propagation direction in a biaxial crystal for
the three principal planes.

Problem 2.22 Show that the angle between the optical axes and the z axis is given by

~ 1/n% -1/n’

1/ng -1/n2’

2

sin” 0 (2.39)

Note 2.8 The dielectric axes of biaxial crystals are conventionally defined in such way that either
Ng <Ny <N, OF Ny <Ny < Ny so the optical axes are always in the zz plane (their azimuthal angle

v =0).
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2.6 Phase matching

As discussed in the previous section, complex refractive properties of optical crystals are helpful in
achieving phase matching for nonlinear optical frequency conversion. The technique of critical phase
matching consists of finding a propagation direction such that the refractive indices match for one
of the waves being ordinary, and the other extraordinary. The crystal must be manufactured with
its optical surfaces roughly perpendicular to the intended propagation direction consistent with the
chosen phase matching configuration.

Suppose we need to generate the second harmonic of laser light at wavelength A = 1064 nm in a
beta barium borate (BBO) crystal. This is a uniaxial crystal with no(w) =1.6551, ng(w) = 1.5425
at 1064 nm and no(2w) = 1.6749, ng(2w) = 1.5555 at 532 nm.

Notice that ng(2w) < no(w) < no(2w) According to Eq. (2.37), the index of refraction n. (2w, )
for the extraordinary second harmonic wave varies continuously between the values of np(2w) and
ng(2w) as a function of the propagation angle. Therefore there must be an angle at which this index
of ne(2w,0) =no(w) (Fig. 2.10). This is the desired angle at which phase matching takes place.

phase matching angle

Figure 2.10: Critical phase matching in a BBO crystal. The phase matching angle corresponds to
the intersection of n.(2w,#) and no(w).

Problem 2.23 Find the phase matching angle for the configuration described above, both in the
symbolic and numeric form.

For a nonlinear process in a given crystal of length L cut for optimal phase matching, the following
additional important parameters can be defined.

e Group velocity mismatch GVM = 1/vg,(w) — 1 /vy, (2w). This parameter is relevant when the
laser is pulsed. It determines the delay that the fundamental and second harmonic pulses will
experience with respect to each other when propagating through the crystal: At = LxGVM. If
this delay significantly exceeds the duration of the pulse, the second harmonic waves generated
at different parts of the crystal will not be synchronized. Unlike phase mismatch, this will not
lead to destructive interference; however, it may bring about temporal extension of the second
harmonic pulse.

e Phase matching bandwidth, i.e. the range of wavelengths over which the phase-matching con-
dition holds for a constant propagation angle. It is normally defined in terms of the full width
at half-maximum (FWHM) intensity range, i.e. we are looking for a range of Ak such that

28N 1 (2.40)

sinc

[\

[¢f. Eq. (2.30)]. This is approximately equivalent to —1.39 < AkL/2 < 1.39.
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e Acceptance angle, i.e. the range of angles over which the phase-matching condition holds for a
constant wavelength. It is also defined in accordance with Eq. (2.40).

Problem 2.24 Show that the phase-matching bandwidth and the group velocity mismatch are
related according to
AN~ 0.44 X1 241
C T eLGVM’ (241)
Problem 2.25 Derive the expression for the acceptance angle for SHG in a uniaxial crystal, in a
configuration where the fundamental wave is ordinary and the second harmonic extraordinary. The
ordinary (n,) and extraordinary (ng) refractive indices are known for both frequencies.

Now we have learned how to calculate the salient parameters of any second-order frequency
conversion arrangement: effective nonlinear susceptibility, output power, phase matching angle,
group velocity mismatch, walk-off, acceptance angle, phase-matching bandwidth. This knowledge
comes in handy when one is planning to implement such conversion in a laboratory.

Suppose you are setting up an experiment which requires a nonlinear optical arrangement. What
to begin with? An obvious starting point is the set of “boundary conditions” imposed by the
experiment: wavelength, pulse duration, available input power, requirements for the output power,
geometric restrictions. Based on this information, you can go ahead and choose the crystal to work
with. To that end, you equip yourself with the Handbook of nonlinear optical crystals or a similar
book containing crystal data; nowadays a lot of information is also available on the Internet.

The first question you ask yourself in deciding whether a particular crystal is suitable for your
experiment is whether it is transparent for the wavelengths involved. This will allow you to select
several crystals. For each of these crystals, you proceed by choosing the suitable phase matching
configuration.

In order to evaluate the phase matching angle, you require precise data on the crystal’s indices of
refraction for the relevant wavelengths and temperatures. For some wavelengths and temperatures,
this information is provided in the reference literature. If your conditions are different, you may
need to interpolate the data you have handy or make use of empirical Sellmeyer equations which do
this job for you. For example, for BBO at room temperature the Sellmeyer equations are as follows:

) 0.01878

= 27359+ ——— —  _0.01354\> 2.42
"o T N220.01822 (2.42)
0.01224
2 2
= 23753+ — 2 00151672, 9.43
e T X2-0.01667 (2:43)

For each possible phase matching configuration, you can determine the effective nonlinear suscepti-
bility.

A high nonlinearity is an important criterion, but not the only one. If you are working with
pulsed lasers, you need to make sure your group velocity dispersion is sufficiently small so your
output pulse does not smear in time. You also need to check the limitation on the beam width
imposed by the walk-off angle and the acceptance angle. All these considerations will determine the
limit on the length of your crystal. Once the length is decided, you can estimate the output power
you can expect in the chosen configuration. If the answer is satisfactory, you may want to look into
some original research literature to learn about the experiences of other scientists who used a similar
crystal. Finally, you can go ahead and order the crystal from a manufacturer.

Let us now practice this procedure (except for the last step) for a few different settings.

Problem 2.26 For SHG in a BBO crystal (see discussion in the beginning of the section) of length
L =5 mm, perform the following calculations.

a) Find the group velocity mismatch.
b) Find the FWHM of the phase matching band (in units of wavelength).

¢) Find the acceptance angle. What limitation does it impose on the beam width?
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d) Find the walk-off angle for both beams. What limitation does it impose on the beam width?

e) The power of the fundamental continuous-wave beam is P = 100 mW. Estimate the power of
generated second harmonic assuming optimal beam geometry if deg = 1.4 pm/V.

Problem 2.27 The optimal beam configuration according to Boyd and Kleinman (page 23) im-
plies that the beam should be focused into the crystal with a certain angular aperture, which is
proportional to L~1/? (check this!). On the other hand, the phase-matching acceptance angle is
proportional to L~!. Therefore, for the crystal length exceeding a certain critical value, the focusing
strength will be limited by phase matching rather than the optimal intensity. Estimate this critical
length for the SHG in BBO in the setting of Problem 2.26.

Problem 2.28 Lithium triborate (LBO) is a biaxial crystal with the following parameters:

A, pm Ty Ny n,
0.8 1.570 1.596 1.611
0.4 1.590 1.619 1.636

You need to generate the second harmonic of laser light at wavelength A = 800 nm. Analyze all three
principal planes of this crystal and determine all possible Type I phase matching configurations in
terms of polarization combinations and beam angles (6 and ¢).

Note 2.9 Second-order nonlinear processes in which the two lower energy waves have the same po-
larization (e.g. both ordinary or both extraordinary) are called Type I processes. If the polarizations
are orthogonal, the nonlinear process is Type II.

O)3 —_— >

4>Z

Figure 2.11: Spontaneous parametric down-conversion. The sum of energies of the generated photons
must equal the energy of input photons, i.e. ws =w; +wa.

A very important second-order nonlinear process which we have not yet discussed is (spontaneous)
parametric down-conversion (PDC or SPDC). In PDC, photons comprising a pump laser beam
propagating through a nonlinear crystal can split into pairs of photons of lower energy. The quantum
nature of PDC is inverse to that of SFG (Fig. 2.11), but unlike SFG, PDC is not possible within
the framework of classical theory of light we used so far. To see this, let us recall our discussion
in Sec. 2.1: classical nonlinear response occurs at frequencies that are linear combinations of the
frequencies of the input fields. If we pump our crystal at frequency ws, we can expect emission at
frequencies zero, 2ws, 3ws, etc., but not, say, ws/2.

Parametric down-conversion is entirely due to the quantum nature of light. As we shall see in
Sec. 4, the quantum description of an electromagnetic field mode resembles that of the harmonic
oscillator. Even if a mode is in the vacuum state (zero photons), its electric and magnetic field
amplitudes do not completely vanish. Such ”vacuum amplitude” is present in all field modes at
all frequencies. If the frequency of the mode is less than that of the pump field, it may enter into
nonlinear interaction with the pump, resulting in difference-frequency emission, accompanied by the
amplification of the light in that mode. This manifests itself as emission of photon pairs.

Similarly to to other nonlinear processes, effective PDC requires phase matching. That is, strong
emission occurs into pairs of modes that, in addition to w3 = wy +ws, also have kg = k1 +k2 If wy = wo
or k1 = ke, PDC is called, respectively, spectmlly or spatially degenerate.

Problem 2.29 You need to implement parametric down-conversion in frequency-degenerate, but
spatially non-degenerate type I e — o+ o configuration with a pump wavelength of 532 nm in a
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BBO crystal. The three waves are located in the same meridional plane (same ), but propagate at
different polar angles (61 < 03 < 63). The generated photons must be emitted at angle 65 — 6, = 6°.
Find the polar angle 83 of the pump wave vector which enables phase matching for such a process.

Note 2.10 Because the ordinary index of refraction does not change significantly around the
direction of the pump, the photons will be emitted not only inside the meridional plane, but along
the surface of the cone with the axis along the pump wavevector and a 6° apex angle. In each pair,
the two photons will be emitted along diametrally opposite lines on the side surface of the cone. This
situation is typical in type-I frequency-degenerate PDC settings with emitted photons of ordinary
polarization. In other cases the emission typically occurs along the surfaces of two cones which may
or may not intersect with each other.

A relatively recent and elegant technique of achieving phase matching in a second-order nonlinear
material is periodic poling. In a periodically poled crystal, the orientation of the x(*) tensor is
periodically inverted. Technically this can be achieved in a number of ways, the most common one
being ferroelectric domain engineering. A periodic pattern of electrodes is attached to the crystal
by means of a photolithographic process, to which a spatially alternating high voltage is applied
which causes domain reorientation (Fig. 2.12). This technology has so far been developed only
for a few nonlinear materials and there are limitations on the thickness of the crystals that can
be manufactured. Furthermore, periodically poled crystals are substantially more expensive than
regular ones. All these factors limit the application of periodically poled materials, in spite of their
many advantages that we discuss below.

In order to understand the function of periodic poling, let us recall the mechanism of phase
mismatch as discussed in Sec. 2.4. The sum frequency wave is generated with phase k1 + k2 equal to
the sum wavevector of the fundamental waves, and propagates with its own wavevector k3. Because
of that, the SFG wavelets generated at different points within the crystal have different phases and
may not add constructively.

For example, the wavelet generated at point z = 7/Ak will have phase (k1 +k2)7/Ak and the wave
that was generated at z’ = 0 and propagated to z = m/Ak will have phase k3m/Ak. The difference of
these two phases is 7, so the waves interfere destructively.
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Figure 2.12: Mechanism of quasi phase matching.

Now let us suppose that z = w/Ak is the point where domain is reversed, so the sum-frequency
wavelets generated at z’ between 7/Ak and 27/Ak are shifted in phase by 7 with respect to those
generated between 0 and 7/Ak. The mutual phase shift that has accumulated between the two
waves within the first domain is now compensated, so the waves again interfere constructively. At
point z = 2w/Ak, when another 7 phase shift has accumulated, the domain is reversed again, and so
on. As seen in Fig. 2.12, the two waves remain almost in phase for the entire length of the crystal,
thereby exhibiting constructive interference in spite of Ak # 0. This phenomenon is called quasi
phase matching and the quantity )

m
N (2.44)

the poling period.
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Quasi phase matching has many advantages compared to critical phase matching:

e polarizations and direction of the waves can be chosen to utilize the highest tensor element of
x@ in the given crystal;

e QPM allows generation of almost any wavelength by choosing the proper combination of the
reversal period and crystal temperature;

¢ weaker dependence on the orientation greatly increases the phase matching bandwidth and
the acceptance angle, which permits stronger focusing (¢f. Problem 2.27).

Note that the phase matching is not perfect throughout the crystal. This is because the phase
shift is accumulated continuously, and the domain reversal occurs discretely. Therefore the fre-
quency conversion is not as efficient as in a perfectly phase matched crystal with the same effective
susceptibility. In order to quantify the difference, let us solve the following problem.

Problem 2.30 Solve the coupled-wave equation (2.19¢) for SHG in the nondepleted regime in a
periodically poled nonlinear material. Show that on average the intensity of the generated wave with
propagation distance behaves similarly to that in a non-poled material with Ak =0 and d.4 = %deff.
Hint: assume that the crystal comprises an integer number of poling periods.

This result is illustrated graphically in Fig. 2.13.
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Figure 2.13: The sum-frequency intensity I3(z) as a function of the propagation distance for 0 <
z < 2A. In the same graph, we also plot I3(z) for the same material with the same Ak, but
without periodic poling; the same material, without periodic poling, with perfect phase matching;
and another material with perfect phase matching and dlg = (2/7)des-

Problem 2.31 You need to implement parametric down-conversion in periodically poled potas-
sium titanyl phosphate (PPKTP) in (a) Type I and (b) Type II spectrally and spatially degenerate
configuration. The pump light is at A = 532 nm. The crystal has the following refractive indices:

A, pm Ny Ty N,
1.064 | 1.738 1.745 1.830
0.532 | 1.778 1.789 1.889
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It is also known that the crystal has the following non-vanishing elements of the susceptibility tensor:
ds; = 1.4pm/V; dzo = 2.65pm/V; ds3 = 10.7pm/V. For both (a) and (b), choose the configuration
that would provide the highest effective nonlinearity and find the necessary poling period.

Problem 2.32 You generate second harmonic of continuous-wave laser light at wavelength \ =
1.064 nm in a PPKTP crystal of length L = 5 mm. Light propagates along the = axis and is polarized
along the z axis.

a) Find the FWHM of the phase matching band. Hint: Eq. (2.41) cannot be used here.
b) Find the acceptance angle.

¢) The power of the fundamental beam is P = 100 mW. Find the power of generated second
harmonic assuming optimal beam geometry.



Chapter 3

Fundamentals of the coherence
theory

3.1 Temporal coherence

Consider an electromagnetic field E(t) whose amplitude is not constant, but drifts randomly in the
complex plane. Such a field can be treated as a stochastic process. The primary characteristic of a
stochastic process is its correlation function

T(t,7) = (B~ () E* (£ + 7)), (3.1)
where -
E*(t) = f Ep(w)e ™t duw (3.2)
0

is the positive-frequency part of the field, E~(t) = (E*(t))* and the averaging is done over all
possible realizations of the process. We assume that the stochastic process associated with the field
is stationary, i.e. its correlation function is time-independent!: T'(t,7) = I'(7). The quantity

o (r) = ?Eg; (3.3)

is called the degree of coherence or first-order coherence function. The coherence time of the wave

is defined as
S22 g (7)2dr
Te = - .
L2 lgM () Pdr

(3.4)

Problem 3.1 Show that
2) g (r) =g (1)
b) g (7)< 1;

Problem 3.2 Calculate the correlation function and the coherence time for the field E(t) =
E(t)e ™ot 4 c.c. whose amplitude £(t) exhibits random jumps between values +a and —a (random
telegraph signal). The probability for a jump to occur within time interval dt is given by Rd¢, with
R« wo.
Hint: The number of jumps that may occur between moments ¢ and t+7 follows Poissonian statistics
(why?).

I This restricts our analysis to continuous fields and excludes pulsed fields.

33
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Problem 3.3 A wave with temporal coherence function v(7) enters a fiber Mach-Zehnder inter-
ferometer (Fig. 3.1) with temporal path-length difference 7. The interference fringes are observed
with a detector; the averaging time is much longer than the coherence time of the wave. Show that
the visibility of the interference pattern is given by

V(7) =gV (7). (3.5)
phase
shift
E(7)
detector

AN —

equal splitting

Figure 3.1: Mach-Zehnder fiber interferometer.

Problem 3.4 Verify that
(Bp(w)Er(w')) =Tr(w)d(w-w’) (3.6)

where I'p(w) is the Fourier transform of the correlation function (3.1):
1 .
I'p(w)=—T(r)e"dr. (3.7)
2m

Problem 3.5 Consider a bichromatic field E(t) = Eye™t! + Eye™ w2t

a) Find the amplitude spectrum Er(w) as well as the correlation function I'(7) and its Fourier
image I'p(w) for this field.

b) Verify that the results of part (a) are inconsistent with Eq. (3.6) and explain why this is the
case.

Problem 3.6 For an arbitrary stationary field E(t), calculate the intensity I as the absolute value
of the Poynting vector averaged over one optical period:

I(t) = 2nceo B~ (t)E* (t). (3.8)
Show that -
(I(1)) = 2neeq [ Ip(w)dw. (3.9)
0

Note 3.1 The result (3.9) means that the quantity 2nceol’ r(w) has the meaning of the spectral
density of the electric field energy flow: the differential 2nceol’ p(w)dw gives the intensity associated
with the wave components whose frequencies lie in the interval between w and w + dw. The fact
that the spectral power density is proportional to the Fourier transform of the correlation function
is known as the Wiener-Khinchine theorem. It is of fundamental importance for any application
that involves processing of oscillatory signal. For example, the electronic spectrum analyzer displays
the spectral power of its input signal within the resolution bandwidth. This quantity is the Fourier
transform of the correlation function of the input signal.

The Wiener-Khinchine theorem can also be used in the reverse way, for calculating the optical
coherence from the spectral power density. An example is the following exercise.

Problem 3.7 The input to the interferometer of Fig. 3.1 is white light from an incandescent bulb

that has passed through a spectral filter of width §. Assuming the transmission of the filter to be
2 2

given by T(w) = e~ (w=w0)" /207,
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a) calculate the interference visibility as a function of the path-length difference;
b) find the coherence time of the interferometer input.

Note 3.2 The result 7.6 ~ 1 if the familiar time-energy uncertainty relation for electromagnetic
waves.

3.2 Second-order coherence and thermal light
The second-order coherence function or intensity correlation function is defined as

2y LDOI{E+7))
9P (r) = T IE+7) (3.10)

where the instantaneous intensity is given by Eq. (3.8). This quantity is convenient to evaluate
experimentally with a single photodiode connected to an oscilloscope which records the photocurrent
as a function of time.

Problem 3.8 Show that
a) 9 ()2 0;
b) g?(r) = g® (-7);
c) ¢®(0)>1;
d) g®(r) <g®(0);

Note 3.3 The last two properties of the second-order coherence do not remain valid if the light is
treated quantum-mechanically. Experiential violations of these properties are viewed as evidence of
nonclassical character of a light source.

Problem 3.9 Calculate ¢ (7) for perfectly coherent light.

Perfectly white (chaotic) light has energy spectrum I'p(w) = const and hence the value of the
electric field E(t) at each moment in time is completely uncorrelated with the field at any other
moments. Its spectral density is constant.

Perfectly white light is an abstraction. However, some of its properties are well approximated
by thermal light emitted by a black body in a thermodynamic equilibrium. The energy spectrum of
thermal light is given by Planck’s formula

w3

FF(W7T) o< ehw/kT — 1a

(3.11)
where T is the temperature of the source (Fig. 3.2).

Thermal light is obtained due to interference of radiation from multiple partially coherent sources
of different frequencies, for example, excited atoms. According to the central limit theorem, this
interference results in a Gaussian probability distribution of probabilities to observe a particular
value of the field at each moment: pr[E(t)] = exp[-(E(t)/E)?].

Now let us suppose that thermal light is subjected to narrow spectral filtering with amplitude
transmission Up(w) whose width § is significantly less than the central frequency wg. Because the
filter enacts a linear transformation we can write (¢f. Problem 1.3):

Ep(w)atter fitter = Ur () EF (w)before filter (3.12)

and thus ) oo
E(t)after filter = % [ U(T)EF(t - 7—)before ﬁlterdTa (313)
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Figure 3.2: Thermal spectrum according to Planck’s formula (from Wikipedia).

where U(7) is the inverse Fourier transform of Up(w). Due to causality, U(7) vanishes at 7 <0. In
other words, the field after the filter is a linear function of the field before the filter at all preceding
moments.

The point of the story is that the left-hand side of Eq. (3.13) is a sum of Gaussian random
variables, so it must be a Gaussian variable itself. In addition (see Problem 3.10), the filter intro-
duces correlations between fields at different moments in time. Careful analysis shows that these
correlations are also of Gaussian form. This is important because it allows us to apply the Gaussian
moment theorem (Isserlis theorem), according to which all > 2 moments of a multivariate Gaussian
distribution can be expressed through the second-order moments. In particular,

(E™(t)E™(t2) E" (t3) B (ta)) = (E™ (1) B (ts) (E™ (t2) E" (t4)) + (E_(tl)E+(t4)><E_(t2)E+(E3)>-)
3.14

Problem 3.10 Using Eq. (3.13), express the degree of coherence of the field after the filter through
U(7). Verity consistency with the Wiener-Khinchine theorem (Hint: Remember that Up(w) is the
filter transmission for the amplitude, not intensity).

Problem 3.11 Show that the probability distribution of the intensity of the thermal field after
the filter follows thermal statistics: )

pr(I) = —e 1/, (3.15)

Iy

Express Iy through I'(0).
Hint: After a narrow filter, the amplitude of E*(¢) (and E~(t)) is slow varying with respect to one
optical period, so it can be assumed constant when using Eq. (3.8). The real and imaginary parts
of this amplitude are independent, and both of them obey Gaussian statistics.

Problem 3.12 Show that for the thermal light after the filter,
9P (1) =1+1gM (7)) (3.16)
Note 3.4 According to Eq. (3.16) the intensity correlation function of thermal light is typically of

the form shown in Fig. 3.3(a). At the same time, the intensity must obey thermal statistics (3.15).
A typical behavior of the thermal light intensity as a function of time is shown in Fig. 3.3(b). We
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Figure 3.3: Thermal light. a) Intensity correlation function g(2)(7). b) Typical behavior of intensity
as a function of time. The time scales are the same in (a) and (b).

see that the intensity fluctuates on a time scale of the coherence time. This is because the thermal
light obtains as interference of light of multiple sources. Because these sources are incoherent, the
interference pattern is nonstationary: its lifetime is restricted by the coherence time imposed by the
filter.

Problem 3.13 Simulate thermal light on a computer using MatLab or Mathematica.

a) Generate two arrays of 100,000 random numbers from a Gaussian distribution to simulate
perfectly chaotic light.

b) Subject these arrays to spectral filtering. To this end, convolve them with a Gaussian function
of 1/e full width of 100 (the time scale is given by the array index). As we know, convolution
corresponds to multiplication in the Fourier domain. Find the 1/e width of the corresponding
frequency filter. The filtered arrays correspond to the real and imaginary parts of the complex
field amplitude.

¢) Calculate ¢(P(7) from your data. Plot it for =500 < 7 < 500 together with the theoretical
prediction obtained from the Wiener-Khinchine theorem.

d) Calculate the intensity I(¢). Plot I(t) for any interval of length 3000. Plot the histogram
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of the intensity and verify its consistency with the thermal distribution in accordance with
Problem 3.11.

e) Calculate ¢(®(7) from your intensity data. Plot it for =500 < 7 < 500 together with the
theoretical prediction obtained from Eq. (3.16).

Problem 3.14 The result shown in Fig. 3.3(a) appears surprising. Indeed, we expect the thermal
light for 7 < 7. to be indistinguishable from coherent light. Nevertheless, for thermal light we find
g (7 < 7.) = 2 while for coherent light ¢ (7) = 1 (Problem 3.9).

How can you explain this discrepancy? Confirm your explanation using the data from Problem
3.13.

3.3 Spatial coherence

The notion of temporal coherence can be straightforwardly generalized to the spatial domain. Instead
of Eq. (3.1), for example, we can write

F(Fl,fg,t77) = (E_(Fl,fg,t)E+(71,72,t+ ’7'))7 (317)

where 71 and 75 denote two spatial locations. For simplicity, when analyzing spatial coherence, we
assume that the light is quasimonochromatic so the time dependence can be neglected. Assuming
that the light is spatially uniform (“stationary” in space) we can assume that the correlation function
depends only on the spatial separation A7 = 7o—71. Therefore, I'(71,72,t,7) = T'(A7). The properties
of the spatial correlation function are largely similar to those of its temporal counterpart.
Furthermore, it is convenient to assume that all components of the optical wave propagate at
a small angle with respect to a specific direction, which we define as the z axis. In this parazial
approximation, we have k., k, < k. and therefore the absolute value of the wavevector

2 2

k:c\/k2+k2+k2wk+k$+ky (3.18)
2o 9k, 2k, ’

is to the first order independent of its transverse component.
In the paraxial approximation, we can define the Fourier transform

E*(F) = '*? f By e dh,, (3.19)

where 7, = (z,y) and k, = (k,,k,). Similarly to the Wiener-Khinchine theorem for temporal case,
we have, under the condition of spatial uniformity,

B} Ey, =Ty 6% (k. - k") (3.20)

where I'; is the Fourier image of the spatial correlation function and the energy flow density asso-
ciated with the direction defined by k. This result is called the van Cittert-Zernike theorem. It can
be used, for example, to measure diameters of stars.

Although each atom of a star emits a spherical wave, an observer on the Earth can assume it to
be a plane wave (see Problem 3.18), so we can associate each point on the surface of the star with a
specific wave vector k,. The angular size of the star determines the directional energy flow density
I = 2ceol’y , which is related, through the Fourier transform, to the experimentally measurable
correlatlon functlon (A7) (Flg 3.4(a)).

Because the light emitted by stars obeys thermal statistics, one can also measure their diameter
by looking at intensity correlations rather than direct interferometry. For these we have, similarly
to the previous section,

(I(MI(7+ AT))
(LI + A7)

gD (AF) = =1+]gM (AR (3.21)
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Figure 3.4: Measuring stellar diameter via (a) classic interferometry; (b) intensity (Hanbury Brown-
Twiss) interferometry.

The measurement is performed by observing correlations between photocurrents from two spatially
separated detectors (Hanbury Brown-Twiss experiment — Fig. 3.4(b)). In fact, Hanbury Brown-
Twiss measurements are preferred to classic interferometry because they are robust with respect to
atmospheric fluctuations and easier to implement technically.

Problem 3.15 The course web site shows the image of a speckle pattern observed on an office
wall when a green laser pointer of wavelength of wavelength A = 532 nm was pointed at the opposite
wall. The width of the image is d = 12 cm, the distance between walls L =4 m.

a) Download the image and plot the histogram of the intensity (take only the green component
into account). Explain possible reasons for deviations from the expected exponential shape.

b) Estimate the beam diameter of the laser pointer. Hint: Rather than calculating the intensity
correlation function directly from the image data, use the Fast Fourier Transform to determine
I; - Square its absolute value to find I'y, .

Problem 3.16 From the data shown in Fig. 3.5, estimate the diameter of Sirius given that its
distance from the Earth is 8.6 light years. The wavelength can be assumed to be A = 320 nm.

Problem 3.17 While we assumed the light to be monochromatic, a realistic monochromator has
a finite linewidth.

a) What requirement does this bandwidth impose on the maximum allowed deviation of the
position of the star from zenith in the measurement shown in Fig. 3.4(a)? Assume that the
two mirrors are in the same horizontal plane and the two interferometer arms have the same
length.

b) What requirement does this bandwidth impose on the response time of the photodetector in
the Hanbury Brown-Twiss experiment? Explain your answer.

Problem 3.18 For Problem 3.16, estimate whether the plane wave approximation of a spherical
wave emitted from each element of the star surface is valid. Hint: The difference between the
wavefronts must be much less than a wavelength.
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Figure 3.5: Experimental intensity correlation data for Hanbury Brown—Twiss interferometry of
Sirius [From R. Hanbury Brown and R. Q. Twiss, Nature 178, 1046 (1956)].



Chapter 4

Quantum light

4.1 Quantization of the electromagnetic field

The next two chapters are dedicated to quantum technology of optical fields: their creation, manip-
ulation and characterization. We begin by describing the procedure of quantization of the electro-
magnetic field. Precise treatment of this matter requires delving deep into the intricacies of quantum
electrodynamics, which is beyond the scope of this text. Therefore we offer a somewhat simplified
version of this derivation.

The main principle behind the quantization of the electromagnetic field is to observe that the
mathematical description of its evolution in time very similar to that of a harmonic oscillator. Some
features of this analogy are self-evident: the field in electromagnetic wave does oscillate, and, just as
in a mechanical oscillator, the energy quantum of a field mode oscillating at frequency w is a photon
of energy hAw. Our goal is to extend this analogy deeper, to the level of the Hamiltonian and the
canonical equations of motion.

Let us consider electromagnetic field in a large evacuated box with volume V' = L, x L, x L,. The
field inside the box can be decomposed into Fourier series

E(7,t) > eiﬁ’zﬁg),s(t) +ec (4.1a)
E,s

[wo]!

(7,1)

S e (1) + e, (4.1b)
E,s

where s = 1,2 denotes one of the two possible polarization directions, iy () and wy ,(t) are the

time-dependent amplitudes of the electric and magnetic fields, respectively, for a given set (7673)
[which defines a field (plane wave) mode)].

Any arbitrary electromagnetic field configuration inside the box can be decomposed in the form
(4.1). Because the box is of a finite size, it is sufficient to use a series over a discrete set of wavevectors
k = (27ny/ Ly, 210y Ly, 270, /L) (where n,,ny,n. are arbitrary natural numbers), rather than an
integral.

Before we proceed with quantizing, let us perform an auxiliary calculation.

Problem 4.1 a) Show that |wg  (¢)] = |ug ,(t)|/c.

b) Given that the electromagnetic energy density in vacuum equals (eoE? + B%/ug)/2, show that
the total energy of the electromagnetic field in the box is given by

Higtal = 260V Z |ufc75 (t)|2~ (42)
E,s

The latter result is important: it shows that the total energy (i.e., the Hamiltonian) of the field
is a sum of energies in individual modes. This means that the motion of each mode is not influenced

41
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by others, and hence can be considered separately. This is what we will do. In what follows, we will
omit subscripts &, s keeping in mind that we are dealing with only one specific mode.
The Hamiltonian of a mode is
H =2eqVu™ (t)u(t). (4.3)

In order to quantize the field, we need to define, in terms of u(t), the position x and momentum p
that satisfy the classical canonical equations of motion

OH

) = _——— 4.4

b oz’ (4.42)
O0H

r = —. 4.4b

P - g (1.40)

Once we succeed, we follow the steps used in transition from classical to quantum mechanics. We
say that = and p behave like the canonical position and momentum of a mechanical particle, and
hence they can be replaced by operators whose commutator is equal to [Z,p] = ih.

The logic here is different from that one follows when solving a problem in mechanics. In the
latter case, one starts with well-defined z and p and solves the canonical equations to find the
evolution of these variables with time. Here, we already know the evolution of the system (i.e.
that u(t) = u(0)e™™" with w; = c|k|) and we use this knowledge to define 2 and p. The last thing
we need to do before we answer the above question is to introduce a convention. In quantum
optics, the position and momentum are defined a bit differently compared to mechanics, namely,
X =z/\Vh, P =p/Vh. Accordingly, the canonical equations of motion take the form

. 10H
P = _gaiX, (453,)
10H
= ——. 4.5b
h OP (4.5D)

and the commutator [X, P] = i.
Problem 4.2 Obtain Egs. (4.5) from (4.4).

Problem 4.3 Show that, if we define

X(t) = v/ 2223/“(’5);;*“) (4.62)
P(t) = \/222/““)\;%*@) (4.6b)

(where wy;, = ck and the 4’s are treated as scalars) then

a) the Hamiltonian takes the form

Hy = P2 IX ()2 + PO @)

b) the canonical equations (4.5) are satisfied.

We will now treat the position and momentum associated with an electromagnetic mode as
quantum operators with [X ,]5] = 7. We see that the quantum treatment of light in vacuum is
identical to that of a harmonic oscillator. In the following sections, we rederive the basic properties
of important quantum states of a harmonic oscillator that are known from undergraduate quantum
mechanics.

Initially, we will be working in the Schrodinger picture. This means that the operators are
assumed time-independent [X = X (¢ = 0), P = P(t = 0)], while quantum states are time-dependent.
Later (in Sec. 4.7) we will switch to the Heisenberg picture, which utilizes the opposite convention.
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The position and momentum operators have eigenstates, |X) and |P), respectively, which are
related according to!

(X| X)) = §(X-X'); (4.8a)
(P|P'y = §(P-P). (4.8b)

The position and momentum eigenstates are related to each other via the de Broglie wave:

(X| P) = %esz (4.9)

and thus, for an arbitrary state |t)

(X|y) = \/%/ (P| ) ePXap; (4.102)
(Ply) = mf (X] ) e PXdX. (4.10b)

In other words, the wave functions of a given state [¢)) in the position and momentum representations
are direct and inverse Fourier transforms of each other.

Problem 4.4 Show that
. d A d
X|Pl)=-i—u(X); (P|X|Y)=i—=v(P). 4.11
(X Pl) =~ g(X); (PIX|p) =i=su(P) (11)
Hint: X = [°Z X |X)(X|dX; P = [ P|P)(P|dP.
Problem 4.5 The annihilation operator is defined as follows:

a=-—=(X+iP); (4.12)

a)
at = — (X -iP); (4.13)

b) the creation and annihilation operators are not Hermitian;

c¢) their commutator is
[a,a]=1; (4.14)

d) position and momentum can be expressed as

x-L a+at); P=—=(a-a'); (4.15)

H = hw (dTa + 1) ; (4.16)

f) the following commutator relations hold:

[a,afa) =a; [af,afa] = -al. (4.17)

1Because these states are not normalizable, they, strictly speaking, belong not to the Hilbert space, but to the
so-called rigged Hilbert space. See R. de la Madrid, Eur. J. Phys. 26, 287-312 (2005) for details.
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4.2 Fock states

Our next goal is to find the eigenvalues and eigenstates of the Hamiltonian. Because of Eq. (4.16)
the latter are also eigenstates of a'a.

Problem 4.6 Suppose some state |n) is an eigenstate of the operator 7 = a'a [called the (photon)
number operator] with eigenvalue n. Then

a) the state @|n) is also an eigenstate of a'é with eigenvalue n - 1;
b) the state af [n) is also an eigenstate of afa with eigenvalue n + 1.
Hint: Use Eq. (4.17).

The above exercise shows that the states a|n) and a'|n) are proportional to normalized states
[n — 1) and |n + 1), respectively. In the following, we find the proportionality coefficient.

Problem 4.7 Using (n|afa|n) = n, show that

2)
aln) =v/aln - 1); (4.18)

b)
a'ln) = Vn+1ln+1); (4.19)

We found that, unless n = 0, if the state |n) with energy hw(n +1/2) exists (i.e. is an element of
the Hilbert space), so does the state |n — 1) with energy hw(n—1/2). Similarly, states [n —2), |n — 3)
etc. must also exist. On the other hand, negative energy states are not allowed. The only way to
resolve this contradiction is to assume that n must be nonnegative integer so the chain is broken at
n =0 (in which case G|0) = |zero)). Furthermore, if we prove the existence of the state |n = 0), we
automatically prove the existence of all higher energy states because

@)
Vn!

Energy eigenstates of a harmonic oscillator are called Fock or number states. The state |0) is
called the vacuum state. From the above results, we conclude that the Fock states have energy
hw(n +1/2), where n is a nonnegative integer.

In) = |0). (4.20)

Problem 4.8 Using a|0) = 0, calculate the wavefunction of the vacuum state in the position and
momentum representations. Hint: use Eq. (4.11).
Answer: ) .
_ L -X?)2, 7 _ L P2
QZJO(X) - 7T1/46 ) 1/]0(P) - 7T1/4e . (421)

Energy eigenvalues are nondegenerate. Indeed, as we show in Problem 4.8, the equation a|0) = 0
has only one normalizable solution, therefore there is only one vacuum state. The higher energy
Fock states are obtained from the vacuum state by applying the creation operator, and hence are
also unique. As eigenstates of a Hermitian operator, Fock states form a basis.

Problem 4.9 a) By applying Eq. (4.20), calculate the wavefunctions of Fock states |1) and |2).

b)* Calculate the wavefunction of an arbitrary Fock state |n).

Answer: H(X)
n(X) = — L X2
¥n(X) 7T1/4\/2"n!e

where H,,(X) are the Hermite polynomials.

(4.22)
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L /\ /\/n:3

Figure 4.1: Wavefunctions of the first three energy levels of a harmonic oscillator.

Problem 4.10 For an arbitrary |n), calculate (X), (AX?), (P), (AP?) and verify the uncertainty
principle. (Hint: do not use wavefunctions!)

Note 4.1 Heisenberg’s uncertainty principle states that for any state we must have (AX 2) (APz) >
1/4. From the above calculation we see that the vacuum state is a minimum-uncertainty state, and
it is the only such state of all Fock states.

Problem 4.11 Find the evolution of the state a|0) + 5 |1); calculate the time dependence of (X)),
(P) and plot the trajectory in the phase space?.

4.3 Coherent states

A coherent (Glauber) state |«) is an eigenstate of the annihilation operator with eigenvalue a (known
as the coherent state’s amplitude:

dla) = ala). (4.23)

Coherent states comprise an important family of optical states, as these, under some approxima-
tions, are the states emitted by lasers. Accordingly, their properties for large amplitudes are quite
reminiscent of classical light.

We begin our study of coherent states by calculating their energy distribution.

Problem 4.12 Find the decomposition of the coherent state into the number basis (make sure
your answer is properly normalized).
Answer:

_ a2 Ln 4
a)=e E n). .24
|ox) N In) ( )
Note 4.2 This shows that there exists a coherent state for each complex a.

If one performs an energy measurement on a coherent state, the probability to project onto a
particular Fock state is given by the Poissonian distribution (Fig. 4.2):

_ lap o

pr, = |(n] a)f _ (4.25)

Problem 4.13 Find (n), (An?) for a coherent state.
Answer: (n) = (An?) = |al?.

2The phase space is the two-dimensional space whose axes are X and P.
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Figure 4.2: the Poisson distribution with (n) =4 (empty circles) and (n) = 25 (filled circles).

We see that, in the coherent state, the standard deviation of the number of photons equals
the square root of the mean photon number: /(An2) = \/W The relative uncertainty is then
VTR tn) = 1),

Consider a pulsed laser. Even if we maintain its temperature, pump energy, etc., perfectly
constant, we will see that the pulse energy varies from pulse to pulse. This phenomenon is known as
the shot noise. For example, in a laser pulse with one million photons on average, the uncertainty
is 1000 photons, which is 1/1000 of the mean photon numbers. Thus, in this macroscopic pulsed
emission, the energy per pulse is almost constant. The quantum shot noise is negligible, so the
behavior is largely classical. On the other hand, if we attenuate this pulse to an average of one
photon, the uncertainty will also become one photon. Although the absolute value of this uncertainty
is smaller, the relative per-pulse photon number variation, associated with the quantum nature of
light, is now significant.

Problem 4.14 Show that in the limit of large «, the Poissonian distribution approaches Gaussian.

Problem 4.15 Find the overlap (o a').
Answer:

<a| O/) _ e—\a\2/2—|a'\2/2+o¢'*o¢. (426)

This result shows that coherent states associated with different eigenvalues of the annihilation
operator ar not orthogonal. This is not surprising if we remember that, according to linear algebra,
only eigenstates of a Hermitian operator must be orthogonal, and the annihilation operator is not
Hermitian. On the other hand, a thorough analysis shows that coherent states form a spanning set
in the optical Hilbert space: any optical state can be written as a linear combination of coherent
states. This spanning set is overcomplete: the decomposition of a given state into coherent states is
not unique.

Problem 4.16 Do eigenstates of the creation operator exist and if so, what is their decomposition
into the number basis?

Let us now calculate and investigate the wavefunctions of coherent states.

Problem 4.17 Find the wavefunctions of the coherent state in the position and momentum basis.
Find (X), (AX2), (P), (AP?).
Answer:

Yoy (X) = Yo (X = Xo)e™* with XO;_QZPO =a. (4.27)

Note 4.3 In coherent states, similarly to the vacuum state, the position-momentum uncertainty
product takes the minimum possible value.
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Problem 4.18 Find the action of the evolution operator exp(—iHt/h) upon the state &. Find
(X) and (P) as functions of time. Plot the trajectory in the phase space.

Answer: A coherent state evolves into another coherent state with a different eigenvalue: exp(iHt/h)|o) =
e—iwt/Q |6—iwt0é>.

-
2
~
=

V2 Imaf-------- -

Figure 4.3: Time evolution of the position and momentum observables’ expectation values in the
coherent state. The circle represents the position and momentum uncertainties.

These results again illustrate the classical analogy of large-amplitude coherent states. Fig. 4.3
shows the expectation values of X and P in the phase space, along with their uncertainties and
evolution. This evolution is identical to that expected from a classical field, except that a classical
field would exhibit no uncertainties. If the amplitude of the coherent state is macroscopic, the
relative uncertainties are negligible, so the coherent state is well approximated by classical light.
In contrast, for microscopic amplitudes, the uncertainties’ role becomes significant and the classical
approximation fails.

4.4 Wigner function

Consider a classical particle that is prepared multiple times with random values of position X and
momentum P that follow a certain probability distribution — the phase-space probability density
W (X, P). The probability that the particle will have some certain values of position and momentum
(with some tolerances) is proportional to W (X, P).

Suppose now, that every time the particle is prepared, we measure the observable

Xp =X cosf + Psiné. (4.28)

Based on the data obtained in this measurement, we can construct a histogram of the experimental
results, a.k.a. marginal distribution pr(Xp). This marginal distribution is the integral projection
of the phase-space probability density on the vertical plane oriented at angle 6 with respect to the
vertical axis (Fig. 4.4):

+o0
pr(Xg) = f W (X cosf - Psind, X sinf + Pcos§)dP. (4.29)

Now let us suppose the same measurement of Xy is performed on a quantum particle in state
with density matrix p that is prepared anew after each measurement. Again, we can construct the
histogram, which is related to the state according to

pr(Xo) = (Xo| o Xo), (4.30)
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Figure 4.4: The phase-space probability density and the marginal distribution.

where | Xj) is an eigenstate of Xy. In the quantum domain, there can exist no phase-space probability
density because, according to the uncertainty principle, the particle cannot have certain values of
position and momentum at the same time. However, for every quantum state there exists a phase-
space quasiprobability density — a function W;(X, P) for which Eq. (4.29) holds for all #’s. Without
derivation, the expression for this quasiprobability density (now known as the Wigner function) is

as follows:
N

" eiPQ <X—%‘ /’)‘ X+%>dQ. (4.31)

o)

1
W,(X,P) = — f
o ) 27 J-
This equation is called the Wigner formula.
Problem 4.19 Prove Eq. (4.29) for the classical case.

Problem 4.20 Use a mathematical software package to calculate the Wigner function and verify
that Eq. (4.29) holds for 6 = 0 and 6 = 7/2 for the following states:

a) vacuum state;

=

coherent state with o = 2;

coherent state with a = 2¢7/9;

o

o,

the single-photon state;
the ten-photon state;

)
)
)
)
) (10} +[1)/v2;
)
)
)
)

)

-

(10) +i[1)/V2;

state with the density matrix (|0)(0] + |1){1])/2;

]

h
i) squeezed vacuum state 1, (X) = Wl%ﬁe’”z/%ﬁ with r = 2;

Schrodinger cat state |«) +|—«) with o =3 and a =1 (please also calculate the norm for these
states);

]

k) state with the density matrix (Ja){a|+|-a){-a|)/2 with « = 3.
Problem 4.21 Verify the following properties of the Wigner function:
a)
+o00
ff W,(X, P)AXdP = 1; (4.32)

—o00

Wiap+ppe) (X, P)AXdP = aW;, (X, P) + W;, (X, P); (4.33)
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c) the state is uniquely defined by its Wigner function;
d) Wigner function of a state is real.

Note 4.4 We see that the quantum phase-space quasiprobability density inherits most of its prop-
erties from its classical counterpart. One difference of the quantum case is that the Wigner function
is allowed to take on negative values (e.g. with the one-photon state). This is because the Wigner
function no longer has the meaning of a probability distribution. The marginals of the Wigner
function, however, do have a meaning of measurable probability densities even in the quantum case.
So whenever the Wigner function has a negative “well”, it must be surrounded by a positive “hill”
so all its projections are nonnegative.

Note 4.5 One can define the Wigner function for any operator, rather than just density operators,
by analogy with Eq. (4.31). However, the Wigner function of an arbitrary operator is not necessarily
real and normalized.

Problem 4.22 Show that for any two operators A and B,
+00o
Tr(AB) = 27 ff W (X, P)W3(X,P)dXdP (4.34)

Note 4.6 An important consequence of the above result is that, if we know the Wigner function
of a state, we can calculate its density matrix in any basis. For example, in the Fock basis:

P = Te(pm)(n]) = 21 ff Wa (X, PYWyu (X, PYAXAP, (4.35)

where Wy, (X, P), i.e. the Wigner function of the operator [m){n/, is easily calculated.

Problem 4.23 Show that
VX,P p:WsX,P)<1/z. (4.36)

Hint: Develop the proof for pure states first. Use the Wigner formula and the Cauchy-Schwarz
inequality. In order to generalize the result to mixed states, use Eq. (4.33).

A few interesting results can be obtained by studying the Wigner function of the so-called parity
operator, defined as

X)=|- X) (4.37)
Problem 4.24 Show that
a)
W,(0,0) = %Tr(ﬁﬁ), (4.38)
b) A )
I =(-1)" (4.39)

Hint: Calculate the wave function of the state IT|n) in the position basis.

Note 4.7 This result is widely employed in experimental physics in state tomography. After
measuring the photon number statistics pr(n) of a quantum state, one finds the mean value of the
parity operator (IT) = ¥.°°,(~1)"pr(n) and thus the value of the Wigner function at the phase space
origin. In order to determine the Wigner function at other points, one needs to perform the same
measurement after applying the phase space displacement operator (see below) to the state being

examined.

Note 4.8 It follows from Eq. (4.38) that for number states Wi,y = (=1)" /7, which is consistent
with Eq. (4.36).
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4.5 Other phase-space distributions

The Husimi function (Q function) of state p is the convolution of the Wigner function of that state
with the vacuum state Wigner function.

+o00
Qy(X,P) = ff Wy(X', P"YWoyo (X' - X, P’ - P)dX'dP’ (4.40)

Problem 4.25 Prove the following properties of the Q function:

a)

Qs(X,P) = f[;w W (X', P'YWiaya (X', P') dX'dP’ with o = X\;;P; (4.41)
b) _
Qs(X,P) = % (] pl @) with o = X;;P : (4.42)
[Hint: use Eq. (4.34)]

c)
Q4(X,P) >0; (4.43)

d)
f[ Qs(X, P)dXdP = 1. (4.44)

Problem 4.26 Calculate the Q function of the single-photon state. Compare it with the Wigner
function of an equal mixture of the single photon and vacuum.

Note 4.9 This result can be generalized: the Wigner function of a quantum state that has under-
gone a 50% loss is identical to the state’s rescaled Q function.

The Glauber-Sudarshan function (P function) of state p is the deconvolution of the Wigner
function of that state with the vacuum state Wigner function.

+o00
W,(X,P) = f/_m Ps(X', P"YWioyo (X = X', P~ P')dX'dP’ (4.45)

Note 4.10 For many states, the P function only exists as a highly singular generalized function.
However, any state can be approximated, with arbitrary high fidelity, with a state that has a regular
P function?.

Problem 4.27 a) Show that the P function of a coherent state |a) is
Payo (X', P")=6(X'-X,P'-P) (4.46)

with a = (X +iP)/V/2.

b) Calculate the Fourier transform of the P function of the squeezed vacuum state with ,.(X) =
o UAp=1/2g=a% (27 Verify that the P function of this state does not exist as a regular function.

Hint: Fourier transformation transforms a convolution into a product.
Problem 4.28 Prove the optical equivalence theorem:
X' +iP’

Y (4.47)

+0oo
b= ff P5(X', P')|a)(a] dX'dP’ with o =

Hint: Possible steps towards the solution are as follows:

3J. R. Klauder, Phys. Rev. Lett. 16, 534 (1966).
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a) express both sides of Eq. (4.47) in the coordinate basis, i.e. calculate (X1| p| X2);

b) substitute the Wigner formula into the left-hand side of Eq. (4.45) and apply the inverse
Fourier transform with respect to P to both sides of that equation;

c¢) verify that the results of (a) and (b) are identical.

Problem 4.29 It may appear from the optical equivalence theorem and Note 4.10 that any quan-
tum state can be arbitrarily well approximated by a statistical mixture of coherent states. Is this
correct?

4.6 Nonclassicality criteria

A quantum state is called classical if it can be written as a coherent state or their statistical mixture.
Otherwise it is called nonclassical. As follows from the optical equivalence theorem, classicality of a
state is equivalent to its P function being positive definite?.

If we know a quantum state exactly, we can find out if it is nonclassical by a simple calculation. In
an experiment, however, only partial information about a state is often available. In such cases one
can use nonclassicality criteria — sufficient, but not necessary conditions of nonclassical character
of a state that can be verified by a measurement that is simpler than full state tomography.

Problem 4.30 The squeezing criterion states that a state is nonclassical if its quadrature variance
for at least one phase is below that of the vacuum state (standard quantum limit): <AX92 ) <1/2.

a) Verify that classical states do not satisfy the squeezing criterion.
Hint: Remember the intuitive meaning of a statistical mixture of states: each term in the
mixture occurs with some probability. Show that the criterion is not satisfied by each term in
the mixture, and then argue that it cannot be satisfied by the entire mixture.

b) Give an example of a state that does not satisfy the squeezing criterion, yet is nonclassical.

The antibunching criterion states that a state is nonclassical if its second-order coherence function

is less then one:
g?0)<1 (4.48)

(¢f. Problem 3.8). It is implied that each moment in time is associated with an electromagnetic
mode, and all these modes have identical quantum states. In determining ¢(®, the so-called normal
ordering of operators is used, i.e. all creation operators must precede all annihilation operators.
Treating the intensity as a quantum operator, we write I(t) o af(t)a(t) and thus the classical
formula (3.10) takes the following form in the normal order:

/\1‘ /\1‘ ~ A
a'(t)a'(t+7)a(t)at+7
J(r) < T @ ae+ 0) 1)
(at(t)a(t))
where averaging is in the quantum sense.
An equivalent criterion is the negativity of the Mandel parameter
<An2> —(n)
Q=—"—<0. (4.50)

(n)
Problem 4.31 For the antibunching and Mandel parameter criteria,
a) verify that these criteria are equivalent;
b) verify that these criteria are not satisfied by classical states;

c) give an example of a state that does not satisfy these criteria, yet is nonclassical.

4A simple delta function is considered positive definite for the purposes of this analysis.
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Problem 4.32 Show that any state that has zero probability to contain exactly nm photons
({n] p| n) = 0), for any n # 0, is nonclassical.

Note 4.11 This implies that any state with a finite number of terms in its decomposition into the
Fock basis is nonclassical.

Problem 4.33 Another important nonclassicality criterion is the state’s Wigner function taking
on negative values somewhere in the phase space.

a) Verify that the Wigner function negativity criterion is not satisfied by classical states;
b) Give an example of a state that does not satisfy this criterion, yet is nonclassical.

Problem 4.34 Consider the following criterion: the state is nonclassical if the probability for it
to contain an odd number of photons is higher than 1/2. Show that any state that satisfies this
condition also satisfies the Wigner function negativity criterion.

Problem 4.35 Which of the states in Problem 4.20 are nonclassical?

Problem 4.36 The Vogel criterion® is as follows: the state is nonclassical if the Fourier transform
of any of its marginal distributions decays slower than that of the vacuum state, i.e.

30, kg : prp(ke) > e M0/, (4.51)
where kg is the Fourier variable.
a) Prove the Vogel criterion.
b)* Verify that all nonclassical states in Problem 4.20 satisfy this criterion.
¢)* Find a nonclassical state that does not satisfy the Vogel criterion.
Problem 4.37 The thermal state is the state with Boltzmann photon number statistics
p=(1-cP) Y )| e (4.52)
n=0
where 8 = hw/kpT for kp being the Boltzmann constant and T the temperature associated with the
state.

a) Calculate (n) for the thermal state and verify it to obey the Bose statistics.

b) Calculate ¢(®(7) for the thermal state for 7 = 0 and 7 > 7, (i.e. the moments ¢ and ¢ + 7
representing separate electromagnetic modes).

4.7 A few important operators

In this section, we will employ the Heisenberg picture of quantum evolution, which assumes that all
operators evolve according to

A(t) = e/ HIME foemitH /Rt (4.53)

while all quantum states stay constant. This is in contrast to the Schrédinger picture, which assumes
that quantum states evolve:

(1)) = e M fyg) (4.54)

while operators are constant.

Problem 4.38 For the Heisenberg picture,

SW. Vogel, Phys. Rev. Lett. 84, 1849 (2000).
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a) show that the behavior of operator expectation values (| A| ¢)) as a function of time is the
same as in the Schrédinger picture;

b) show that the operator evolution can be written in the form

QLA(t) = %[E{,A(t)]. (4.55)

Note 4.12 The right-hand sign of the differential equation for the evolution of the density operator
in the Schrodinger picture has the opposite sign compared to Eq. (4.55): 9,p(t) = —i/h[H, p(t)].

Problem 4.39 Consider a classical mechanical harmonic oscillator with the Hamiltonian H =
p?/2m+k2?[2. Show that the Heisenberg equations of motion (4.55) for the position and momentum
is exactly the same as the classical (Hamiltonian) equations of motion (4.4) under Hamiltonian
equations.

Note 4.13 If the Hamiltonian contains only terms up to the second order in the position and
momentum, one can show® that each point in the phase space evolves according to the classical
equations of motion. So if the position and momentum transform according to (X(t), P(t)) =
F,(Xo, Py), (where Fy(-,-) is an affine transformation), the Wigner function evolves in an intuitive
fashion, i.e. as follows:

W(X,P,t) = W(F ' (X, P),0). (4.56)

Problem 4.40 The phase-space displacement operator is given by
D(Xo, Py) = exp(iPy X —iXoP), (4.57)
where X, Py are real numbers.

a) White the Hamiltonian H such that the evolution e~(#/M% ynder H for time to is equal to
D(Xo, P).

b) Write the differential Heisenberg equations for the position and momentum operators under H
and verify that the action of this Hamiltonian results in the transformation X — X+ Xo, P
P + Po.

Note 4.14 The displacement operator transforms the vacuum state into a coherent state |«) with

o= (XO + ZP())/\/§
Problem 4.41 The optical phase-shift operator is given by

U(p) = exp(-igpn), (4.58)
where ¢ is a real number.

a) Using the same approach as in the previous problem, show that the phase shift transforms the
field operators as follows:

ae”'? (4.59)
ale’ (4.60)

—+ &

-
a —

b) Show that applying the phase shift operator leads to clockwise rotation of the phase space by
angle ¢ around the origin point.

Note 4.15 The optical phase-shift operator is not the same as the quantum phase shift, given by
multiplication of the state by a phase factor ™. The former, in contrast to the latter, has observable
physical meaning. For Fock states, however, the action of the optical phase shift is equivalent to
multiplication by phase factor e ##", i.e. does not bring about any observable modification of the
state. This is the reason why Fock states have an undefined optical phase and their Wigner functions
are axially symmetric.

6See, for example, W. Schleich, Quantum Optics in Phase Space (Wiley, 2001), Sec. 3.3.
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Problem 4.42 The single-mode (position) squeezing operator is given by
S(¢) = exp[¢(a® - a™) /2], (4.61)
where ( is a real number.
a) Show that the squeezing operator is associated with the following transformation:

acosh¢ —a'sinh ¢

a - (4.62)
ot = afcosh¢ - asinh¢ (4.63)
X - Xe¢ (4.64)
P - Pe. (4.65)

b) Calculate the Wigner function of the squeezed vacuum state S(¢)|0).

Problem 4.43 Consider the evolution under the squeezing Hamiltonian
H =iafa® - (a%)?]/2 (4.66)

with a real, positive « in the Schrodinger picture. Verify that the wavefunction

1 202
W(X) = ﬁe_X /2r (4.67)

ot gatisfies the Schrédinger equation.

with r = e~

Problem 4.44 The two-mode squeezing operator, acting on two electromagnetic modes with op-
erators aq,as is given by .
$5(¢) = exp[((aras - afad)], (4.68)

where ( is a real number.

a) Show that this operator is associated with the following transformation:

a1 - ajcosh(—alsinh(; (4.69)

4y — agcosh( —alsinh(; (4.70)
X1+Xy - (X12X5)e™; (4.71)
pl :EPQ g (Pl :ing)eic. ( )
(4.73)

b) Calculate the Wigner function of the two-mode squeezed vacuum state S5(¢)[0,0). Hint:
write the Wigner function in variables (X + X5)/v/2, (P, = P2)/\/2.

Note 4.16 The mode operator transformation given by Eqs. (4.62), (4.63) or Eqgs. (4.69), (4.70)
is called the Bogoliubov transformation.

Note 4.17 Single-and two-mode squeezed vacuum states are generated, respectively, by degener-
ate and non-degenerate spontaneous parametric down-conversion. One can show’, via a relatively
lengthy calculation, that the decomposition of the two-mode vacuum state into the Fock basis is

A 6n1n2 n
(n1,m2| $2(¢)| 0,0) = m(tanhc‘) Y (4.74)

where 0,1, is the Kronecker symbol, which accounts for the fact that the down-conversion photons
are always generated in pairs.

"See, for example, W. Vogel, D.-G. Welsch, Quantum Optics (Wiley, 2006), Sec. 3.3.
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Problem 4.45 Let us consider the two-mode squeezed state in the extreme case ( — oo. In this
case we obtain the original Einstein-Podolsky-Rosen (EPR) state®. Suppose the modes @, and a5 are
given to two observers, Alice and Bob. Based on the results of Problem 4.44, visualize the Wigner
function of the EPR state and answer the following questions.

a) Suppose Alice performs a measurement of her mode’s position and obtains some result Xj.
Onto which state will Bob’s particle project?

b) Suppose Alice instead performs a measurement of her mode’s momentum and obtains some
result Py. Onto which state will Bob’s particle project?

Note 4.18 We see that by choosing to measure in the position or momentum basis, Alice can create
one of two mutually incompatible physical realities associated with Bob’s mode [(certain position,
uncertain momentum) or (certain momentum, uncertain position)].

4.8 The beam splitter
Ey (a)) E (@)

Partially reflective coating

Antireflection coating

E02 (&2 E(;l(&l')

Figure 4.5: The beam splitter.

Consider two waves with amplitudes Ey; and Eps overlapped on a beam splitter in matching
optical modes (i.e. the reflected wave 1 is in the same mode as the transmitted wave 2 and vice
versa) and generating waves E{; and E{,. Because the beam splitter is a linear optical device, the
transformation experienced by the waves is also linear:

/(+) (+)
( E9(1+> )=B( E‘Ei) ) (4.75)
Eoy Egs
where
[ Bu1 B
B‘( B Ba ) (4.76)

is a 2 x 2 matrix.
Problem 4.46 Show that B is a unitary matrix.

Problem 4.47 Show that any unitary 2 x 2 matrix can be written in the form

, ih)2 _ /2
_ inj2f e 0 t T e 0
B=e ( 0 e WP ) ( root ) ( 0 e ) (4.77)

where all the parameters are real numbers.

Note 4.19 1In Eq. (4.77),

8 A. Einstein, B. Podolsky, N. Rosen, Phys. Rev. 47, 777 (1935).
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e the first factor corresponds to a common optical (not quantum!) phase shift;

e the second factor corresponds to equal but opposite phase shifts of the output fields;
e the third factor corresponds to transmission and reflection with r2 + t2;

e the second factor corresponds to equal but opposite phase shifts of the input fields.

We see that the third factor is the only one that brings about the mixing of the modes. The
remaining factors enact single-mode phase shifts and are hereafter neglected:

t -r
B:(r t)’ (4.78)

The quantities t> and r2 are, respectively, the intensity transmissivity and reflectivity of the beam
splitter.

If we switch to the quantum domain, the transformation of the wave amplitudes is replaced by
the transformation of the field annihilation operators in the Heisenberg picture, i.e. Eq. (4.75) takes

the form
(Zé):B( Z;) (4.79)

Problem 4.48 Using rule (4.56) for the Winger function transformation in the Heisenberg picture
show that

a) overlapping the two modes of a two-mode squeezed vacuum state on a symmetric (r =t =1/ \/5)
beam splitter will result in a separable state of two single-mode squeezed vacua with the same
degree of squeezing, one of which is position-squeezed and the other momentum-squeezed;

b) the reverse statement is also valid.

Our next task is to write the beam splitter transformation in the Fock basis, i.e. calculate the
beam splitter output U |ny,ns) if two Fock states In), |n), are present in the input. This problem
must be solved in the Schrodinger picture, whereas all our calculations so far were performed in the
Heisenberg picture.

In order to switch to the Schrodinger picture, let us treat the beam splitter transformation as
evolution U = e “H/M that takes place under fictitious Hamiltonian H for time ¢. Note that matrix
B is not identical to U, because the form of Eq. (4.79) is clearly different from Eq. (4.53). However,
we can rely on these two equations to write

ay = Ut U =tay - ray; (4.80a)

ah = UtasU =ray +tay. (4.80D)
Problem 4.49 Show that the beam splitter (4.78) can be associated with the Hamiltonian

Hps = hQ(iayal, - ialay), (4.81)
with sin Q¢ = 7.

Note 4.20 The interpretation of Hamiltonian (4.81) is that the beam splitter exchanges photons
between modes 1 and 2, but preserves the total number of photons.

Problem 4.50 Calculate the Fock decomposition of the beam splitter output with input |nq,ng)
as described below.

a) Show that

1 Tt A o \NMma A \M2 T
7'<0,0|UT(041) 1(&2) U|TL1,TL2>. (482)

(ml,m2|U|n1,n2) = '
m:Mma:

Hint: use the fact that the beam splitter acting upon the double vacuum state generates
double vacuum: U |0,0) = |0,0)
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b) Use Egs. (4.80) to verify the following:

(ml,m2| U|n1,n2) (483)

% nf S S (_1)m1—k1 AV n1!n2!m1!m2! tm2+k1*k2
= kq+ko, ,
Jo iy TR e e (g — Ky ) o (i — ko)

/rmlfkli»kz .

Problem 4.51 Show that if one of the beam splitter inputs is in the vacuum state, Eq. (4.83)
takes a simple form

Uln,0) = > Angln -k, k), (4.84)
k=0
where
A, = n gk k
nk = k r (4.85)

Verify that the probability to detect (k,n — k) photons in the two outputs could be calculated by
treating photons as classical particles that have probabilities t2 and 2, respectively, to be transmitted
or reflected.

Problem 4.52 Calculate U [1,1). Verify the Hong-Ou-Mandel effect: for a symmetric beam split-
ter, the probability to detect one photon in each output vanishes.

4.9 The beam splitter model of absorption

]
A A
p ‘ yPo
o

Figure 4.6: The beam splitter model of absorption.

Problem 4.53 The beam splitter model of absorption (Fig. 4.6) provides the means to determine
the quantum state after it has undergone optical loss. The model consists of replacing the lossy
channel with a beam splitter that has the same transmissivity and the vacuum state entering its
other channel. The reflected mode of the beam splitter is assumed to be lost.

a) Show that if a quantum state with density matrix

5= 2 b m)(n) (4.86)

m,n

will generate two-mode output with density matrix

m,n j=0 k=

b) By taking the partial trace over the reflected mode, calculate the density matrix of the trans-

mitted mode:
min(m,n)

Pout = TroP = > pmnAmeAnk [m - k) n-k|. (4.88)
k=0

m,n
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Note 4.21 Result (4.88) is called the generalized Bernoulli transformation.

Problem 4.54 Show that two coherent states with amplitudes « and /3 entering the beam splitter
will produce two coherent states with amplitudes Bija + Bys8 and Baja+ Bos 8. Hint: Show that
the state U|a)|3) is an eigenstate of both d; and as.

Problem 4.55 Show that in order to obtain a nonclassical state at a beam splitter output, the
input state must also be nonclassical.

Problem 4.56 Show that a coherent state |«a), after propagation through a loss channel with
transmissivity ¢2, becomes |ta) (neglecting the phase shift).

Problem 4.57 Show that the Glauber-Sudarshan function of a state that has propagated through
a loss channel with transmissivity 2, rescales as follows:

1 X P
POut(Xap):tERn(77?)~ (489)

Hint: use the optical equivalence theorem.

Problem 4.58 Show that the Wigner function of a state that has propagated through a loss
channel with transmissivity ¢2, transforms as follows:

1 X P X2y p?
Wt (X, P) = ——— Wi, (2, = B 4.90
t( ) 7Tt2(1_t2) (t t)*exp( 1—t2 ) ( )

||
. A . N
p : D(X,,R)pD"(X,, R)
r<l

|B>1)

Figure 4.7: Implementation of the phase-space displacement operator with a beam splitter and a
coherent state.

Note 4.22 The latter result can be interpreted as follows. The loss leads to “shrinkage” of the
initial phase space, i.e. each point transforms according to X — tX, P - tP. In addition, random
noise of variance (1 -#%)/2 (the second factor in the convolution) is added to both quadratures due
to admixture of the reflected portion of the vacuum state.

Note 4.23 If t? = 1/2, Eq. (4.90) confirms the statement of Note 4.9.

Problem 4.59 Show that the phase-space displacement operator can be implemented as shown in
Fig. 4.7, i.e. by transmitting the quantum state through a low-reflectivity beam splitter and shining
a strong coherent state |3) into the other input channel. Show that the displacement is given by
(Xo +iPy)/V/2==pr.

Hint: Calculate the P function of the output state.

4.10 Homodyne tomography

Consider a task of determining the complete information about a quantum state p of an optical
mode by making measurements on multiple available copies of this state. To accomplish this task,
it is not sufficient to perform measurements, however multiple, in a single basis, e.g. the position
basis. Such measurements will provide us only with a set of probabilities pr(X) = (X| p| X) (i.e. the
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diagonal elements of the density matrix in the position basis), but no information about the phases
of the wave function (the off-diagonal elements). In order to fully reconstruct the state, we need to
perform measurements in multiple bases, acquiring sufficient statistics in each basis. This procedure
is called quantum state tomography. Its general principles are applicable to any quantum system,
not necessarily optical.

Problem 4.60 Show that
prpg(kx) = 2nWr(kx cosf, kx sinf), (4.91)

where Wrg(kx,kp) is the Fourier transform of the Wigner function W (X, P) of a state p and
prrg(kx) is the Fourier transform of its marginal pry(X).

Note 4.24 We see that if we can measure the histograms pry(X) for all 6’s, we can reconstruct
the state’s Wigner function and thus its density matrix (see Problem 4.21). In order to implement
this in practice, we need to learn how to measure the field quadrature Xy = X cosf + Psin6.

This requires phase-sensitive measurement of the electromagnetic field amplitude. Given that the
light field oscillates at hundreds of Terahertz, i.e. much faster than the bandwidth of any electronic
circuit, such measurements cannot be performed directly. Instead, one utilizes an interference-
based scheme known as (balanced) homodyne detection (Fig. 4.8). Here a signal mode, defined by
annihilation operator a (whose state we need to measure) is overlapped with a local oscillator mode
ar,o containing a high-amplitude coherent state |ar,o) on a symmetric beam splitter. The two beam
splitter output channels are detected by highly-efficient photodiodes, so each photon is converted into
a photoelectron. The photocurrents are integrated in time, so the total number of photoelectrons
produced by each diode corresponds to a measurement of the photon number operator 7, and 7o in
the respective mode. Finally, the measurements are subtracted from each other, yielding n_ = 717 —7s.

h
local psrz]aise Tphotodiodes
oscillator m /
+ | —
a

aLO T
signal

Figure 4.8: Balanced homodyne detection.

Problem 4.61 Show that ‘ ‘
o =al qae" +apoate™, (4.92)
where 6 is the relative optical phase between the signal and the local oscillator.

Problem 4.62 One can show” that, for the local oscillator in a high-amplitude coherent state, the
annihilation operator of the local oscillator can be approximated by its eigenvalue: & - apo and
thus

n- = afgae + apoate ™, (4.93)
Assuming ar,o to be real, we find that the homodyne detector measures the observable that is
proportional to X,.

Note 4.25 We see from Eq. (4.93) that the subtraction charge scales as the local oscillator ampli-
tude, or the square root of the local oscillator intensity:

n_.~aoarLo =vV NLo, (494)

where Nio is the number of photons in the local oscillator. This is a macroscopic quantity, so
homodyne tomography does not require detectors with single-photon sensitivity.

9W. Vogel, D.-G. Welsch, Quantum Optics (Wiley, 2006), Sec. 6.5.4.
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Problem 4.63 Suppose the beam splitter is slightly asymmetric, i.e. t? =72 = ¢ <« 1.

a) Write the approximate expression for 7_ in this situation.

b) Show that proper functioning of the detector requires € « N]:(l)/ 2,
Problem 4.64 Realistic photodiodes are imperfect: they convert each photon into a photoelectron
with non-unitary probability 7 (this quantity is called the detector’s quantum efficiency). Such a
photodiode can be modeled by a perfect photodiode preceded by an attenuator of intensity trans-
missivity 7 [Fig. 4.9(a)].

a) Write the expression for 7i_.

b) Show that this imperfect detector is equivalent to a detector in which the photodiodes are
perfect, but the signal and local oscillator are both attenuated before the beam splitter
[Fig. 4.9(b)].

Figure 4.9: Illustration to Problem 4.64. The schemes in (a) and (b) are equivalent if both attenu-
ators have the same transmissivity 7.

So far, we have been dealing with plane-wave electromagnetic modes. This treatment is easier
mathematically, but largely unpractical because plane waves have infinite extent in space and time.
In order to study practically relevant modes, we remember that, according to the rules of field
quantization,

(.U]A

E(Ft) = Z ekt e (4.95)
where we neglected the vector character of the field. As evident from this equation, a field of any ar-

bitrary spatiotemporal shape can be obtained, using Fourier decomposition, as a linear combination
of plane-wave modes:

A=Y 84 (4.96)
J

If we require that 37, |3j> = 1, then we have [A,AT] =1 so annihilation operator A defines a valid
optical mode.
In order to formalize this procedure, we can define a unitary transformation

Ai = 3 Ui, (4.97)
J

with A, = fl, Uij = B; and other Aps completing the orthonormal set (obtained e.g. via the Gram-
Schmidt procedure). The set {4;} forms then a new basis such that one of its elements is the mode
of interest, and transformation U can be treated similarly to a beam splitter.

Problem 4.65 Suppose each of the plane wave modes d; is prepared in a coherent state |a;) with
= af;. Show that mode A is then in a coherent state |o) while all other A; (with i > 2) are in
vacuum states.
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Problem 4.66 Consider a homodyne detection experiment with the local oscillator prepared in
a coherent state |ar,o) of mode Aro = i BiGro,; while all other basis modes A, (with ¢ > 2) are in
vacuum states. Show that the subtraction charge generated by the homodyne detector is then given
by

f_ = aioflew +apoAfe™. (4.98)

where A = >, Bjaj, with each a; being associated with the mode that matches the corresponding
local oscillator mode a1,0,;-

We conclude that balanced homodyne detection measures the state of the optical mode matching
that of the local oscillator.
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Chapter 5

The single-photon qubit

5.1 Encoding and tomography

In this chapter, we study some phenomena and procedures associated with the two-dimensional
subspace V of the two-mode optical Hilbert space spanned by states |Oiogic) = [01) and |liogic) = |01),
where the right-hand side is written in the Fock basis. This subspace represents a single-photon
dual-rail qubit.

The two modes could be two separate spatial modes, or two pulsed temporal modes in the same
spatial mode, or the two polarizations of a single spatiotemporal mode. In this chapter, we will
be dealing primarily with the latter case. We call the associated Hilbert space the single-photon
polarization qubit. A few important states of this qubit are listed in the preamble to the Appendix.

We also define the four Bell states that are maximally entangled states of two polarization qubits:

) = %(|HV>+|VH>> (5.1a)
O I

¥) = (V)= va) (5.1b)
+ _ L + C
) = SS(HH)+[VV) (5.1¢)
) = ——(EH)- V) (5.1d)

V2
Problem 5.1 Show that any state in V is an eigenstate of the operator &J{dl + d;&Q of the total

number of photons in both modes with eigenvalue 1.

Problem 5.2 Write the four Bell states in the Fock basis of a four-mode optical Hilbert space.

Cl) polarizing b) M2-plate C) M4-plate A/2-plate
beam splitter horizontal @ 225 @0 @225
polarization ‘D I ‘D I I ‘D
vertical f
polarization
photon

tvj 4-/ detectors C‘_’j C‘_’j

Figure 5.1: Photon polarization measurements in the {|H),|V)} (a), {|+),|-)} (b) and {|R),|L)}
(c) bases.
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Problem 5.3 Show that the four Bell states form a basis in the Hilbert space of two polarization
qubits.

Problem 5.4 Verify that the apparata shown in Fig. 5.1 perform photon polarization measure-
ments as stated in the caption.

Problem 5.5 Invent a scheme for the {|R),|L)} basis that would use just one waveplate.

Problem 5.6 Show that for complete tomography of a polarization qubit state p it is sufficient to
acquire the photon count statistics from the three measurements shown in Fig. 5.1. Express the four
matrix elements of p through the experimentally observed count rates Ny, Ny, Ny, N_, Nr, Ny,.

Under a quantum process we understand a “black box” that performs some kind of processing
on quantum states (Fig. 5.2). The process can involve interaction with the environment and thus
does not have to be represented by a unitary operator. Under quantum process tomography we
understand a procedure in which one measures the effect of the process on some set of probe states
and uses this information to predict the effect of the process on any other state.

N

Figure 5.2: A quantum process.

Problem 5.7 Give an example of a process that is not represented by a linear operator, i.e.

E E E
(W)= [0'), lo) & 1) but alep) + Blo) » al) + Ble) . (5.2)

Problem 5.8 Show that any process must be linear with respect to density matrices, i.e.
E(api + 8p2) = E(apr) + B(apn). (5.3)

Hint: use the probabilistic nature of the density operator.

Problem 5.9 Suppose {p;} is a a basis in the space of density operators over the Hilbert space
and one knows the effect E(p;) of the process on each of these states. Show that the effect of the
process on an arbitrary state is given by

E(p) = Y NE(p), (5.4)
i
where \;’s are the coefficients of the decomposition of the density operator p into this basis:
p=> Xipi, (5.5)
i

Note 5.1 Problem 5.9 provides a technique for quantum process tomography. One applies the
process to each of the p; and performs quantum state tomography on the output state E(p;). This
information can then be used to predict the effect of the process on any other state.

Problem 5.10 Propose a set of probe states for quantum process tomography on a single-photon
polarization qubit.

Problem 5.11 Consider a process on the Hilbert space associated with a single optical mode. Sup-
pose the effect of the process E(Ja){a|) is known for all coherent states. Based on this information,
determine E(p) for an arbitrary state p.

Note 5.2 This shows that coherent states can be used as probe states for the tomography of
processes on a single optical mode!.

IM. Lobino et al., Science 322, 563 (2008).
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5.2 Quantum cryptography

Suppose a communication party, Alice, wishes to send a secret message to her distant partner, Bob.
Classically, this task would require a secure communication channel. Quantum mechanics offers an
alternative: Alice and Bob can use the destructive nature of quantum measurement to ensure secure
transfer of messages even through an insecure channel.

Before we proceed to describing the protocol, we notice that it is not necessary to transfer the
message itself through the secret channel. Instead, Alice can transfer a random sequence of bits (the
“secret key”). She can then encode her message by XOR’ing it with the key and transfer it via an
insecure public channel. Even if this message is intercepted, no one would be able to read it without
the key. Bob does possess the key so he can XOR it with the encoded message to get the original
one.

The protocol, invented in 1984 by C.H. Bennett and G. Brassard? (“BB84"), runs as follows:

a) Alice chooses randomly either the H-V or the +45° basis.
b) Alice chooses randomly if she wants to send “0” or “1”.
c) Alice1 generates a photon and encodes her bit via polarization:
0
Pooom o s X
d) Alice sends the photon to Bob.
e) Bob chooses randomly in which basis he will measure.

f) Bob measures the arriving photon in the chosen basis:
— If he chose the same basis as Alice, he will detect the correct bit value.
— If he chose not the same basis as Alice, he will detect a random bit value.

g) Repeat (a) through (f) many times.

h) Alice and Bob communicate (via a classical, insecure channel) their choice of bases in each
run, but not the bit values.

i) Alice and Bob discard the data for those instances in which different bases were used or photons
were lost.

j) Alice and Bob now share a secret string of identical bits.

k) Alice and Bob exchange, via an insecure channel, a part of this string to verify that they are
indeed identical. Errors indicate eavesdropping (see Problem 5.12 below).

1) The remainder of the secret string can be used as the secret key.

@ >

-

Figure 5.3: Eavesdropping in quantum cryptography.

2C. H. Bennett and G. Brassard, in Proceedings of the IEEE International Conference on Computers, Systems,
and Signal Processing, (Bangalore, 1984), p. 175.
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Problem 5.12 Suppose an eavesdropper (Eve) cuts the transmission line, intercepts Alice’s pho-
tons and measures them in a randomly chosen basis (Fig. 5.3). She then resents the bit she measured
in the same basis. What error rate will Alice and Bob register, i.e. what fraction of their data bits
will come out different?

Note 5.3 By using a more sophisticated strategy, Eve can reduce this error rate down to about
11%.

When the communication distance increases, the secure bit error rate decreases due to optical
losses. At some point, the rate of “clicks” in Bob’s detector due to the photons sent by Alice becomes
comparable with the rate of the detector’s dark count events. In this situation, bit errors will arise
and the communication can no longer be considered completely secure. This is quantified in the
following problem.

Problem 5.13 Assuming that Alice has a perfect single-photon source, sketch the secure bit
transfer rate and the quantum bit error rate as functions of the distance and estimate the maximum
possible secure communication distance given the following parameters:

¢ photon loss in the fiber communication line: 5 =0.2 dB/km;
e emission rate of Alice’s source: n;,10% photons per second;
e quantum efficiency of the photon detectors: n =0.1;

e dark count rate of the photon detectors: fy = 10* s71;

e time resolution of the photon detectors: 7 =1 ns.

Hint: Keep in mind that one can reduce the error rate due to the dark counts by discarding those
“clicks” that are not synchronized (within the resolution time) with Alice’s photon pulses.

5.3 Bell inequality

5.3.1 The Einstein-Podolsky-Rosen paradox

The paradox of quantum nonlocality is based on two primary notions.

Physical reality. An obervable is defined to be an element of physical reality when its value
can be correctly predicted prior to measurement.

Locality principle (Local realism). If two parties are far away from each other and/or do not
interact with each other, then no action by one party can change physical reality at the other.

Suppose Alice and Bob (two remote, non-interacting parties) share two photons in the state
|U7) = |HV) - |VH). Let Alice measure the polarization of her photon in the (H, V') basis. She will
then remotely prepare the state |[H) or [V') at Bob’s. After Alice’s measurement, the physical reality
at Bob’s station has the following features:

e If Bob chooses to measure his photon in the (H,V') basis, his measurement result can be
predicted with certainty.

e If, on the other hand, Bob decides to measure in the +45° basis, his result would be funda-
mentally uncertain®

If Alice instead measures in the £45° basis, Bob’s reality changes.

¢ If Bob chooses to measure his photon in the +45° basis, his measurement result can be predicted
with certainty.

3 «“Fundamentally uncertain” means that Bob’s future measurement result is not only unknown, but that quantum
mechanics prohibits it from being known. Assuming that quantum mechanics is correct, this “lack of knowledge” is
thus an integral part of physical reality associated with Bob’s particle.
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e If Bob decides to measure in the (H, V') basis, his result would be completely uncertain.

We see that the two physical realities described above are incompatible with each other. There-
fore, according to quantum mechanics, Alice can change Bob’s physical reality instantaneously and
without interaction — thus violating the locality principle!

This result is known as the Einstein-Podolsky-Rosen (EPR) paradox, first described in 1935 for a
continuous-variable system (see Problem 4.45). Quantum mechanics appears to be in contradiction
with the fundamental laws of nature that follow from the most simple common sense. On the other
hand, quantum mechanics is known to predict experimental results very well, so one cannot just
say it is plain wrong. Therefore, EPR made a more careful statement, saying that that “quantum-
mechanical description of reality .. .is not complete”. According to EPR, a theory can be developed
which predicts experimental results as well as QM, but does uphold local realism.

Because this “new” theory is postulated to predict the same experimental results as quantum
mechanics, for the next 30 years there appeared to be no possibility to verify if EPR were correct
in their hypothesis. However, in 1964 J. Bell proposed* an experiment in which any local realistic
theory would predict a result which is different from that predicted by QM. Specifically, he pro-
posed an inequality (“Bell inequality”) that would hold in any local realistic theory, but is violated
according to quantum mechanics.

The groups of J.F. Clauser (1972)° and A. Aspect (1981-1982)% performed this experiment
and verified that QM is correct. Since then, experiments have been improving and always showed
violation of the Bell inequality. However, all so far existing Bell inequality experiments contain
loopholes.

There are two primary types of loopholes in modern Bell inequality tests.

e Locality loophole: the two parties are not sufficiently far apart to ensure their space-like sepa-
ration.

e Detection loophole: Some of the particles being communicated are lost, leading to no detection
events either at Alice’s or Bob’s stations. The details of this loophole are reviewed in Problem
5.18.

To date, there exist experiments that close either of the two loopholes, but not both at the same
time”. A loophole-free test can be expected in the next few years.

Bell’s argument consists of two parts. In the first part, we describe an experiment in terms of
its superficial features, not specifying its actual construction. We will analyze this experiment using
only very general physical principles, such as causality and local realism, and derive an inequality
that the results of this experiment must obey. In the second part, we study a specific setup whose
superficial features are consistent with those described in the first part. Using quantum mechanics,
we will predict the results that turn out to violate the inequality obtained ab initio in the first part.

5.3.2 Local realistic argument

Alice Bob
@M <'\/\/\f '\/\/\/* =1
s —
& N @ N

Figure 5.4: Scheme of Bell’s experiment

4]. S. Bell, Physics 1, 195 (1964).

58. J. Freedman and J. F. Clauser, Phys. Rev. Lett. 28, 938 (1972)

6A. Aspect it et al., Phys. Rev. Lett. 47, 460 (1981); Phys. Rev. Lett. 49, 91 (1982); Phys. Rev. Lett. 49, 1804
(1982)

7Locality loophole closed in G. Weihs et al., Phys. Rev. Lett. 81, 5039 (1998). Detection loophole closed in M.
Rowe et al., Nature 409, 791 (2001).
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Description of the experiment

e Fach of the two remote observers, Alice and Bob, operates an apparatus shown in Fig. 5.5.
The construction of the apparata is unimportant, but it is known that their front pannels have
the following, identical appearance: each has two buttons marked M and N, and a display
that can show either “+1” or “-1”.

e Alice and Bob have no possibility to communicate with each other.

e A “sender” located about halfway between Alice and Bob sends them a pair of particles of
unknown nature.

e Alice and Bob receive the particle and insert them into their “black boxes”.

e Alice and Bob simultaneously push one of the buttons on their black boxes. Each black box
will then display a value of +1 related to the properties of the particle received. We refer to
this procedure as a measurement of M4 or Ny by Alice and measurement of Mg or Ng by
Bob.

e After making measurements on many particle pairs, the parties meet and discuss the results.

Derivation of the Bell inequality

Local realism implies that the measurement result obtained by each party is not affected by the
button pushed by the other party. Each black box determines the value displayed for each button
based on the local information at hand (i.e. the properties of the particles) and some algorithm.
Therefore, the quantities M 4, N4, Mp and Ng are elements of reality for each pair of particles once
they are distributed.

Consider the quantity X = Ma(Mp - Npg)+ Na(Mp+ Np) for a given pair of particles. Because
both Mp and Np has a definite value of +1 or —1, either (Mp—Ng) or (Mg + Np) must be equal to
zero. Because both My and Ny, is either +1 or -1, we find that X must be either +2 or —2: |X| = 2.

The measurement is repeated many times. Since, in each run, |X| = 2, the average value of X
over a series of experiments must obey [(X)| <2, or

|(MAMB—MANB+NAMB+NANB)|32. (5.6)

This is the Bell inequality. Note again that it does not rely on any assumption about the physics of
the particles distributed or the measurement apparata, but only on very general principles (causality
+ local realism). Therefore, it should hold for any experiment whose superficial description falls
under that given above.

Problem 5.14 When deriving Eq. (5.6), we assumed that the dependence of M’s and N’s on the
particles’ properties is deterministic. Modify the above argument to account for possible probabilistic
behavior (i.e. assuming that for a particle with a given set of properties, results +1 and -1 appear
randomly with some probabilities).

5.3.3 Quantum argument

We now describe a specific setup that is consistent with the above description yet violates the Bell
inequality. The two particles received by Alice and Bob are two photons in the Bell state |¥7).
When Alice and Bob press their buttons, their apparata measure the following observables on their
photons:

M ,: eigenvalues +1, eigenstates (|H),|V));

Mp: ecigenvalues +1, eigenstates (|7/8),|r/8 +7/2));

Na: eigenvalues +1, eigenstates (|7/4),|r/4 +7/2));

Np: eigenvalues +1, eigenstates (|37/8),|37/8 +7/2)),

where |#) denotes linear polarization at angle 6 to horizontal®.

80bviously, M4 =62, Na = 64.
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The measurement result, which is one of the measured observables’ eigenvalues (+1), is displayed.

Our next goal is to make a quantum mechanical prediction for the measurement outcomes’
statistics, so we can determine the expectation value of observable X. This is done in the following
exercise.

Problem 5.15 Express the observables defined above as operators. Calculate the expectation
values of the following operators in the state |U~):

Hint: To reduce calculations, verify and use the isotropicity of |[¥7): for any 6, the state |¥~) =

|[HaVp) - |VaHp) can be expressed as |¥7) = |0A(g +0)B) - |(g +0)A93).
1 1 1

oo 110 1. 1
Answer: N IR I

We now find that according to quantum mechanics, the expectation value of X is
(X) = (MaMp + MaNp + NaMp + NaNp) = -2v/2, (5.7)
which violates the Bell inequality (5.6).

Problem 5.16 Show that no matter what buttons are pressed, in a large number of measurements
each individual party will get an approximately equal number of results +1 and -1.

Problem 5.17 Reproduce Bell’s argument for other Bell states.

Problem 5.18 Suppose a Bell inequality experiment is performed with photons. Both Alice’s
and Bob’s channels are lossy, and detectors are imperfect, so the probability for each photon to be
detected is 10%. Show that such an experiment does not refute local realism, i.e. there exists a
local realistic model for the particles and detectors such that the correlations between the detection
events follow the predictions of the quantum theory.

5.4 Greenberger-Horne-Zeilinger nonlocality

In this section, we will study an argument® that is similar to Bell’s, but contains no inequalities.

5.4.1 Local realistic argument

e A “sender” sends simultaneously three particles to three remote observers, Alice, Bob, and
Charley.

e Alice, Bob, and Charley insert their particles into their “black boxes”. Each box has two
buttons marked “o,” and “o,”, and a display that can show either “+1” or “1”.

e Alice, Bob, and Charley simultaneously push one of the buttons on their black boxes. Each
black box will then display a value of +1 related to the state of the particle. We refer to this
as a “measurement of o, or o,”.

e After many “experiments”, the parties meet and discuss the results.

9Theoretical proposal: D. M. Greenberger, M. A. Horne, A. Shimony, A. Zeilinger, in Bell’s Theorem, Quantum
Theory, and Conceptions of the Universe (M. Kafatos, ed.), p. 73 (Kluwer Academic, Dordrecht, 1989). First
experiment: J. W. Pan et. al., Nature 403, 515 (2000).
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Alice Bob
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N
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Figure 5.5: Scheme of the Greenberger-Horne-Zeilinger experiment

e They find that whenever any two of them pressed the o, button, and the third one the o,
button, the product of the three results is always -1.

e Local realism implies that the measurement result obtained by each party is not affected by
the buttons pushed by other parties. Each black box determines the value displayed for each
button based on the local information at hand (i.e. the contents of the envelope) and some
algorithm. Therefore, the quantities 0,4,0y4,0.8,0yB,02c,0yc are elements of reality for
each set of envelopes once they are distributed.

e Based on observation (e) above, we conclude that the following is valid for every triplet of

particles:
OuaOypOye = -1 (5.8a)
OyaOapOye = -1 (5.8b)
OyaOypOze = -1 (5.8¢)

e Multiplying these equations together and recalling that each set of the o’s is either +1, we find:
OpsO0np0ze =—1 (5.9)

In other words, any local realistic theory predicts that whenever all three observers push the
“o.” button, the product of the displayed values will be -1.

Again, his prediction is not based on any assumption about the physics of the system aside from
very general ones (causality + local realism).

5.4.2 Quantum argument

Consider the state |Ugpz) = %(|HHV) +|VVV)) distributed among Alice, Bob, and Charley.
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Problem 5.19 Show that [¥¢rz) is an eigenstate of operators 6, , ® 6y, ® Gy, Ty, ® Orp ® Gy s
Gys ® Gy, ® G4 with the eigenvalue (-1).

Note 5.4 This proves that state |¥ gy z) fits the description in Section 5.4.1, particularly Eqs. (5.8)

Problem 5.20 Show that |Pgpz) is also an eigenstate of the operator 6, , ® 6, ® 64, with the
eigenvalue (+1).

Note 5.5 This proves that whenever Alice, Bob, and Charley all press the o, button, the product
of their emasurements will be +1. This result is in direct contradiction with the local realistic
prediction (5.9)!

Problem 5.21 Reproduce the GHZ argument for
’ 1
|Yonz) - SHHH)+|HVV) +[VVH) + |VHV))
and operators
0.®0y® 0y,
Gy ®0,® 0y,
Oy®0G,®0,

0.80,Q0,

5.5 Cloning and remote preparation of quantum states

Problem 5.22 State |¥7) is shared between Alice and Bob. Alice measures her portion of this
state in basis {|v),|¥.)}, where [¢) = «|H) + 8|V) and [¢b, ) is the state orthogonal to [¢)).

a) What are the probabilities for Alice to obtain each of the two results?

b) What state will be prepared at Bob’s location after Alice’s measurement and her communi-
cating the result to Bob?

Note 5.6 This procedure is called remote state preparation. By setting up her measurement
apparatus in a certain way, Alice can remotely prepare any quantum state at Bob’s station.

Problem 5.23 In the context of the previous problem, suppose Alice has no communication with
Bob. Which state will Bob obtain after Alice’s measurements?

Quantum cloning is a map in the Hilbert space Vi ® Vo (V; = V3) such that, for some |0) € V5,
A |a) € Vl
la) ®10) — |a) ® |a) (5.10)

Problem 5.24 Show that quantum cloning, as defined above, is impossible.
Hint: use Eq. (5.3)

Problem 5.25 Show that, if quantum cloning were possible, superluminal communication would
also be possible.
Hint: use remote preparation and quantum tomography.

Note 5.7 We find that quantum mechanics and special relativity are compatible to each other.
This compatibility is surprising because these theories are developed based on completely different
first principles, and is not yet completely understood.
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5.6 Quantum teleportation

Consider two remote parties, Alice and Bob. Alice possesses one copy of a qubit state |x) = a|H) +
B|V) that she wishes to transfer to Bob. However, there is no direct quantum communication link
along which Alice could send the qubit, and neither Alice nor Bob have any classical information
about |x). Instead, Alice and Bob share an entangled resource — one copy of the Bell state |¥~).
In addition, there exists a direct classical communication channel between the two parties. It turns
out that Alice and Bob can utilize these resources to “teleport” |x), i.e. make an exact copy of this
state emerge at Bob’s station while collapsing Alice’s original.

Alice classical communication — BOb= " teleported
Bell-basis @1 @&, state
measurement _ _
@, ®c
_l |_ entangled resource ‘\F’>
Y R

source

state | x)

EPR
source

Figure 5.6: Quantum teleportation

The scheme of the quantum teleportation protocol is shown in Fig. 5.6. We say that the state
[x) lives in the qubit space Vi, and |[¥~) in Vo ® V3. The spaces Vi and V, are localized with Alice,
and V3 with Bob.

Problem 5.26 Express the initial state |y) ® |[¥7) in the canonical basis of V; ® Vo ® V3. (i.e.
{|{HHH), ...,|[VVV)})

Problem 5.27 Express state |x) ® |¥7) in the basis which is the direct product of the Bell basis
in V; ® V5 and the canonical basis in V3.

Problem 5.28 Suppose Alice performs a local measurement of her fraction of state |y) ® [¥~) in
the Bell basis. Calculate the probability of each measurement outcome and the state onto which
space V3 is projected.

Problem 5.29 Alice communicates her measurement result to Bob via the classical channel. Show
that with this information, Bob can convert the state of V3 into |x) via a local operation.

Note 5.8 In this protocol, neither Alice nor Bob obtain any classical information about the state
Ix) (see Problem 5.28). This ensures its perfect transfer.

Note 5.9 Both teleportation and remote state preparation are quantum communication protocols
that allow disembodied transfer of quantum information by means of an entangled state and a
classical communication channel. The difference between them is that while in teleportation, Alice
possesses a copy of the state she wishes she transfer, in remote state preparation she instead has full
classical information about this state.

Problem 5.30 Will teleportation work with Alice and Bob sharing
a) [WF)
b) [7)
c) |®7)
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For each positive answer, determine the local operations Bob would need to perform on V3 after
receiving classical communication from Alice.

How can we perform the measurement in the Bell basis? It has been proven!? that perfect
discrimination of all four Bell states of two single-photon dual-rail qubits using only linear optics is
impossible. However, one can set up a scheme that would be able distinguish Bell states |¥*) and
|¥~) from each other and from |®*).

Problem 5.31 Suppose two modes in one of the four Bell states are overlapped on a symmetric
(r =t =1/v/2) beam splitter.

a) Show that if the input state is |[7), the two photons will leave the beam splitter through the
opposite output ports, but if it is one of the other Bell states, the photons will come out in
the same spatiotemporal mode.

b) If the two photons come out in the same spatiotemporal mode, can one distinguish whether
the input state was |U*) or |®*)? If your answer is positive, design and sketch the detection
setup.

Problem 5.32 (Entanglement swapping). Consider 4 photons A, B, C, D prepared in a partially
entangled state with |U7 ;) ® |5 ). A measurement is performed on photons B and C' in the Bell
basis (Fig. 5.7). Determine the state of photon pair (A, D) for each possible measurement result.

Note 5.10 Entanglement swapping creates entanglement between two particles without any in-
teraction between them.

output entangled state

Bell-basis
EPR EPR
source 1 source 2

Figure 5.7: Entanglement swapping

5.7 Quantum computing with single-photon qubits

Problem 5.33 Consider a setup shown in Fig. 5.8(a). The “Kerr box” is a nonlinear optical device
such that the optical phase experienced by the light propagating through it depends on its intensity:

00) - [00) (5.11)
01) - [o1)

10) - [10)

1) - -1,

where the states are written in the Fock basis. In other words, the phase shift is present only if
the photons from both qubits are propagating through the box. Show that this setup implements a

107,. Vaidman and N. Yoran, Phys. Rev. A, 59, 116 (1999); N. Liitkenhaus, J. Calsamiglia and K. A. Suominen,
Phys. Rev. A 59, 3295 (1999).
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a) Control 1 > b)
qubit 22— —

phase shift ©

Kerr
box r=1/3

Target T ",
qubit 2

Figure 5.8: Quantum computing with with dual-rail single-photon qubits. a) CNOT gate. The Kerr
box performs a nonlinear operation according to Eq. (5.11). b) Linear-optical simulation of the Kerr
box. The scheme performs operation (5.11) contingent on the number of photons in both modes
being the same at the input and output.

quantum conditional-not (CNOT) gate, i.e. the logical value of the target qubit will flip dependent
on the logical value of the control qubit. The beam splitters are symmetric.

Note 5.11 Operation (5.11) is the conditional phase (CPHASE) gate.

Problem 5.34 Estimate the order of magnitude of the nonlinear susceptibility that a bulk material
would need to possess in order to enable operation (5.11). Compare this quantity with the result of
Problem 2.7.
Hint: Assume that the length of the nonlinear medium is L = 1 cm and the beam configuration is
close to optimal (see Problem ?7). Write the third-order nonlinear susceptibility at the input wave
frequency as

PO(t) = 3egx P [E* ()2 E(1). (5.12)

Now notice that E*(t)E~(t) is proportional to the field intensity, so the third-order nonlinearity
can be interpreted as an intensity-dependent index of refraction: n =n{" +n(3 1. Now express n(®
in terms of X(?’) and calculate I corresponding to a single-photon pulse of spatial extent L. Then
estimate the order of magnitude of x(*) from which one obtains a nonlinear refractive index change
which would result in a phase shift of .

The optical nonlinearities required for quantum computing are beyond the reach of modern
technology. Fortunately, it turns out that one can utilize the entangling power of the beam splitter
to implement conditional CNOT gates. These gates operate with non-unitary probability and are
heralded by certain detection events in ancilla modes. They turn out to be sufficient to implement
efficient optical quantum computing!.

Problem 5.35 Verify that the scheme shown in Fig. 5.8(b)'? implements operation (5.11) contin-
gent on the number of photons in both modes being the same at the input and output. Calculate
the probability of the gate’s successful operation as a function of the input state. The beam splitter
is described by Eq. (4.78), with the —r matrix element corresponding to the mode that reflects from
the top surface of the beam splitter.

Note 5.12 In order to compensate for the non-unitary probability of the linear-optical Kerr box
operation, absorbers with transmissivities 1/3 are inserted into those modes [Fig. 5.8(a)] that do
not propagate through this box. Also note that the scheme of Fig. 5.8(b) is not useful for linear-
optical quantum computing because the success of the gate can only be determined by measuring
the number of photons in the output qubits. This measurement will destroy the qubits. However,
more sophisticated schemes, such as the one in the original Knill-Laflamme-Milbutn paper, do not
suffer from this shortcoming.

IE, Knill, R. Laflamme and G. J. Milburn, Nature 409, 46 (2001)
12H. F. Hofmann and S. Takeuchi, Phys. Rev. A 66, 024308 (2002); T. C. Ralph, N. K. Langford, T. B. Bell, and
A. G. White, Phys. Rev. A 65, 062324 (2002).



Chapter 6

Elements of atomic physics

6.1 Interaction picture

In the Schrodinger picture, operators are constant and states evolve:

b (£)) = e M) (6.1)

In the Heisenberg picture, states are constant and operators evolve:
A (t) = /AN A et/ (6.2)

The interaction (Dirac) picture is halfway between the two. Suppose the Hamiltonian consists
of two terms, the (typically large) unperturbed Hamiltonian and the (typically small) perturbation
Hamiltonian:

H=Hy+H;. (6.3)

States in the interaction picture evolve according to

[ (8)) = "I g (1)), (6.4)
and operators according to

Ay (t) = eiHo/Mt je=ilHo/h)t, (6.5)

Note 6.1 It may appear that Eq. (6.4) can be rewritten as [)7(t)) = e~i(Hr/nt [tho). However, this
is true only if Hy and H; commute.

Problem 6.1 Show
a) for any state:
Ol (D) =~ V() lr (1) (6.6)
where

‘A/(t) - ei(ﬁo/h)tﬁle—i(ﬁo/h)t; (6.7)

b) for any operator,

(Vs ()] Ao| vs(t)) = (vr(t)| Ar(t)] ¥r(t)). (6.8)

Note 6.2 We see that the interaction picture is identical to the Schrodinger picture if Hy =0 and
to the Heisenberg picture if Hy = 0.

75
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Figure 6.1: Two-level atom excited by a laser of frequency w.

6.2 Two-level atom

6.2.1 The rotating-wave approximation

Consider a two-level atom (Fig. 6.1) excited by a laser field
E(t) = Ege™™" + Eje™! (6.9)

Assuming that the ground state |b) has zero energy, the Hamiltonian of this system is given by

H = hwola){a| - E(t)d, (6.10)
where - .
3 daa dab
d= - - 6.11
( dpa  dpp ) (6.11)

is the dipole moment operator in the {|a),|b)} basis. It can be written as d = eZ, where # is the
position of the electron.

Problem 6.2 Show that for an atom positioned at the origin of the reference frame, dya = dyp = 0.

The dipole moment operator can thus be rewritten as

5 0 d
d=| = 6.12
(& 0) (6.12)
so we can thus rewrite the two-level atom Hamiltonian as
T th —EJ
H( Peo ok ) (6.13)

where d = Jab.

Problem 6.3 Show that the perturbation Hamiltonian in the interaction picture with?
- hw 0
(% 0). "

equals

_ i iwt
hA Ede ) (6.15)

V(t) = ( _E(Zx-e—iwt 0

where A = w — wg.

hwo O
0 0
leads to a constant interaction Hamiltonian (6.16) under the rotating-wave approvimation.

It appears more natural to define Hp = . However, convention (6.14) is more convenient because it
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Problem 6.4 We now apply the rotating-wave approxzimation (RWA): we neglect those terms in
Eq. (6.15) that oscillate at an optical frequency. Show that under RWA, Eq. (6.15) takes the form

- A -Q
V:H:h( —QO* 0 )a (616)

where ) = E'OJ/h is the Rabi frequency.

Note 6.3 We have thus reduced the problem involving a fast oscillating Hamiltonian to one with
a constant (or slowly varying) Hamiltonian (6.16). This significantly simplifies the calculations.

Problem 6.5 Show that the evolution of the atomic state |1 (t)) = ( i‘;gg ), if the atom is

initially in the ground state, is given by
Q. iAt/2
Ya(t) = igy Sin Wt)e ; (6.17a)

Pp(t) = (COS Wt - z% sin Wt) etAt? (6.17b)

with W =/A2/4 +|Q? (Fig. 6.2).
Note 6.4 This sinusoidal behavior of the state populations is referred to as Rabi oscillations. On
resonance (A =0), for real €2, Egs. (6.17) become
Yo (t) isin Qt; (6.18a)
vp(t) = cosQ. (6.18b)

The quantity 2Qt is called the pulse area. A pulse of area 7/2 excites the ground state into an
equal superposition of the ground and excited states. A pulse of area 7 leads to inversion of the
ground and excited state populations. Pulse area 27 corresponds to a complete cycle of the atomic
population, but the quantum state of the atom acquires an overall phase 7.

1.0}

0.8}

20.6}

v,

0.4f

0.2

Tlc ZITE 3n
Pulse area

Figure 6.2: Population of the excited level as a function of the pulse area. The cases of resonant
and off-resonant excitation are displayed.

6.2.2 Bloch sphere

The dynamics of a two-level atom, or any qubit system, is often convenient to visualize using a
geometric tool called the Bloch sphere?. This is a sphere of radius 1, with each point on or inside its
surface corresponding to one and only one state of the atom. Specifically, any state p of the atom
corresponds to a vector with coordinates

Rz’ = ((A)',L> = Tr,béri, (619)
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Figure 6.3: The Bloch sphere.

where &; are the Pauli operators, index i corresponding to z, y, or z.

Problem 6.6 Verify that the six specific basic states correspond to points in the Bloch sphere as
shown in Fig. 6.3.

Problem 6.7 Show that a point with polar coordinates (6, ) on the surface of the Bloch sphere

cos(0/2) )

corresponds to the pure state ( sin(6)2)ei®

Problem 6.8 Show that mixed states correspond to points inside the Bloch sphere. What point
does the fully mixed state correspond to?

Problem 6.9 Consider the evolution of an atomic state under the Hamiltonian H = h(vol +T)-3) =
h(vol + Zle v;0¢), where vg is an arbitrary real number, v is an arbitrary real vector and & is the
“vector” consisting of the three Pauli operators.

a) Using the Heisenberg picture, show that the evolution of the Pauli operators follows

d - N
0 =20%0. (6.20)

b) Show that this evolution corresponds to precession of the Bloch vector around vector .

Taking the expectation value of both sides of Eq. (6.20) using the definition (6.19) of the Bloch
vector, we find

d

&R:%xé. (6.21)

2For optical polarization states, the Bloch sphere is called the Poincaré sphere.
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This result shows the power of the Bloch sphere as a visualization tool. Instead of abstract quantum
states, we can deal with vectors, and instead of the evolution operator — with rotation. Furthermore,
the evolution of the Bloch vector has a direct analogue: Larmor precession of the magnetic moment
in a magnetic moment in a magnetic field.

Let us now discuss specific examples where the Bloch sphere is helpful.

Problem 6.10 Verify that the evolution of the Bloch vector predicted by Eq. (6.20) is consistent
with

a) Egs. (6.18) under conditions A =0,Q = Q* for arbitrary €.
b) Egs. (6.17) under general conditions, for specific cases Wt =0, 7/2, .

Problem 6.11 Suppose the optical frequency is slightly off resonance: A <« Q. Consider the
following procedure.

e A pulse of area 7/2 is applied to an atom initially in the ground state. Because A « 2, we
can neglect the detuning and use Eq. (6.18) to calculate the evolution.

e The laser field is turned off for time ¢, so the atom evolves freely.
e Another pulse of area /2 is applied.

Plot the evolution on the Bloch sphere and show that the final population of the excited state
behaves as [1)4]? = cos? At/2.

This phenomenon, known as Ramsey fringes, is used to build atomic clocks. The atomic clock
employs a narrowband, stable and reproducible atomic transition as the ”pendulum”. While the
idea of using atomic transitions to measure time was first proposed as early as 1979 by Lord Kelvin,
the implementation of this idea is not straightforward. One problem is as follows. An arbitrary
atomic state 1, |a) + )y |b) will evolve, in time ¢, into 1, [a) e™! + )y |b). The quantity that needs to
be measured is the acquired phase e”®?. But how can we measure a quantum phase?

This is where the Ramsey procedure comes in handy. After the atom (or an atomic ensemble)
is subjected to it, the phase information is transformed into the populations of the two levels, and
these populations are easily measurable — for example, by observing the amount of fluorescence
from |a) to |b). These measurements are used to provide feedback to the laser to set A =0, i.e.
w =wg. In this way, one obtains a highly stable electromagnetic wave source.

Problem 6.12 The principle of Ramsey fringes is apparently paradoxical. As we found out, the
final population of the excited state is cos? At/2. But the process that leads to the dependence on
At is the free evolution of the atom, while the laser is off. How can the detuning of a laser that is
turned off have any effect on an experimentally measurable quantity?

6.2.3 Eigenstates of a two-level Hamiltonian
Problem 6.13 Show that the eigenvalues of Hamiltonian (6.16) are given by

A £ VA + 402

Uia=h .

(6.22)

Find the eigenstates (they are called the dressed states). Verify that for high detunings, the dressed
state energies are approximated by (22/A,-A - Q?/A). Show that the dressed state whose energy
is close to zero consists primarily of the ground state (Fig. 6.4), with the population of the excited
state given by |1, |* ~ Q% /A%

We see that if the laser is red detuned (A < 0), the energy of the ground dressed state decreases
with increasing . This means that the atom will experience a potential well of depth ~ Q2/|A|
inside the laser beam, which is known as the ac Stark shift or light shift. It is the principle behind
dipole traps and optical tweezers.
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Mostly |a) U
N
N, 7
SIS Mostly [p)
Mostly |b) - N A (in units of Q)
Mostly |a)

Figure 6.4: Eigenvalues of the RWA Hamiltonian.

Compared to other traps for neutral atoms, the dipole trap has the advantage that it generates
minimal disturbance to the atoms’ quantum state. There are no resonant optical fields, nor any dc
magnetic fields. On the other hand, the dipole trap requires a relatively high laser power and does
not cool the atoms. Furthermore, because the trapped state contains a fraction of excited state, the
atom has a chance to scatter a photon and gain kinetic energy. This occurs at a rate of

Fsc = F|wa|2 ~ FQQ/AQ; (623)
where T is the spontaneous decay rate.

Problem 6.14 A dipole trap for rubidium atoms (resonance wavelength Ao = 780 nm) is formed
by a laser of wavelength A = 1064 nm of power P =50 W focused to a spot of r = 100 pm radius.

a) Estimate the depth of the dipole trap (in Hz).
b) Estimate the photon scattering rate given that I' = 3.6 x 107 s7*.
Hint: Use the Bohr radius to estimate the dipole moment.

The properties of the eigenstates of the RWA Hamiltonian also give rise to a technique called
adiabatic rapid passage. Suppose the atom is initially in the ground state. The laser is turned on far
below the resonance and then slowly tuned to far above the resonance. The atom will adiabatically
follow, remaining in the lower energy eigenstate (Fig. 6.4), which will change its nature from almost
|b) to almost |a). When the laser is turned off, the atom will likely be in the excited state.

Of course, an atom can also be transferred from |b) to |a) by a 7 pulse. However, this would
require precise setting of the pulse duration and intensity, which can be challenging. Furthermore,
the intensity of a realistic laser beam depends on the transverse position, which may become an
issue if an ensemble of atoms is to be excited. Adiabatic rapid passage does not suffer from any of
these shortcomings.

Problem 6.15 Estimate the limitations on the transition times imposed by the spontaneous emis-
sion and the requirement of adiabaticity.

6.2.4 Master equations

Problem 6.16 Show that the evolution of the atomic density matrix p = ( ’Z‘m ';ab ) in the
ba  Pbb

interaction picture, in the absence of spontaneous decay, assuming the Rabi frequency to be real, is
given by
~ iQ(pba - pab) Z‘A,Dab + lQ(Pbb - paa)
0¢P)int = . . . . 6.24
S ( ~iAppa + i Paa — Pob) i pab = Pva) (6.24)
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Hint: use Eq. (A.4).

Problem 6.17 In order to derive the effect of the spontaneous emission on the density matrix,
suppose the atom in a pure state 1, |a) + 1 |b) interacts with the “reservoir” — a set of electromag-
netic modes initially in the vacuum state. The interaction for a short time 6t results in the following
state evolution:

(Qpa |a‘> + ¢b |b>)atom ® |O>res - wa( V 1 - 5p |a’>atom ® |O>res + Vv 6p|b)atom ® |1)res) + Z/}b |b>atom ® |0>res )

(6.25)
where |n),_.. denotes the state of the reservoir containing n photons (distributed over multiple modes)
and p is a small number which gives the probability that the excited state will emit the photon during
ot.

a) Take a partial trace over the reservoir and write the density matrix p(d¢) of the atom after
the interaction with the reservoir.

b) Show that if the atom’s initial density matrix is given by p(0) = ( Z‘m ﬁab ) then
ba  Pbb

N _ (L-0p)paa  (1-6p/2)pa
p((st) - ( (1 _ 5p/2)pba 5ppaa + pbbb ) (626)

c¢) Show that, if the probability for the excited state to emit the photon is given by dp = I'§¢, then
the time derivative of the density matrix due to spontaneous emission is given by?

PN _Fpaa _F/Qpab
0 spont = 6.27
( tP) pont ( _F/2Pba Fpaa ) ( )

Problem 6.18 Find the steady state density matrix of the two-level atom, which satisfies the
equation
0tp = (0¢p)int + (0¢P)spons = 0. (6.28)

Hint: the easiest way to solve this system of four linear equations is by expressing everything
thI‘OUgh Pbb ~ Paa-

Answer:
02 QL [2-QA
.| T2/4+4A24202  T2/4+A2+202 (6.29)
P=l  —iQr/2-QA  T?/4+A2+02 :

I2/4+A242Q02 T?/4+A%2+202
Problem 6.19 Show that in the limit of weak excitation (2 «< I'), to the first order in 2, Eq. (6.29)
takes the form
0 i)
T/2-iA
—iQ) 1
L/2+iA

(6.30)

>
Il

Problem 6.20 This result can be obtained in an easy way using the semi-rigorous stochastic
wavefunction approach, which is typically applicable when most of the atomic population is in a
single energy eigenstate. The idea is to approximate, to the second order in €2, the state of the atom

) with ¢, = 1. We then look for the steady state

as a pure state: p = [¢)(¢|, where [¢) = ( 1/;‘;

solution of the equation

ol =75 ). (6

where the second term is responsible for the spontaneous decay.

3This result can be obtained more rigorously using the Lindblad formalism. For details, see Preskill lecture notes,
http://theory.caltech.edu/~preskill/ph219/, Sec. 3.5.
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a) Find the steady state solution of Eq. (6.31) taking into account only terms up to the first order
in Q.
b) Verify that your solution is consistent with density matrix (6.30) up to the first order in Q.
Problem 6.21 Consider an atomic gas of number density N excited by electromagnetic wave
(6.9). Calculate the expectation value of the dipole moment of an individual atom (assume d real).

Calculate the polarization of the gas as a function of time. Show that the first-order susceptibility
is given by

Nd? pay QT Nd? i

X@) =370 heo T/2 —iA”

Hint: do not forget that the dipole moment operator (6.12) is written in the Schrédinger picture.
Since we are working in the interaction picture, we must account for its evolution.

(6.32)

Problem 6.22 Compare Eq. (6.32) with classical susceptibility (1.29) obtained from the classical
theory of dispersion for the hydrogen atom. To estimate d, use |(Z)| = ag, where ag = 4wegh?/(e*m)
is the Bohr radius, and use the Rydberg energy Ry = A%/ (2ma%) to estimate the frequency.

Problem 6.23 a) Show that in the limit of low number density (x <« 1), the absorption index

is given by
Nd* w r/2
= — . 6.33
T Theo D24+ A% 1202 (6:33)
b) Show that Eq. (6.33) can be written in the form
a(I=0)
I)=——+~ .34
o) = ST (6.34)

where Ig,; is the saturation intensity such that the corresponding Rabi frequency satisfies
Qear = T/2V/2.

c¢) Use the Weisskopf-Wigner formula (derived below)

d?w?
=— 6.35
3meghcd ( )
to show that on resonance, in the weak excitation limit,
32
a=N——o, (6.36)
2w

where A is the optical wavelength.

Note 6.5 Result (6.36) implies that the absorption cross-section of an atom on resonance is given
by o = 3\?/27. This expression is remarkable because it exhibits no dependence on the atomic dipole
moment.

6.2.5 Einstein coefficients

Consider an ensemble of two-level atoms in a reservoir containing background radiation of energy
density o(w) [energy per unit volume per unit frequency, measured in J/(m3s7!)].The densities of
atoms in the excited and ground state are N, and N, respectively. There is no quantum coherence
between the energy eigenstates. The atoms will undergo the following processes.

e Spontaneous emission, which is characterized by the following rate equation:
(Na)spont = _ANa7 (637)

where A =T is the spontaneous emission rate.
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e Absorption: )
(Na)abs = Boa Npo(wo), (6.38)
where By, is a proportionality coefficient, proportional to the integral of the absorption over
the atomic line (we neglect the variation of p(w) over this line).

o Stimulated emission (amplification), a phenomenon we have not yet studied, which is inverse
to absorption: affected by an electromagnetic wave, an atom in the excited state may undergo
transition to the ground state, emitting a photon coherent with this wave. This effect can
be obtained by performing analysis similar to the previous section, but in the presence of
incoherent “pumping” from [b) to |a), leading to a negative absorption index (6.33). The rate
of the stimulated emission is given by

(Na)stim = _BabNaQ(wO)a (639)
where By, is another proportionality coefficient.

Quantities A, By, and By, are determined exclusively by the atomic properties and are called the
Einstein coefficients. In the following, we establish two universal relations among these coefficients.

Problem 6.24 Let the radiation background be due to blackbody thermal radiation. It is then
described by the Planck formula:

o(w) = %W (6.40)
T being the temperature. Suppose the atom is of the same temperature, i.e.
Ngo/N, = ¢ hwolksT (6.41)
Then the atom is in thermal equilibrium with this radiation, i.e.
N = (Na)spont + (Na)abs + (NVa)stim = 0. (6.42)
a) Assume the temperature to be very high. Show that, in order for Eq. (6.42) to satisfy, we
must have
Byo = Bap (6.43)
b) Substitute the above result into Eq. (6.42) for a finite temperature to show that
3
Biab = :;"c 0. (6.44)

Note 6.6 Equation (6.44) is remarkable in that it is obtained using an argument from a seemingly
unrelated field of physics (thermodynamics). Interestingly, stimulated emission was not known when
Einstein derived his result. Einstein introduced stimulated emission (6.39) in order to satisfy the
thermal equilibrium condition.

Problem 6.25 Consider weak thermal radiation of density p inside a gas of atoms of number
density Nat.

a) Show that the photon number density [photons/m®] in frequency interval dw is given by
dNphot = odw/(hw).
b) Show that the loss of photons [photons/(m?s)] due to absorption is given by

. 1 +oo 6.33) 1 ToNd?
(W)ass = 3¢ f ) Nypora(w)dw 2 )g foh2 (6.45)

Hint: the factor of 1/3 comes because the thermal radiation is omnidirectional and randomly
polarized, whereas the atomic dipole vector d associated with a particular transition has a
definite direction.

c) Use Eq. (6.38) to find the Einstein B coefficient.
d) Use Eq. (6.44) to derive the Weiskopf-Wigner formula (6.35).
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6.3 Three-level atom

lc>

Figure 6.5: A A-type atom.

Consider an atom with a A-shaped energy level structure, as shown in Fig. 6.5. There are two
ground levels |b), |¢) and one excited level |a). Spontaneous emission rates from |a) into |b) and
le} are T, and T, respectively. There are two electromagnetic fields: the control field with Rabi
frequency 2. coupling |c) with |a) with optical frequency w. and detuning A. and the signal field
with Rabi frequency € coupling |b) with |a) with optical frequency w, and detuning A,. There is
ground state decoherence manifesting itself as decay of the matrix element pp. with rate v << I'y, I'..

Problem 6.26 Taking |b) as the zero energy state and assuming that the unperturbed Hamiltonian
is given by Hy = hwy, |a){a|+h(wp—w.) |c){c|, show that the perturbation Hamiltonian in the interaction
picture, rotating-wave approximation is given by

X Ay - Qe
vl - o 0 (6.46)
QP 0 —Ap+A.

Problem 6.27 Show that if the two-photon detuning Ay — A, is zero, the dark state

W)dark) = Qc |b) - Qb |C> (647)
is an eigenstate of the interaction Hamiltonian.

The dark state is interesting because it has no excited state component. If the ground state
decoherence is negligible, an atom prepared in this state can remain in it permanently and exhibit
no absorption. This serves as a basis for a variety of interesting phenomena.

e Coherent population trapping (CPT). When the two fields are tuned to a two-photon resonance,
the absorption greatly reduces due to emergence of the dark state.

e Electromagnetically-induced transparency (see below).

e Stimulated Raman adiabatic passage (STIRAP) is a method to adiabatically transfer pop-
ulation between the ground levels. Suppose the atom is prepared in |b) and the following
manipulations are performed.

— The field coupling |a) and |¢) is applied. The atom is in the dark state |b).

— The second field coupling |a) and |b) is slowly turned on. The atom remains in the dark
state, which adiabatically changes to superposition (6.47).

— The field between |a) and |c) is slowly turned off. The new dark state is |c).

In this way, the atom is transferred from |b) to |¢). Note that the optical pulse sequence is
counterintuitive: the field that is initially turned on does not interact with the atom.
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Problem 6.28 Electromagnetically-induced transparency (EIT) is an effect related to CPT, but in
EIT the signal field is very weak: its Rabi frequency is much smaller than all other Rabi frequencies
and spontaneous decay rates. In this case, most of the atomic population is optically pumped into
|b), so the stochastic wavefunction approximation can be used.

a) Write the Schrodinger equation for the amplitudes ¢, and .. Hint: Because, in the stochastic
wavefunction approximation, pe, = ¥ = 1., we can treat the ground state decoherence as

follows: (Y¢)dec = —YWe.
b) Find the steady state amplitudes.
¢) Show that the atomic medium’s susceptibility with respect to the signal field is given by

N2 Ay - A, +ivy
heo [Qef2 = (A, = A +iy) (Ay + i1l

(6.48)

Hint: use the first equality of Eq. (6.32).

d) Show that for Q. < I',A. =0,v =0, the absorprion spectrum of an EIT system exhibits a dip
of FWHM given by
FWHM = 4|Q.|?/(T + ;) (6.49)

Note 6.7 The EIT window is a consequence of the dark state emerging at the two-photon reso-
nance.

Problem 6.29 Show that the group velocity in the center of the EIT window, in the approximation
Q. < T,A.=0,7=0 is given by
1 1 N dgw

A1, Ndw 6.50
Vgr € 2cheg|Q[? ( )

Calculate the group velocity in rubidium (A = 795 nm) if . = 10 kHz and N = 10'? cm™.

Problem 6.30 Show analytically that the steady state solution of Hamiltonian (6.46) in the limit
|Ac| > T leads to an additional (Raman) absorption line [Fig. 6.6(e)] centered at the ac Stark shifted
two-photon resonance, Ay = A, + [Q]?/A. (positive and negative sign corresponding to positive and
negative A, respectively) and of FWHM

2
A2

FRaman =r (651)

The stochastic wavefunction approximation can be used.

Problem 6.31 Show that the evolution of a three-level atom under Hamiltonian (6.46) in the limit
|Ac| > T is similar to evolution of a two-level system consisting of just the ground levels with Rabi
frequency

QrQ

Ac

and the decay rate from |c¢) given by Eq. (6.51). The stochastic wavefunction approximation can be
used.

Hint: one of the evolution equations is of the form

QRaman = (652)

Ya = 1A + 1y + 1Qe —i(T/2)1, (6.53)

You can assume that 1, consists of a constant term (1,)s and a quickly varying term (1,)q. We
then have

Z-Ab(lpa)s + in"/)b + chwc - Z.(1_‘/2)(wa)s =0. (654)

The quickly varying term averages to zero, so we can simply neglect it and assume that ¥, = (¢4)s,

which can be readily found by solving Eq. (6.54). This procedure is called adiabatic elimination and
is commonly used in atomic physics.
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Problem 6.32 Suppose the Rabi frequencies vary in time, but slowly. Substitute the solution of
Eq. (6.54) into Eq. (6.53) and determine the conditions on 7', the characteristic time scale of the
variations of the Rabi frequencies.

6.4 Heisenberg picture of atomic transitions

Problem 6.33 Define atomic transition operators
o, (t=0) = [0)(j (6.55)

where i and j denote energy levels a or b. Write the differential equation (4.55) for the evolution of
these operators in the Heisenberg picture in terms of these operators under Hamiltonian (6.13)

H = hwo6i1.00(0) = Ed617,05(0) = Ed* 61144 (0). (6.56)

Verify consistency with Eq. (6.24) (use the fact that, e.g., pap = Tr[p6 1 pa])-

Hint: It is easy to see that, for example, [6#,4a(0),5m,a6(0)] = 61,a6(0). However, the transition
operators evolve in time, so, generally speaking, ¢,;; = |¢)(j| only at ¢t = 0, and one may argue that
the simple commutation relations between the ¢’s are no longer valid for ¢ # 0. Fortunately, this is
not the case. For example,

[&H,aa(t)v 6H,ab(t)] (657)
_ 6iHiE/hé_I_Laa(O)e—iHtt/heiHiE/h(_}_I_L(Lb(O)e—th/h _ Gth/ha'H,ab(O)B_th/hBth/ha'H7aa(O)G_th/h
_ eth/ha'H,aa(O)a'H,ab(O)eiiﬁt/h _ eilflt/ha,Hﬂb(O)é,Hﬂa(O)G—th/h
_ eth/h[&H,aa(O)y 5_H7ab(0):|6—th/h
_ eigt/h(}Hvab(O)eiiﬁt/h _ &H,ab(t)
Furthermore, because em(o)t/hlil(O)e_m(o)t/h = H(0), we can write the Hamiltonian (6.56) as
H(t) = H(0) = ~hwobm.aa(t) — Edom ap(t) — Ed 6 51 pa(t). (6.58)
Thus the evolution equations do not change with time.

Problem 6.34 Let us introduce the “slowly-varying operator picture”, in which, in contrast to
the interaction picture, operators vary slowly:

ASV(t) — ei(ﬁo-FH[)te—iHotAOeiHOte—izf‘Io+ﬁj)t7 (6.59)
where Hy = ﬁO(O) and Hy = ETI(O) are the unperturbed and perturbation Hamiltonians, respectively.

a) Write the explicit expression for the state [t)sy (t)) in the slowly-varying operator picture.

b) Show that, with the unperturbed and perturbation Hamiltonians of a two-level atom, we have

&SV,aa = 6'H,aa7
Gsvar = Omape ™, (6.60)
Gsvia = Ompae™,
Osviey = OHbb-
c¢) Show that, for any arbitrary operator,
. F
Ot Agy = g[U, Al, (6.61)

where o N
0 — ei(HO+HI)t.HIe_i(HU+HI)t. (6.62)
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d) Show that, for a two-level atom,
U= —hAé’SVﬂa(t) - Edé’svﬂb(t)EMt - Ed*é'suba(t)e_th, (6.63)

i.e. is identical to the perturbation Hamiltonian (6.15) in the interaction picture.

Hint: observe that the perturbation Hamiltonian (6.62) is simply Hj(t) that has evolved
under the Heisenberg picture. It can hence be expressed in terms of 64 ;;(t), which, in turn,
are expressed via the gy ’s using (6.60).

e) Write the differential equation (6.61) explicitly for the four gy ’s.

Note 6.8 The relatively simple form of Egs. (6.60) is due to a diagonal form of the unperturbed
Hamiltonian Hy. In this case, the difference between the Heisenberg picture and the slowly-varying
operator picture is simple phase factors.

Note 6.9 We will be using the slow-varying operator picture for the remainder of this section.
Note 6.10 Eliminating the quickly-varying terms in the perturbation Hamiltonian (6.63), we write
U= -hA6sv.aa(t) = E*d6 ., (t)e™t — E~d* 630 (t)e” ™. (6.64)

This is interpreted as follows: the positive-frequency term of the field, which consists of photon
annihilation operators, couples to 0.5, a transition that excites the atom, and vice versa.

Problem 6.35 Introduce the slowly-varying position-dependent atomic operator

L
%

ikz S Gmpalt), (6.65)

atom medV

31,@(2, t)=e

i.e. the atomic transition operator averaged over all atoms within a small volume §V with position
z. N is the number density of the atoms inside the cell. The factor e”***, with k = w/c being the
central wavevector of the optical field, has been included in Eq. (6.65) to ensure the slow variation
of atomic operators as a function of position. Show that, for example,

[Gaa(2 1), 0a(2'11)] = Niva(z = NYouw(at), (6.66)

where V is the volume of the cell and L its length.

Hint: because our treatment is one-dimensional, write 6V = Adz, where A is the area of the sample
and 0z is a short cell length interval. Calculate the commutator for finite §z and show that it
approaches the delta function for §z — 0.

Note 6.11 Other position-dependent atomic operators are defined similarly to Eq. (6.65).

Problem 6.36 We will now treat the light quantum-mechanically. Introduce the slowly-varying
position-dependent optical operator
260V -~ ezti ; N
&(Z, t) _ lE(+) (Z, t)e—zszrzwt _ Z &j (t)e—l(kfk])z+m}t7 (667)
hw 5
where j indexes the plane-wave modes and the quantization volume is taken equal to the cell volume.
Show that

[a(z,t),a (2 t)] = Lo(z - 2') (6.68)

Hint: Because our treatment is one-dimensional, k; = (2rr/L)j. For all relevant optical modes, one
can assume w; ~ w. Use the relation ¥72° €Y% = 216 ().
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Problem 6.37 Show that we can rewrite the propagation equation (1.20) for the slowly-varying
envelope as follows:

[cO. + O] a(z,t) = igNVéna(z,t), (6.69)
where
w
=d 6.70
9 2hegV (6.70)

is the coupling coefficient. Assume that the index of refraction is close to one.

Hint: Although (1.20) is written for the nonlinear polarization, it is also valid in the linear case
provided that the linear dispersion is not already accounted for in the left-hand side (i.e. w/k = ¢).
In the case of EIT, the index of refraction is very close to 1 but the dispersion is significant (see
Problem 1.18). The polarization in the right-hand side accounts for this dispersion.

Problem 6.38 Reproduce result (6.69) using the Heisenberg equations of motion for the optical
operators in the slowly-varying operator picture.

Problem 6.39 Show that the evolution for the atomic states, including the spontaneous decay
terms, can be written as

00aa = —igalaye +igadap —Toaa (6.71a)
8t5'ab = _iAé’ab - Z'Q&T(é’bb - éaa) - (F/Q)éab (6'71b)
até'ba = iAé’ba + igd(é’bb - éaa) - (F/Q)é‘ba (6.71C)
Doy = —igadap +igatGpe + T0aq (6.71d)

where all optical and atomic operators are understood as functions of space and time.

Note 6.12 A set of equations fully describing the evolution of the atom-light system is called
the Mazwell-Bloch equations. An example is Egs. (6.69) and (6.71). In Maxwell-Bloch equations,
the light can be treated either classically or quantum-mechanically; the atoms are always treated
quantum-mechanically.

Problem 6.40 Write the set of Maxwell-Bloch equations for an EIT system. Neglect both detun-
ings. Treat the control field classically and the signal quantum-mechanically. The control field is
externally controlled and depends on time only. For a weak signal field, the atoms remain in |b) and
thus we can write 31,1, =1 and neglect 6,4, Gcc and &, because they are of the second order in the
signal field. Show that the propagation equation for the signal field remains of form (6.69) and for
the atomic transitions we have

Op0pa = iga+iQeape — (0/2)0pa (6.72a)
atébc = chéba (672b)

Problem 6.41 Show that
Gue(z 1) = = (1) (6.73)

and thus the propagation equation takes the form

2N ~
PNV, iz.t)

[cD, + O] a(z,t) = - o O

(6.74)

Use Eq. (1.22) to verify that the group velocity that obtains from the above is consistent with
Eq. (6.50). R
Hint: adiabatically eliminate gp,,.
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Note 6.13 When €. is constant, Eq. (6.74) describes the motion of the signal field to be with con-
stant velocity vg,. However, when the control field is varied, the motion becomes more complicated
because (2 is a part of the derivative in the right-hand side of Eq. (6.74). Then we can describe the
motion of the pulse using so-called dark-state polaritons*:

B2 t) = —— Qo) — gNVEpe(2,1)]. (6.75)

V2 +g2NV
Problem 6.42 For the dark-state polariton:

a) Show that
[W(z,t), Utz )] = Lé(z - 2) (6.76)

if a(z,t) and Gpe(2,t) are treated as independent operators.

b) Show that the motion of the dark-sate polariton is described by

Q2
Cmaz + at \Il(z,t) =0. (677)

In other words, the polariton travels with velocity ver and can be arbitrarily decelerated, accelerated
or stopped by varying the control field intensity.

4M. Fleischhauer and M. D. Lukin, Phys. Rev. A 65, 022314 (2002).
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b)

Figure 6.6: Real (dashed) and imaginary (solid) components of the susceptibility of the atomic gas
with respect to the probe field under various EIT cunditions. The horizontal axis is in units of I'y +I's.
(a) Q. =0 (no EIT). (b) 2. =0.2T", A. = 0,7 = 0 (regular EIT line). (c) Q. =0.2I' A, =0,7=0.1 (EIT
contrast reduced in the presence of ground state decoherence) (d) 2, = 2I', A, = 0, = 0 (large control
field leads to significant ac Stark shift of the |a) —|c) transition and, so the probe field interacts with
the dressed states - the phenomenon known as Autler- Townes splitting). (e) Q. =0.2, A, =2T',v=0

(Raman absorption line). (f) Q. = 0.2, A, = 2I", = 0.1 (the Raman line is extremely sensitive to
decoherence).



Appendix A

Quantum mechanics of complex
systems

This tutorial is using the single-photon polarization qubit as the model system. The Hilbert space
of this system is spanned by the horizontal |H) and vertical |V') polarization states, which form the
primary (canonical) basis of the Hilbert space. Other useful polarization states are

e +45° polarization state: [+45°) = (|H) +|V))/V/2;
e —45° polarization state: |-45°) = (|[H) - |V))/\V/2;
e right circular polarization state: |R) = (|H) +i|V))/V/2;

e left circular polarization state: |L) = (|[H) —i|V))/\/2.

A.1 The density operator

Definition A.1 Suppose our knowledge of the state of a quantum system is incomplete. We know
that a system can be in state |¢)1) with a probability p;, in state |is) with a probability ps, etc.,
with ¥, p; = 1 and the [¢)’s being normalized, but not necessarily orthogonal; the number of |¢);)’s
does not have to be equal to the dimension of the Hilbert space. Such description of the system its
called its statistical ensemble.

Problem A.1 Suppose an ensemble is measured in basis {|am)} (1 < m < n). Show that the
probability of detecting |a,,) is given by

Py = {@ml plam) , (A.1)

where

p= Zpi |1/)z>(1/1z| . (A2)

Definition A.2 The operator p in the equation above is called the density operator of the ensemble.
The matrix of the density operator p;i = (a;|plax) in any orthonormal basis {|a;)} is called the
density matrix.

Note A.1 As follows from Eq. (A.1), the entire information about physical properties of an
ensemble (i.e. the probabilities of any possible measurement results) is contained in its density
matrix.

We can also see that the diagonal elements of the density matrix equal the probabilities of
detecting the system in the corresponding basis states. This result implies that the diagonal elements
of the density matrix cannot be negative and that their total is 1.

91
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Note A.2 Frequently, the term “density matrix” is used to call the density operator.

Problem A.2 Write the density matrices (in the canonical basis) of the following ensembles in
the photon polarization Hilbert stace:

a) [H);

b) z|H) +y|V);

¢) |[H) with a probability 1/2, |V') with a probability 1/2;

¢) |[+45°) with a probability 1/2, |-45°) with a probability 1/2;

d) (|H) +|V))/V/2 with a probability 1/2, |H) with a probability 1/4, |L) with a probability 1/4.

Problem A.3 Show that the density operator is Hermitian but not necessarily unitary.

Note A.3 In a continuous-variable basis, the density matrix Eq. (A.2) becomes a two-variable
function

pla,a’) = (@] pla') = 3 pini(2)y] (2), (A.3)
where ;(x) are the wavefunctions of the components of the statistical ensemble.

Problem A.4 Find the representation of the density operator of the state a|0)+b|1) of a harmonic
oscillator

a) in the Fock basis;
b) in the position basis.

Definition A.3 An ensemble p is called pure if there exists a state [thg) such that p = |1 ) {2l
Otherwise it is called mized.

Problem A.5 Show that for a given density operator, there always exists a decomposition in the
form (A.2), i.e. as a sum of pure state density operators. (Hint: If the states |¢;) in decomposition
(A.2) are orthogonal, they are eigenstates of the density operators and diagonalize it).

Problem A.6 Show that such a decomposition is not always unique by using the result of
Ex. A.2(d) as an example.

Note A.4 In other words, different non-pure ensembles can give rise to the same density operator.
All these ensembles exhibit identical physical behavior, so by performing measurements, we cannot
determine the history of how the ensemble was prepared.

Problem A.7 Show that for a pure state |i), there is no other pure state decomposition (A.2)
of its density operator p aside from the trivial p = |1 ){%ol-

Problem A.8 Which of the states of Ex. A.2 are pure?

Problem A.9 Show that a diagonal density matrix with more than one non-zero element neces-
sarily represents a non-pure ensemble.

Definition A.4 The ensemble with a density operator j = 1/n (where n is the dimension of the
Hilbert space) is called fully mized. With the system described by such an ensemble, no information
about the system is available.

Definition A.5 Show that the density matrix of a fully mixed state is basis independent. Interpret
this result.

Problem A.10 Show that the evolution of the density matrix in the Schrédinger picture is gov-
erned by

dp T~
— =——[H,p]. A4
0] (A4)
and thus o o
pt) = e w1 p(0)er 1t (A.5)

Note the opposite sign in comparison with Egs. (4.53) and (4.55).
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A.2 Trace

Definition A.6 The trace of an operator A is the sum of its matrix’s diagonal elements:

n

Z (am| Ala), (A.6)

where {|a,)} is a basis of the Hilbert space.
Note A.5 A trace is a number.

Problem A.11 Show that the trace of an operator is basis independent (even though the matrix
does depend on the basis!).

Problem A.12 Show that Tr(AB) = Tr(BA).
Note A.6 It follows that Tr(Al .. Ak) = Tr(AkAl ... Ak—l) (chain rule).
Problem A.13 Propose an example showing that, generally speaking, Tr(ABC) # Tr(BAC).

Problem A.14 Show that for a density operator p, Tr(p?) < 1 with equality if and only if p
describes a pure state.

Note A.7 The quantity Tr(p?) <1 is often used as a purity measure of state p.

Problem A.15 Suppose a non-destructive projection measurement in the basis {|a,)} is per-
formed on an ensemble p and yields the result |a,,). Show that:
a) the (unnormalized) ensemble after the measurement is given by

P = Ty plly, (A7)

where II,,, = |am Y{anm| is the projection operator;
b) the probability of this event is
pr,, = Trp'. (A.8)

Note A.8 Egs. (A.7) and (A.8) also apply to partial measurements on a tensor product system.
For example, if Alice and Bob share an ensemble p4p and Alice performs a measurement in the
basis {|am),} on her part of the ensemble, the resulting state is described by Eq. (A.7) with

I, = |am) 4 {am| 4 ® 1.
Problem A.16 Apply Eq. (A.7) to determine the probability of detecting a (+45°)-polarization
in each of the ensembles of Ex. A.2.

Problem A.17 Show that the expectation value of an observable X in an ensemble j is Tr(pX).

Problem A.18 Suppose an ensemble is subjected to a non-destructive projective measurement,
and the measurement result is not known. Show that such a procedure will set all the off-diagonal
elements from the ensemble’s density matrix in the measurement basis to zero, while leaving the
diagonal elements intact.

Definition A.7 A partial trace of a bipartite ensemble p4p over subsystem A is the density
operator in Hilbert space B is defined as

n
Tra(pas) = Y, (amlpaslam). (A.9)
m=1
It is also called the reduced density operator.
Problem A.19 Show that the partial trace is basis independent.

Problem A.20 Show that the reduced density operator describes the quantum state of Bob’s
subsystem if no information about Alice’s subsystem is available.
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Problem A.21 Show that if the original bipartite ensemble is in a pure, separable (non-entangled)
state, then both Alice’s and Bob’s reduced density operators are also pure states.

Problem A.22 For each of the four Bell states, find the reduced density operator for each qubit.

Problem A.23 Find the reduced density operator for Alice’s qubit of the state |¥4p5) = 2:|00) +
y|11) + z|01) + £ |10).

Problem A.24 Show that for an entangled state of two qubits U 45) = 2 |00) +y|11), the reduced

density matrix is
pa= (%), (A.10)
0 lyl

Note A.9 Remarkably, a reduced density operator of a pure state can be a mixed state.

A.3 Measurement, entanglement, and decoherence

How a measurement apparatus works. We would like to perform a measurement associated
with the {|0),|1)} basis on a system which is initially in a pure state [¢)), = 2|0), +y|[1),. We employ
an apparatus which is initially in the state |¢/) , = [0),. Note that the apparatus is a complex
entity, and its state is the simultaneous state of the many particles composing it. We bring the
apparatus into interaction with the system and it entangles itself with it, producing a joint state
|Wsa)=2/|0),®|0), +y|1), ®]|1),. The apparatus is then removed, after which the system is in the
state (A.10), which is consistent with Ex. A.18. If the apparatus is in the state |0}, the system is
also in the state |0), and the associated probability is |z|?. The probability of the state [1) is |y|*.

Definition A.8 A system may interact with the environment and entangle itself with it. Since
the state of the environment cannot be controlled or measured, the system’s density matrix (in the
entanglement basis) will lose its off-diagonal elements as a result of such interaction (see Ex. A.18
and A.24). This undesired loss of quantum information caused by such “inadvertent” measurements
is called irreversible (homogeneous) dephasing or decoherence.

Problem A.25 Consider an ensemble of electrons in an initial state |¢(t =0)) = (jms = +1/2) +
Ims = —1/2))/3/2. The electron is placed in a magnetic field B pointing in the z direction.

a) Find the density matrix in the mgs = +1/2 basis and its evolution.

b) Suppose the ensemble experiences decoherence so, in addition to the precession in the field, the
off-diagonal elements of the density matrix decay according to the factor e™7 with v <« ugB/h.
Find the expectation value of the x-component of the spin and plot it as a function of time.

Note A.10 Since most physical interactions have a highly local character, the position basis is
particularly likely to become the basis in which the entanglement with the environment will take
place. For example, a particle in a superposition state [1b) = (Jo1) + |22))/v/2 will entangle itself with
the state of the environment (|E)) in the following manner:

) ®|E) > % (|21) ® [Er1) +[22) ® |Eaz)) (A.11)

where |E,1) and |E2) are two “incompatible” (i.e. orthogonal) states of the environment “having
seen” the particle in positions x; and x4, respectively. Because the environment cannot be measured,
the state of the particle becomes a non-pure ensemble

fatte = 5 (fo1) o]+ o) (221 (A12

i.e. localized either at x1 or at xs, but showing no coherence of these two states. For this reason,
macroscopic coherent superpositions (i.e. the “Schrédinger cat” states) do not occur in nature.



Appendix B

Solutions to Chapter 1 problems

Solution to Exercise 1.1. if we substitute Eqgs. (1.5) and (1.6) into Maxwell equation (1.4) we
find . . .
@XBIG()/L()E—/L()P. (Bl)

On the other hand, taking the curl of both sides Eq. (1.3) we obtain
@x@xE‘:—@xé (B.2)

The left-hand side can be expanded according to the relation (1.10). We use Maxwell equation
V- D =0 to conclude that the first term in the right-hand side of Eq. (1.10) vanishes'. Accordingly,
we have B .
-(V-V)E=-VxB. (B.5)

Taking the time derivatives of both sides of Eq. (B.1) and equalizing its left-hand side with the
right-hand side of Eq. (B.5), we find

—€2E = _EO/J/OE - ,U()]B. (BG)
Now substituting ¢ = 1/,/€opzg for the speed of light in vacuum leads us to Eq. (1.9).

Solution to Exercise 1.2. Let E(7t) = Egexp(ik-7 —iwt) + c.c be the solution to the wave

equation. Then B B
V2E = —k*[Eg exp(ik - 7 — iwt) + c.c] (B.7)

and . B R
E = —w?[Egexp(ik - 7 —iwt) + c.c] (B.8)

In the absence of non-linearity, ]3]\7 =0

P- l;f’L = —eoxw?[Eg exp(ik - 7 — iwt) + c.c]. (B.9)

Substituting these results into in the electromagnetic wave equation (1.9), we have

2 w?
-k :—C—2(l+x). (B.10)

L This observation is trivial in a linear medium because then D = e (1+x)E. Nonlinear correction to the polarization
is typically small and can be neglected. A meticulous reader can however obtain VE rigorously in the nonlinear case
as follows. We use Eq. (1.6) to write

R e 1. =
V-E=—(V-D-V-P)=-—V.P. (B.3)
€0 €0
Expressing the linear component of Py = eoxE and the nonlinear component as Py = eox(Q)EQ + eox(3)E‘3 +..., we
obtain from Eq. (B.3),
. ) | 3) .
VoEQ+X 42X —pasX g2y oo (B.4)
€ €0 €0
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We see that the given solution (1.11) is in agreement with the electromagnetic wave equation as long
as the wavevector k satisfies equation (B.10).

Solution to Exercise 1.3.

a) Assuming a plane wave solution (1.11) we get:

Pu(t)= 5% [~ R(DE(t-r)dr

€0 °°~ T . T & S A
— 27 f X(T)(Eoezk.r wt+iwT +E5€ k™ P iwt zw‘r)d,r
T J—o0

€0

=g (B [ ar s Byt [T imetar)
=€ (Eoeﬁc'?_i“tx(w) + Ege—ifc*.miwtx(_w))
= eox(w)Eoe“;'F‘i“t ¥ gox(_w)Ege—ifc*.Fﬂwt
= eox(w)Eoe“;"ﬁ"""t +eox” (M)Ege—ifc*.ﬂm
In the last line above we used the fact that
X() = 5 [ RO =X @) (B.11)
since x(7) is an observable and must be real.

Substituting the above expression for the polarization into the wave equation (1.9), which we

rewrite as 1 1
ViE- <E- P
c? €oC?
gives
wo= 10z 1 =
VPE-SE-—P
600
2
g = T2 > = AL s w
- _ kZEOezk.r iwt + _k*QES-e ik .r+zwt E + P
c2 €oC?
- _ k2EO€zk.r—zwt + _k*2Eae—zk:*4r+zwt

+W72((1+ S ik F—iwt * Sw_—ik* . Fiwt
x(w))Ege +(1+x"(w))Ege

( 2(1+X(w))) ezkr iwt

2

2

( 1+X (w)))E* —ik* Friwt
which vanishes for

2

79 w

=Y x(@)
in agreement with Eq. (1.12).

b) Consider the special case where x(7) = 2mxd(7) with x = const.
From Eq. (1.14) we get for x(w):

1 < . TwWT
\@) =5 [ e ar
T J—00
:i[ QWX(S(T)GiWTdT
T J—00

:Xfooé(T)eiwdT

=X
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and from Eq. (1.13) we get for Pr(t):

PL(t) = 21; /: WNVE(t -7)dr
- 26—; /_: 27TX5(T)E(t—T)dT

= €egX /:: S(T)E(t-7)dr
= EQXE(t)

which is what we assumed in Eq. (1.8).

Solution to Exercise 1.4. If the susceptibility is a complex number x(w) = x'(w) +ix"(w), so are
the index of refraction and the wavevector, so we can write n =n’ +in” and k = k' + ik”. Inserting
k into the expression for the field yields

E(Z, t) = (Eoeik’z—iwt 4 Ege_iklz+iwt)e_krrz'

The intensity is proportional to the square of the amplitude of the field. The complex exponents in
the above expression do not affect the amplitude, but the imaginary part of the wavevector translates
into a real exponent, so we have

I o |E()|2€_2k”2.
Thus, the intensity is given by

I= Ioe_az

where a = 2k" = 22Im./T + x. For small susceptibilities, we approximate \/T+ x ~ 1 + x/2, thereby
obtaining Eq. (1.17).

Solution to Exercise 1.5. To fulfill the condition of slowly varying envelopes, the change of £ or
‘P after one period T or one wavelength A should be much smaller than the actual value. We begin
with showing that the upper (spatial) part of Eq. (1.19) holds for slowly varying £ with constant
time ¢.
AE(Az=)) «E(2=0)
E(z=X)-E(2=0) < E(2=0)

As X is small, we will use Taylor expansion around z = 0 up to the first derivative.
E(z=0)+8.E(2=0)(\)-E(2=0) < E(2=0)
0.£(z=0)A < E(2=0)
0.6(2 - 0) < ié(z ~0)

Since the right side is much smaller than the left, this also holds if we multiply with 27 on the right
side, which gives us the wave vector k:

0.6(z=0) < k-E(2=0)

The argument for the lower (temporal) part of Eq. (1.19) is similar to the above, and so is the
proof of that equation for P.

Solution to Exercise 1.6. In order to substitute Eqgs. (1.18) into the wave equation, we need to
calculate the second derivative of the electric field and polarization. For the spatial dependence we
have

VE = ikEeth*miwt L GEetk=—iwt | ¢ ¢,
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and hence R R R o

V2E = (=K% + 2ikVE + V2Ee™™ ) 1 c.c. (B.12)
Similarly, for the time dependence we obtain

E = (-w?E - 2w + é)eikz_m +e.c (B.13)

P = (~*P- 2iwP + 7'3')61"‘32”-"”5 +e.c. (B.14)

In these expressions, each subsequent term in the parentheses is much smaller than the previous one
due to the slow varying envelope approximation (1.19).

Let us now specialize to part (a) of the problem. For the reason that will become clear in a
moment, we keep two first terms in Egs. (B.12) and (B.13). Inserting them into Eq. (1.9), we find

UJZA

KE 4 2k VE - L (w?E - 2iwf) =P
c? c%eg

Since k = ¢, the first and third terms in the left-hand side of the above equation cancel (this is why
we had to keep two terms). After multiplying both sides by ﬁ, we get:

(az + 1at)é(t,z) =i P(t, 2). (B.15)
c 2€pcC

For (b) we have to take a closer look at the two parts of the polarization,
75:73L+73NL (B.lﬁ)
with? B B
Pr = xeo€ (B.17)

We rewrite Eq. (B.14) accordingly, keeping the first two terms in the linear part of the polarization,
but only the first term in its nonlinear part:

P- (€0X§ - ineoxé —eoxw?E)eF It _ 2Py ethEiwl 4 e, (B.18)

Now we insert this again into the wave equation:
25 o8 L 28 _ o & 1 28 _ o G 25
—k*E +2ikVE — — (-wE - 2iwE) = —— (—€oxw E - 2iwegXE —~w PnL) (B.19)
C Ce€p

If we use the wave vector k = £./1 + X, the first and third terms of the left side cancel with the first
term of the right side. Using again the expression for the wave vector, we simplify the above as

follows: )

N o T
2ikVE +2i—& = -——Pni, (B.20)
w C7€Q

which is the same as Eq. (1.21).
Solution to Exercise 1.7. Substituting the electric field from Eq. (1.18a) into Eq. (1.13) we

express the linear part of the polarization as follows.
D _ %o o e ikz—iwt+iwT
Pr(t) = 27f><(7)g(z,t-7)e dr (B.21)
s
Taylor expanding &£(t - 7) up to the first derivative, we obtain:

E(t—7)=E®t) - TE(1) (B.22)

2This holds only if we have no dispersion.
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Accordingly,

ﬁL(t) X(T)e“’”é'(t)emz Wt qr

fo
2m

270 WTé(t)eikz_i“’t dr +c.c. (B.23)

/
o

Taking the derivative of both sides of the Fourier transformation (1.15), we obtain

d 1 .
LG . [ riyerar (B.24)
dw 2m
Equation (B.23) can now be rewritten as,
Po = o [x(w)e + 12D B ik (B.25)
dw  dw
Pr

Let us now find the second time derivative of this polarization so we can plug it into the wave
equation. For the first derivative, we have

Py = eox(w) (—iwé + f)eikz_m + ieo%(—iwé + é)eikz‘i‘”t
w

We can safely ignore the last term in the above expression according to the slow-varying envelope
assumption (1.19). Differentiating again and applying the same approximation, we get

= i S X d S
P, = —eox(w) (20w + w?E)eF =t _ e, %56””_“‘” (B.26)
w

For the nonlinear part of the polarization, we keep only the most significant term:
Pyp = -w’Pype " (B.27)

Substituting P = Py, + Py, along with Egs. (B.12) and (B.13) into the electromagnetic wave
equation and some rearranging yields the desired result

0.+ Lole-i 5 (B.28)
= Vg e 2epkc? NE ’
with
1 dk k w? dx

= = B.29
Vgr  dw  w 2kc2 dw ( )
Solution to Exercise 1.7. See Eq. (B.11) above.

Solution to Exercise 1.10.

a) Because there are no poles inside the contour, the integral vanishes in accordance with the
residue theorem.

b) We can parametrize the half circle integral by assuming w' = Re', with R — oo, ¢ € [0,7].
Accordingly, dw’ = iRe'?d¢. Since w is just a constant in the denominator we neglect it for
large R, which leaves the following integral:

T / . T
lim fo %iRew d¢! =i lim fo X(W') d¢’ (B.30)

R—oo
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In order to prove that the above integral vanishes it suffices to show that y(w’) — 0 for |w'| - oo.
To do that we use relationship (1.15) between y(w’) and its Fourier transform x(7).

1 7 o, o,
W) = 5= [ e - “T s, (B.31)

Now we have to take some physics into account. Because the time-dependent susceptibility has
the physical meaning of the medium’s dipole moment response to an instantaneous excitation
(see Sec. 1.1), it is bounded in time: the response eventually ends some time after the excitation
has occurred. Furthermore, we do not expect any instant “jumps” in the time-dependent dipole
moment, and hence x(7) is also bounded. Accordingly, the integral above is also bounded by
a quantity that is independent of w’. The factor of w'~! in the right-hand side of Eq. (B.31)
therefore ensures that y(w’) tends to zero when |w’| tends to infinity.

c) We have to evaluate the integral over an infinitesimal semi-circle BC'in the clock-wise direction.
The integration involves a simple pole on the path of integration. Then the integral in the
counter-clockwise direction along an arc centered at w of angle m equals

x(w )

Sl dw = —imy(w).
BC

d) Summarizing parts (a)—(c) we have

X() f X’ dw =mix(w)

w’—o.)

The left-hand side of the above equation is the principal value of the integral over the real

axis. Accordingly,
1 +o00 !/
x(w) = —VP f X,(w )dw’
im —eo W' —w

Solution to Exercise 1.11. We can Eq. (1.26) into the real and imaginary parts x(w) = x'(w) +
ix"(w) as follows:

X'(w) = % w;g’(_wgd, (B.32)
X' (w) = _1 de'. (B.33)

T J-oo W —w

We can split the integral for the real part into the positive and negative frequency parts.

1 oo (I 1 0 (T
X' (w) == de' +— de'. (B.34)

TrJo w-w T oo W —w

Our goal is to eliminate the negative frequencies. To that end, we use Eq. (1.24), which we rewrite
as x'(~w) = ¥'(w) and x"(-w) = —x"(w). Changing variables from w’ to -w’:

1 II o' // o
X,(W) _ = [ )d 1 f (, w ) d(—w')
mJo w-w (W) -w

"e,or 0o _ (1
= l f &dw' + = f &dw'
mJo Ww-w mJo -w-w
Lore . ( 1 1 ) /
=— - d
77/(; X)) w-w -w-w v
1 e 2w’
- ;fo X"(w')(lz_ 2)dw’

:z/ / /’(w/)d ,
mJo  w?-w?
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Similarly, for the imaginary part:

Y (w) = 1 foo de’_ 1 LO (x’(—w’) d(~w)

w—w T W) —w

m Jo

1 0o ’ / 1 oo ! 4

:_7—/‘ X(W)dwl"r* X(w)dwl
mJo w-w TJo W +Hw

1 o ,( 1 1 ) ,
=—— - d

71'/0 X' (@) w-w w+w v

Lore 2w /
:_;[0 X(w)(w’g—oﬂ)dw

2 /

X'(W) o,

w oo
:_7[ ﬁdw'
T Jo wét-w

Solution to Exercise 1.12. We start with Newton’s law and sum up all forces acting on the
electron:

mi = el — kx —mlE (B.35)
e The first term on the right-hand side is the Coulomb force,

e The second term is due to Hooke’s law; the spring constant x can be estimated according to

_ R
wo = m

e The last term corresponds to the velocity dependent damping.

Let’s now insert the usual oscillatory expression for = and the electric field F.

E = Ege™ ! 1 ¢, (B.36)

x = zge™ T 4 ce (B.37)

The exponential factor being common, it can be canceled from both sides and we obtain an equation
for xg
—mw?zg = eEy — mwaxg +iwmlag (B.38)

Solving this for z( leads to

_ eEo 1

2

_ B.39
m wi - w? —wl ( )

Lo
To calculate y(w) we need to compute the polarization P, which is the dipole moment per unit
volume and can thus be written as P = Nex. On the other hand, we know that P = egx(w)E, i.e.:
Ne (J:Oeikz_i‘“t + c.c.) =eox(w) (Eoeikz_m + c.c.) ,
from which we find

Nexy €N 1
0By eomwl -w? —iwl’

For w ~ wy and w — wg = A, we can simplify the above expression using

Wi —w? = (W +w) (wo —w) = 2wopA,

SO
2N 1
€0MMWo 2A + il

which gives us the frequency dependent susceptibility in the classical theory of dispersion.

Solution to Exercise 1.13.
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a) Because of the short electric field pulse, there is a change in momentum of the electron which
is equal to the impulse Ap caused by the pulse.

Ap:[eEdt:efAé(t)dt:Ae

Now initially, before the impulse, the electron was at rest. Hence, Ap = mvg where vg is the
velocity of the electron immediately after the delta-function pulse. Therefore,

vg = Ae/m

b) We write the equation of motion of the electron,
mi + mld + mwiz = 0 (B.40)

(since the electric field i.e. the driving force is zero right after the delta-function pulse), with
wp being the resonant frequency. This is just the differential equation for a damped simple
harmonic oscillator.

If we look for a solution of the form z = e*, Eq. (B.40) reduces to
M+wd+TA=0,

which we solve as

v TVl

2
For wy >> I, we approximate y/I'? — 4w2 ~ 2iw, and hence
A=-T/2 + iwg.

Thus the solution is
I’(t) — Ce(in*F/Q)t + Be(*iWQ*F/Q)t.
Using the initial conditions, 2(0) = 0 and &(0) = vy we get,

C=-B=-2

2in '
Therefore the motion of the electrons after the pulse is described by

_ Yo (iwo-T/2)t _ _(—iwo-T/2)t
t) = o -
x(t) i (e e )

Ae . _It
= sin(wot)e™ 2 .
mwo
¢) The time-dependent polarization is given by

P(t) = Nex(t) =

NAe? | _rIt
sin(wpt)e™ 2 .

mwo

Comparing this expression with Eq. (1.14), we find

2 2
(1) = 2rNe sin(wot)(a*% _ 2rNe (e(iwofF/Q)t _ e(*iwo*F/2)t).
mwo€g 2imwoeo
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In order to find the frequency-dependent susceptibility, we perform the Fourier transform:
1 < wt
@)= o= [ R tar

1 e ;

=— f x(t)e™ dt
27 Jo

_ Ne? /'°° (e—iwotJriwt—gt _ eiwotﬂ'wt—gt) dt
Qieomwo 0

Ne? 1 1
= % . . T - . . T
iegmuwo \ iwp — iw + 5 iwo — W + 5

_ N€2 4&]0
~ eomuwy \ (—2wg + 2w + i) (2wo + 2w +iT) |

In calculating the integral, we used the fact that fo_oo e”*® =1/« even is « is complex as long
as Rea > 0.

Let A =w —wy and assume A << wy. Then the above result simplifies as follows:

( ) N62 4w0

w) =~

X omwo \ (24 + D) (4wo + iT)
Ne? 1

? eomwg (2A +4I7)

Solution to Exercise 1.14.
a) From Eq. (1.17), we have
w
a(w) = £X()

where X"’ is the imaginary part of the susceptiblity of the material. From Eq. (1.29), we can
calculate the imaginary part of susceptiblity to be

") e?N r
W)y —————————.
X megwg 4A2% +1'2

On resonance we have A = w —wpy = 0. Accordingly,

(B.41)

Substituting all the values into the above equation we get

a=281%10°m™".
b) The width (FWHM) of the Doppler broadened line equals

8kT'In2 27

FDO ler =
Pp m Y

(see, e.g., Wikipedia for the derivation of this). At room temperature,
Thoppler = 3.15 * 107 571,

We should not thoughtlessly substitute this result into Eq. (B.41), because that equation has
been derived for oscillators that are not moving, and the situation we are dealing with now is
different. Let us however consider the following handwaving argument. A wave of a particular
frequency within the Doppler broadened line interacts only with those atoms whose velocity
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is such that they are in resonance with the wave. This means that their Doppler shifted
frequency must differ from the frequency of the wave by no more than the natural linewidth.
The probability of this to be the case for a particular atom is given by I'/T'poppler- Accordingly,
the absorption index is given by

2N
o=

= =335m7L.
mCGOFDopplcr

Notice that if we yielded to our initial temptation to substitute I'poppler instead of I' into
Eq. (B.41), we would in fact have obtained the correct answer.

Solution to Exercise 1.17.

From Eq. (1.23) we have
1 1 wdd

Vgr T 2 dw’
In this case, the real part of the susceptibility is given by

ape 2(w = wp)l’

, B.42
wo 4(w—wp)?+1?2 ( )

X' (w) = -

The derivative of this expression at resonance (w =wyp) is

dyx’ :—QOC2I‘|: 2 — 4(w - wp)? ]
dw i wo (4w —wp)? +T2)2 o
_ 2agc
T wol
Therefore, the group velocity is
1 1 «

The amount that the pulse advances in time is

L L
-—~-La
c 07p;

Vgp
where we use 7, ~ 1/T". In order for this to be equal to —M,, we require agL ~ M.
Solution to Exercise 1.18.

b) The real part of the susceptibility is precisely the negative of that under the classical theory
of dispersion (See Ex. 1.17). Thus, the derivative at resonance (w = wy) is

dx’ _ 2;c
dw wewo wol
and the the group velocity is
1 N 1 (675

vgr ¢ I
c¢) The time delay compared to propagation in vacuum is

L L

~ (o L)y,
Vgr

where we use 7, ~ 1/T.



Appendix C

Solutions to Chapter 2 problems

Solution to Exercise 2.1. We restrict the derivation to the second-order term of the nonlinear po-
larization (higher-order terms are derived similarly). We start by expressing ¥(?) and E in Eq. (2.3)
in terms of their Fourier images

+o00
)2(2)(71,7'2)2/[ )2(2)(0.)1,wg)e_i‘””le_i“’mdwldwg; (C.1)
+0oo
E(t):pr(w)dw (C.2)

and performing the Fourier transform on both sides of Eq. (2.3).

e 2 f Ty

xE(w})e 1) B(wh)e 2 (772 et iy dwydw, dwhdr dradt.

In addition to double integrals in Eqgs. (2.3) and (C.1) we have two instances of a single integral
(C.2), plus an integral associated with the overall Fourier transformation. This leads to a total of
seven integrals. We rearrange the above result as follows:

Pp(w) = [ fX( ) (wi,wa) E(w! e ™1t E(wh)e ™2t

2)3

W) pmiwa—wy) T “'dwdws dwidwhdrdredt

Now we apply the following identity

+ 00

f tdt = 276(w) (C.3)

—o0

to the integrals over 7 and 7o:

¥ (w1, w)E(w} )e_wltE(w )e‘“"Z

Pr(w) = (27r

S(wy —wy )5(w2 — wy) e dw dwydw] dwhdt

105
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Now we have only five integrals. As the next step, we perform integration over wi and w to eliminate
the delta functions.

Pp(w) = (262_) 4 2(2) (wi, w2)E(w1)e—iwltE(WZ)e—iwgt

€t dwy dwodt.

Finally, we use identity (C.3) again to perform the integration over t:
+o00
Pr(w) = e ff T (w1, w2) E(w1 ) E(ws) (w0 — w1 — wa)dewr dws. (C.4)

Solution to Exercise 2.2. Suppose there exists a medium for which Eq. (2.5) does not hold, i.e.,
for example, XSIZ (w1, we) # Xfi; (w2, w1). But then another susceptibility, given by

XiSE (wr,w2) = x () (w2, w1), (C.5)

also correctly describes second-order nonlinear properties of the material. To see this, we write the
second-order term in Eq. (2.4) in the tensor form:

+00
Pi(Q)(w) = [[ XE?]Z(whwg)Ej (wl)Ek(wg)é(w —W1 — w2)dw1d0.)2. (CG)
In the integral above, w; and wy are dummy variables, and can be arbitrarily exchanged:
+00
PP (w) = [ X w,00) Bj(wa) Elwn)8(w - w1 - wa)dunduws. (c.7)
Dummy indices j and k can also be exchanged:

+o00
PP@) = [ xGws 1) Br(wa) Ej(w)(w - wi - wp)dwrdu

+o00
- f/ X2 (w32, 01) By (w1) B (w2)(w ~ w1 — wz)dwy dwn (C.8)

(in the last line, we used commutativity of multiplication). Comparing Egs. C.6 and C.8, we see
that susceptibility (C.9) indeed correctly describes the medium’s nonlinear properties. But then so
does the following:

1
X;;(;?)(lewz) =3 [Xflz; (wo,wr) + X;;(:)(W17WQ):| . (C.9)
This susceptibility has symmetric properties according to Eq. (2.5a).
The proof for the time-domain susceptibility (2.5b) is analogous.

Solution to Exercise 2.3. First we find E in the frequency domain:

1

Ep(w)= 5 f _E()edt

1 [ . , .
=0 f (Ele’“"lt + Fye 2t 4 c.c.) e“tdt
T J—o00

=F16(w-—w1) + E2d(w-ws) + Efd(w+w) + E55(w+ws)
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The second order nonlinear term of P(w) is obtained from Eq. (2.4):

Pl(pz)(w) =€q /f X(2)(w£7w§) [Efé(w{ —w1)d(wh —wy) + ] d(w - wy — wh)dw' dw?

16 terms

Integration over w) and wh and assuming x® (wy,ws) = x® (w2, w ) yields:

P;f)(w) :eo[X(Q)(wl,wl)Efé(w —wy—wp) + 2X(2) (w1,w2)E1 Eyd(w —wy —wa)
+ X(z)(wl, —w1)E BT d(w—wy +wy) + 2X(2)(w1, —w9)E1 B30 (w —wy + ws)

+ X(z)(wg,wg)Egé(w —wy —wa) + X(z)(o.)g, —w2)Eo By 6 (w — wa + ws) + c.c.

Taking the inverse Fourier transform gives P (t):
PO(t) = [ " PO ()t duy
- [X(Z) (wi,w1)Efe 2" 4 2y ) (W), wo) By Bpe™ (1+2)!
XD (w1, ~0) BB + 2P (w1, ~wn) By By (1)t

+ X (wa, wo ) E2e7292 1 @) (g —wo) Eo B3 + c.c. |.

Solution to Exercise 2.4. The dimensionlessness of the first-order susceptibility can be obtained,
for example, by comparing Eqgs. (1.8) and (1.9) or simply recalling that the refractive index of a
medium, n = \/1+x(), is dimensionless. This is true for the time-independent susceptibility, or
the frequency-domain susceptibility x(*)(w). On the other hand, x")(¢) has a dimension of s™! in
accordance with Eq. (1.15).

The non-linear polarization is given by Eq. (2.4). The dimension of the first term is just the

dimension of the electric field. v
S

[Er(w)] = o (C.10)

The dimension of the second term is

[ () [de]2[6(w)] - (Yn) (V) (C.11)

The dimension of the third term is

[Ep(w)]?[dw]?[6(w)] = (VS)3 5785 = (V)Ss. (C.12)

m m

The dimension of x(?)(w) is obtained by dividing Eq. (C.10) by Eq. (C.11).
m

EIGIR

The dimension of x®)(w) is obtained by dividing Eq. (C.10) by Eq. (C.12).

(C.13)

)= () ©14)

Solution to Exercise 2.6. We limit the analysis to the second-order nonlinearity; the third-order
case is analyzed similarly. The contribution to the net force on the electron comes from the potential
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energy given by (2.9), damping force, —y&, and external electric field, E. The equation of motion

for the electron is

E
= e—x—v:&—w%—am? (C.15)
m

Supposing the electric field has two components as in Problem 2.3, we first solve for z(¢) by neglecting
the nonlinear term. The first-order solution has the form

—twit

T =x€ + pge ezt

+c.c., (C.16)

which we can substitute into eq. (C.15), neglecting nonlinearity. Equating only the terms containing
e~1t we have

—wfxl = —ngl +iywiry + - By

=1 = o )
D(wr)
where D(w;) = wg ~w? —iyw; . Similarly, equating only the terms containing e~*2¢, we obtain?
€
<R,
To = m .
D(w2)

Substituting this solution into the nonlinear term az? in Eq. (C.15), we obtain terms oscillating
at the second harmonic of both input fields, their sum and difference frequencies, as well as the zero
frequency. These terms serve as “driving forces” that lead to the oscillation of the electron’s position
2(t) with similar frequencies. Let us find the amplitude of the sum-frequency oscillation

—i(w1+wa)t

zsra(t) = x12€ +e.c.

that is driven by the sum frequency term in ax?,

2
e
—twat _ 2(1E1E2 (m) —twit—iwat

" D(w)D(ws) € ’

—twit

2ax1e Toe

Substituting the above into Eq. (C.15), we obtain

—(w1 + w2)2x12 = i'y(wl + WQ)J?lQ - w%xlg —arir
—2&E1E2€2
m2D(wy +ws)D(w1)D(ws2)’

= X112 =

The sum-frequency component of the polarization then is given by

]\]'0,63 —2E1 E2
m? D(wi +ws)D(w1)D(w2)

—i(wl +wa )t

PSFG = NexSFG = - +c.c.

Comparing this result with Eq. (2.7), we obtain

Nae? 1
€0m2 D((JJl + UJQ)D(UJl)D(CUQ) '

X(Q) -

Solution to Exercise 2.7. To estimate the order of the nonlinear susceptibilities we employ the
expressions (1.29), (2.10) and (2.11) obtained using the classical theory of dispersion. As we are

1Here we have simply repeated our calculation for the classical theory of dispersion, see Sec. 1.4.
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interested in the estimate far away from the resonance we neglect w? and iwy in D(w), so D(w) ~ w?.

ems

So we can the suscettibilities as follows:

We now substitute the following values.

e Unit charge e ~ 10717 C;

X(l) . €2N 1

X(3) ~

2 .

e Electric constant ey ~ 10711 C V! m™!;

Optical frequency w ~ 10*° s71;

e Mass of an electron m ~ 10730 kg;

e Lattice constant d ~ 10A= 1079 m;

e Number density N ~d=3 ~ 10?7 m=3.

In order to determine the constants a and b, we use Eq. (2.13) to write for a

Similarly we get for b

Solution to Exercise 2.9.

X

Solution to Exercise 2.10.

(2) _

ryz

X

€egm E
e3Na 1
60m2 E
etNb 1
eom3 Wb

mwad ~ mad?;

2
w 1 -
a~jo~1039m182.

b~

(2) _

rzy

mwad ~ mbd®;

2
W 9 _
20 010" m™2 572,

d2

Now we can insert all our determined values and obtain:

X(l) ~1

(2) 10*10E
X v
2
3) L 10-20 1
X 10 V2

X2,

2)

nyy

X2,

X, ==,

2 _ 2 _ @

Xyyz = Xyzy = Xayy

Xi- = X2y = XS5

X2 =X =X

&, =xZ, =x2,

X2 =x8 =X

X2, = x(2, = x2, =x&)

109
2

(C.17)

(C.18)

(C.19)
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a) Tensors link vectors which transform according to certain rules when the reference frame
is rotated. Thus, the tensor elements have well-defined transformation properties as well.
Consider, for example, rotation by angle 7 around the z axis. In this rotation, the z and y
components of the electric field and polarization vectors will change their sign. However, these
components are connected by the following equation:

P; = cox ) B, By (C.27)

This equation must remain valid after the rotation. This means that each component of the
susceptibility tensor must change its sign according to the number of times symbols x and y

occur in its index. For example, the index of ng)z contains one x symbol and one y symbol,

so it will not change its sign. On the other hand, xzzz contains only one x symbol, so it will
change its sign.

b) As discussed, rotation by angle 7 around the z axis transforms X;(;EQ; = —ch)y On the other

hand, rotational symmetry of the material tells us that we must have Xx(g?g); = XQ(I:Qx)y On

comparing the two equations, we get Xii)y = 0. Using a similar analysis we can see that

all the components of X(Q) with repeating indices must vanish.

Solution to Exercise 2.11.

a) Mirror inversion about each of the primary Cartesian planes changes the sign according to the
number of symbols that do not refer to that plane. For example, mirror inversion about the
yz plane inverts inverts the sign of xxz, xyy, rzz and xyz components of the susceptibility, as
well as any permutations of the above.

b) For each component of the second-order susceptibility there exists a primary Cartesian plane
such that reflection about that plane will change the component’s sign. But mirror symmetry
tells us that the value of susceptibility should not change. This implies that the mentioned
components are all identically equal to zero.

Solution to Exercise 2.12. As discussed in Problem 2.11, complete mirror symmetry implies that
any terms with an odd number of indices in any of the x,y or z directions must vanish. This leaves
only elements with the following forms: Xff’j)j, X'Ejj)ﬂ XSZJ @)

We can also show that each of these elements does not depend on any choice of i,j € {z,y, 2} as

long as ¢ # j by using isotropy. For example:

(3) -90° about x (3) 90° about z (3)
Xzayy Xzazz yyzz

We now prove that Xf;)m = Xg;)yy —|—X§£,)$y +X§E‘;’/)y$. Suppose only one fundamental wave is

present in the medium, and the reference frame is such that the electric field in that wave is along

the z axis: F | #. Then the only component of the susceptibility tensor that plays a role in the

nonlinear process is Xéz)m, so we have P | Z and P =P, = e()><§m)mE3 Now suppose the reference

frame is rotated about the z axis by 45°. The electric field and polarization vectors in the new
reference frame are

1
. NG
Pnew: 1/\/5 P;
0
) N
Enew: 1/\/§ L.

0
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The rotation of the reference frame does not change the susceptibility tensor, so we have

- (3) g3 (3) 2 (3) 2 (3) 2
Pnew,x =€o [Xwa:x:pEnew,z + wazyEn€w7ZEnew,y + XzyyxEnew,IEnew,y + Xa:a:nynew,$Enew7y]

3 3 3 3
) E E E E

__%o 3) 3,03 3,06 p3.,.03) 3
B m[XTTTIE +X$W?/E +XTZ/ZI$E +Xmmny]

But we also have:

P _c 3 p3

Pn@w x = T = TTTT
) /2 \/§X

Equating the two results gives:

1 1
3 _ (3) (3) (3) (3)
ﬂXacmwx - 2\/5 [Xx;va:w + szyy + wawy + mey;v]

3 3 3 3
Solution to Exercise 2.15. Consider the wave equation for sum-frequency generation with ws =
w1 +wy. Assume a slowly-varying envelope and continuous-wave regime. The wave equation (1.22
takes the form:
1 iw?
8Z + 7(915 53 = 72733
Vgr 2e0kc
w

- 2egnc
We adapt Eq. (2.6) to slowly-varying envelopes
Ey(z,t) = E(2)ekr=7int L e,
E,(2,t) = E(2)er 2t L e ¢
and write the sum-frequency term in Eq. (2.7) as
P3(2)(t) =€ [4deﬂf€1526_i(w1+w2)t+i(k1+k2)z + c.c.] (C.28)

On the other hand, the sum-frequency polarization is expressed in terms of its slowly-varying enve-
lope according to

P?fz) (z,t) = Péz)(z)eiki”z_wt +e.c. (C.29)

Note that this polarization oscillates with respect to its envelope at frequency ws and propagates
with wavevector k3. Comparing Egs. (C.28) and (C.29) yields:

7)?52) =¢o [4deﬁ' (glefiwlt*iklz) (526—iw1t+ikzz) efikszﬂ'w_gt]
= €0 [4deff£152ei(kz+k2_k3)z]

since ws = wy +wo. However, in general ks # k1 + ko since the material may have a different index of
refraction for different frequencies and polarizations. We can define Ak = k1 + ko — k3 and we get:

P = e [Ader 162627
Substituting this into the wave equation gives:

iW3

1
[az + 8,5] 53 = PNL,g

Vgr,3

w3 iAkz
z = 4de
8 53 260n30 (60 [ 551526 ])
21d, )
0,63 = Mgl&eﬁkz
nsc

2607136
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where we used ;€ = 0 since we are in the continuous wave regime. Following a similar derivation
for the difference frequency generation between ws and either w; or wy we also get:

%id, .
0.6, = CMPle oxomifke (C.30)
nic
%id, .
0,8, = —Cell¥2e g idkz (C.31)
NnocC

Note that the complex conjugate comes from the formula for DFG in Eq. (2.7). The k& components
also have an opposite sign. For example in Eq. (C.30), corresponding to the difference frequency of
waves 3 and 2, the Ej3 factor contributes an e’*3* component, the E3 factor contributes an e k22
component, and there is a "% component from the P; — P; substitution.

Solution to Exercise 2.17.

a) Assuming that both waves 1 and 2 do not get depleted, so their intensity remains constant,
and integrating Eq. (2.19a) with respect to the propagation distance,

€pngzcC

Qiwsde N
£y = 3ol g o) f L
0

2iwsdeg e |
= E& | —————
? ( iAk
_ Ziwsdeg 16,8k LI2 iy ( AkL )
€pnsc 2

€pnsc

(C.32)
Expressing this result in terms of the intensities,
Ij = 2njecE;E; (C.33)
(where j = 1,2,3), we obtain Egs. (2.22) and (2.23).

b) As Iy does not get depleted follows 9,€ = 0. Hence we have to solve the coupled differential
equations (2.19a) and (2.19¢) with the condition Ak = 0. Redefining &} = i€, the coupled
equations change to:

2deffwl

0.6 = - £5Es (C.34)
nic
2d,
9,65 = Ll o g (C.35)
nsc

To decouple the equations, we differentiate Eq. (C.35) once more:

QdeHWS

D& = (£20.E1 + £10.E) (C.36)

nsc
Again 0,& = 0. We can insert 0,&; from Eq. (C.35). This leads to the following equation:

4d2LU3(JJ1

D25 + (£5)%E3=0 (C.37)

ninsc?
Without loss of generality, we can assume the constant amplitude (£3) of field 2 to be real.
Expressing this quantity from the relation I = 2nyceq(E5)?, we obtain

4d20LJ3w1]2

2
8253 + 73
2n1n9ngci€p

£3=0 (C.38)
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Introducing the nonlinear length according to Eq. (2.23), the above equation becomes:
——&3 =0 (C.39)

This equation has the general solution:

Es(z) = Asin(i) + Bcos(
Lni

) (C.40)

NL

From the boundary condition £3(0) = 0 we have B = 0 to fulfill the boundary condition. To
calculate A we insert Eq. (C.40) into Eq. (C.35) and evaluate the latter at z = 0.

A

O 2do.)3
= E10&s;
Lyy COS(LNL) nge
2dws L
A= ZEBENLe o) (C.41)
nsc

where &1 is the initial amplitude of wave 1. This leads to the final expression for £3(z)

_ 2dLU3LNL
N nsc

&3(2)

z
E10€ Sin(
10€2 It

) (C.42)

Expressing the field amplitudes in terms of intensities, we can simplify the above result to

I5(z) = Imﬂ sin? (L) (C.43)
w1 Lny,

Solution to Exercise 2.16.
a) From the Manley-Rowe relations, we have that
8211 = —ﬂazfg and
w3

w
0,0y = ——20, 1. (C.44)

w3
w1 + w2

= 8211 + azIZ == azIS = _82137

ws
using the fact that wy + ws = ws.

b) The intensity in field mode i is

Ii = 2n,‘600|514|2

* (C.45)
= 2ni600(€i 51‘.
The position derivative of this expression is
.11 = 2n1e9c(E7 0.1 + £ 0,&1). (C.46)
Using the coupled-wave equations for sum-frequency generation, we find that
2id ; 2id, 4
.1, = 2nleoc( LCeltWL o gyetidhzg, 4 gx S0 535;e-m’“)
nic nic
= 4€0ideffW151£25§€iAkz + c.c. (C47)
o, 1 ;
- 211 4eoidef—f51525§emkz +c.c..

w1



114 A. I. Lvovsky. Nonlinear and Quantum Optics

Similarly, we have

0,1 »
2 = degide€162E5 €% 1 c.c. (C.48)
w2
and 0.1
Gt —460ideff€1825§emkz +c.c.. (C.49)
w2

Thus we have shown that 5.1 5.1 5.1
21: z2:_z3. (050)

w1 w2 w3

Solution to Exercise 2.18.

a) We begin with the coupled wave equations (2.19) for SFG. As the ingoing wave is not depleting
0.&1 =0 and we only have to look onto the equation for &;:

0.65(2) = mifi%gfemz (C.51)

This equation obtains from (2.19b), but there is no factor of 2 in front of the right-hand side
because it is only there for SFG, but not for SHG [see Eq. (2.7)].

To get £2(2) we simply integrate Eq. (C.51) from 0 to z, recall the expression for the intensity
&% =11/2n1e0c and get

2iwdeg Iy 1 Ak
& = ("™ -1 C.52
2(2) noc  2niegc iAk (6 ) ( )

Now we rearrange the equation to get a more familiar looking result:

iwdeg I 2e"HF oM _ e
& = C.53
2(2) ningegc? Ak 21 ( )
The last term can be identified as sin ( Aé” ) Now we can calculate the intensity Io
2 wdegl; \° 4 . o (Akz
I(z) = 2ng€epc|&s” = 2n2606(n1n26002) (Bh) sin ( 5 ) . (C.54)
This can be rewritten as
in2 (Akz 2
1 sin Ak
IQ(Z) _Il 5 2 ( 22 ) :Il 22 sinc2( Z), (055)
Ly~ (Lk2) L3, 2

where

€0c3ning
L = —_ C.56
Ve \‘ 20211 d2, (C.56)

b) Now in addition to Eq. (C.51) we also have to consider the competing process of DFG between
the generated second harmonic wave and the fundamental:

2iwdeff

9.€ = Ef Eqe k=

nic
In this case, the factor of 2 in the right-hand side is retained because this is a DFG process.

Now consider the case where Ak = 0. We can also simplify our coupled wave equations slightly
by assuming &; is real and taking & — i€;. The resulting coupled waves equations are:

Qineff 2Wdeﬁ

0.(i&) = £ — 0.6 = E? (C.57)

nacC

2iwdeg —2wdef

azgl = 51(152) - 6z51 = 5152 (058)

nic
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We can solve this by dividing Eq. (C.58) by & and taking the 0, derivative, then substituting
into Eq. (C.57) to eliminate &. This leads to a solution of the form:

/ z
52 = 810 tanh ( LNL )

1
&1 =610
cosh(

)
LnL

where &1 is a constant that must be equal to & (z = 0) from boundary conditions.

From here we can calculate the intensities I; and Is as a function of z:

1 z
=1 (1 — tanh? —)
10 InL

Il = 27L1600515f = 27L1€QC|(€10|2 3
osh

LNy

z z
Iy = 2ng€pc€aly = 2n1600|510|2 tanh® —— = ;o tanh® ——,
L NL

where I1p = I1(z = 0).

Solution to Exercise 2.19. The numerical data are as follows:
e power P=1W,
e diameter of the beam d = 0.1 mm = 107% m;
e second order susceptibility desy =1 pm/V =107 m/V;
e angular frequency w ~ 10*° s71;
e refractive indices ny ~ ng ~ 1;
e speed of light ¢ ~ 3 x 10% m/s;
e clectric constant ¢y ~ 107! C? /(N m?);
e laser pulse repetition rate f = 10% Hz;
e laser pulse duration 7=1 ps = 10712 s

As far as the fundamental wave’s intensity is concerned, it depends on whether we are dealing
with a CW or pulsed wave. For CW, the intensity is the laser power divided by the beam area,
I; ~ P/d* ~ 10® W/m?2. In the pulsed case, the energy of a single pulse is given by P/f = 1078 J
so the power within the pulse is P’ = P/fr = 10* W and the intensity I] ~ P’/d*> ~ 10'*> W/m?.
Substituting all these parameters into Eq. (2.31) we obtain Ly, ~ 1 m por the CW wave and Ly, ~ 1
cm for the pulsed wave.

Solution to Exercise 2.20.

a) The k-vector lies in the zz-plane, and is given by

. ksin@
k= 0 ,
kcos@

where 6 is the angle between & and the z-axis. The electric displacement field is given by
D = Doe“” Wt and taking its gradient yields V - D = @(Do k)e“” —wt - From Maxwell’s
equation (1.1), we require V- D =0, so D - k must vanish. Therefore,

B Dgcosf
Dy = 0 ,
—Dgsinf
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since D must also lie in the xz-plane. Recalling that D= eo(1+ )%)El the electric field can be
determined by

. a1 e
E = (1+x)"D
71+>1<m (1) 0 Docost )
_ 61O 0 T 0 0 ezk-r—zwt
0 0 1+§< —Dgsin6
cosf/nz\
=D 0 gifrivt (C.59)
—sinf/n?

assuming that y is diagonal and n; = /1 + x4;-

We now address Maxwell’s equation Eq. (1.3) Taking the curl of E, the only element that
survives is the y-component:

0.Ey - 0,B. = —k .

€0 n2 n2

1Dy (cos2 § sin? 9) Bt
+—— e

which must be equal to —B,. Therefore, we have B = BoelR it with

0
- Dok 1
By=22 , (C.60)
€0 wn2(0) 0
where we define %W) = Corfje + Siz#. This satisfies Maxwell’s equation (1.2): V- B = 0.

Finally, in order to verify (1.4), we let H = uiloé’ and determine V x H:

ik-F—iwt

Dq Ekcos@

OyH,-0,H,=0-1i
e “eomto w n2(0)

0,Hy-0,H,=0

D H, — 0, H, =i 20 BRSO i
€opto w nZ(0)
and E:
) cosf R
D = —iwD, 0 P
—siné

Maxwell’s equation V x H = D is satisfied as long as

k*  nZ(6)
w? 2

Therefore, the wave described above is a valid solution to Maxwell’s equations. The index of
refraction is defined by the ratio of the speed of light and the phase velocity of the waveform,
n = ¢/vpn, where the phase velocity is v,y = w/k. Thus,

w c c
“ d - n(0),
) an n o ne(0)

Uph =

as desired.
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b) Combining Egs. (C.59) and (C.60), we find the Poynting vector S = L+ E x B*:

Ko
1 D —sinf/n?
S=—ExBo 220 ,
Ho Ho€o \ _ g 9/”32/
which is not parallel to k but oriented at angle
_sinf 2 2
tan 6’ = L/n’; = — tan6
—cosf/n2 2

with respect to the z axis.

Solution to Exercise 2.22. We consider a wave propagating along x-z plane with the k vector
oriented at angle 6 with respect to thte z axis. We have two cases:

e When the electric field vector of wave is also polarized in the same plane (i.e. xz plane) the
refractive index n,. of the extraordinary wave is given by Eq. (2.37)

e When the electric field vector is polarized perpendicular to the zz plane (i.e. in y direction) ,
the refractive index of the ordinary wave is n, = 1.

The wave will experience no birefringence when the refractive indices associated with the two cases
discussed above are equal:

ne(0) = n,
1 1, (1 1
Il ol — - =
1/n2 - 1/n?
sinf = M (C.61)

1/nZ - 1/nZ
Solution to Exercise 2.23. Following the same logic as in the Solution to Exercise 2.22, we write

ne(2w,0) = no(w)

1 1 2 1 1
= —sin -
n2(w) n? (2w) > ph n3(2w) n%(2w)

1/nd (2w) - 1/n2(w) (C.62)

. 20
SH Vph 1/n2 (2w) — 1/n% (20)

Substituting the numerical values for the BBO crystal we find

sinf,, = 0.389,
O, = 22.9°

Solution to Exercise 2.24. We assume that the phase mismatch varies linearly with the wave-
length. Then the phase matching bandwidth AApwmn, i.e. the allowed range of wavelengths within
which the value of Ak is within the range prescribed by Eq. (2.40), can be related to the latter as:

dAk

A(Ak)pwaM = K‘ AArwHM (C.63)

Since our goal is to relate the phase matching bandwidth to the group velocity mismatch, it is
convenient to rewrite the above derivative in terms of the frequency, w = 2mc/ ),

dAk  2mc dAk

- l 64
A A2 dw (C.64)
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Using
dky  dko 1
— = = C.65
dw  d(w) v (w) ( )
dk dk 2
2o 2 - (C.66)
dw d(2w) v (2w)
(C.67)
e obtain dAk _dAk,  dAk
==L T2 _9GVM .
dw dw dw GV (C.68)
and hence IAK A
T
—=-——GVM C.69
dX A2 ( )
Since, according to Eq. (2.40), we must have —1.39 < AkL/2 < 1.39, the allowed range of Ak is
5.56
A(Ak)FWHM = T (0-70)
Hence
2
AA=T ()\}({/M ij
e 0 )1 i (C.71)
=044——
Lec GVM

which is the required expression.

Solution to Exercise 2.25. The range of wavelengths over which the phase matching condition
holds for a constant propagation angle and given length of crystal L, is given by Eq. (C.70). Assuming
that the phase matching is present in a small range of angles about the phase matching angle, we
can write the acceptance angle Af as

_ A(AK) 556 1
~dAk/dd L dAk/d6

AB (C.72)

where Ak = ks — k1, with the wave vector k1 representing the ordinary fundamental wave and ko the
extraordinary second harmonic wave.

Since
L ap s e(29)2w no(w)w’ (C.73)
C C

we find

dAk 2w (dne(2w) ~ 1dno(w)) (C.74)

do c dé 2 db

We know the refractive index for the extraordinary wave is given by Eq. (2.37). Differentiating with
respect to 0, we obtain

dne _%nz (—251119(:056‘ 2811190059) (C.75)

= +
de n2,(2w) n2 (2w)

dne 1 4 . 29( 1 1 )
= —n sin - :
ag 2 n%(2w) nd(2w)

On the other hand, dno(w)/dé = 0 because the refractive index of an ordinary wave in a uniaxial
crystal is the same along all directions. Thus

dAk 2w

1 1
= —="sin 29n§( - ) (C.76)
ag A n%(2w)  n(2w)
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Substituting this result into Eq. (C.72), we find

-1
A 1 1
Af = 0.88= |sin20,,n> - :
0 088L [sm thne(th)(an(Qw) n2o(2w))] (C.77)

where 6}, is the phase matching angle.

Solution to Exercise 2.30. In the case of a regular crystal with no phase mismatch and no
depletion, the coupled-wave equation (2.19¢) for SFG (wy + we — w3) gives the following:

0.E3 = iAe'AF? (C.78)

where

B 2idegws

A &1&

nsc
is a constant and Ak =0, which gives us
Es(z) =iAz. (C.79)

On the other hand, in case of periodic poling where the orientation of the () tensor is periodi-
cally inverted with period A = i—’,;, A is no longer a constant and changes sign every half-period. We
want to consider the case where Ak # 0. The coupled wave equations are then integrated piece-wise

according to the duty cycle:

Sz:if A(2)e A dz
0

) T/ Ak Ak 2m/Ak Ak
=1 f |[Ale'="#dz + f —|Ale" 2" dz + ...
0 w/Ak

_i T i 2w am
_Ak(e 1)+Ak(e e )+

2
~ AR x (number of half periods between 0 and z)

24 z
__Ak:(w/Ak:)

24
=-—2z.
T

This behavior (Fig. 2.13) is similar to that of a non-poled material with Ak =0 and

2
[Actl = —[Aet]
T
2
= |deg| = —|dest]-
™
Solution to Exercise 2.31. We are generating a second harmonic wave in a PPKTP crystal. The

wavelength of the generating wave is 1.064um and the wavelength of the second harmonic following
0.532um. This crystal has the following nonlinear coefficients:

e d3; =d.pr = 1.4pm/V
[ d32 = dzyy =2.65 pm/V

[ d33 = dzzz = 107pm/V
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For a) we choose d,.. as effective nonlinearity, because it has the highest value and therefore the
highest change of polarization, if an electric field is applied. Further on it satisfies the condition of
Type I. The poling period A is given by Eq. (2.44). Taking into account that ws = 2wy, we have

2w1

Ak =2k(w1) — k(ws) = Tnz(wl) - 2%TLZ((U2).

So we can use n,(wi) = 1.830 and n,(w2) = 1.889 to determine the poling period

_ 2mc 1 ~ A(2wr)
2wy |na(wr) —na(wg)| 0.059

~ 9.02 pm

We take the absolute value of the difference in the refraction indices because A must be positive.
Let us consider now case b). As the waves’ polarizations are now perpendicular, it is not possible
to choose d..,, but we use the second largest nonlinearity d,,,. This corresponds to the first
harmonic being polarized along the z-axis and the second harmonic along the y-axis. It would also
be possible to choose d.,;, but its value is lower than d.,,. The refraction indices for this scenario
are n,(w1) = 1.830 and ny(w2) = 1.789. Following the same calculation as for Type I, we obtain the
poling period:
_ 2mc 1 ~AM2wr)
2wy [nz(w1) —ny(w2)]  0.041

~ 12.98 pm.



Appendix D

Solutions to Chapter 3 problems

Solution to Exercise 3.1.

a) Starting from the definition of the correlation function T'(t,7) we have for the stationary

processes:
P(r) = (B (0B (14 7))
=(E~(t'-T)E*(t")) (substituting ¢’ =t + 1)
=(E~(t-T)E*(t)) (Replacing dummy variable ¢ by t)
=(E*(t-T)E"(1))" (because E~(t) = (E*(t))")
=T(-7)".

Hence, according to the definition (3.3) of the degree of coherence, and because I'(0) is a real
number, we have g (1) = [¢() (-7)]+

b) The expected value (E~(¢t) E*(t+7)) can be considered as an average of many samples F;(t) of
the process. can then be interpreted as an inner product and the Cauchy-Schwartz inequality
can be applied:

|F(T = (t+7')

inner product

< ; ;ZVI |E; (t)|2jZ:1 |Ef(t+7) (From Cauchy Schwartz inequality)
-~ JEV:E (t)E+(t)] [1 ]ZV: tYE; (1 ] (set (t+7)=t)
N N 4
= (B~ () E* (1) (use stationarity)
SO

That is, [['(7)| < [T(0)| for all 7. From the definition of g™)(7), we have [¢") (7)| < 1 as desired.

Solution to Exercise 3.3. Let the positive-frequency part of the interferometer input field be
E*(t). The first beam splitter divides the input energy into two equal parts; accordingly, the field
in each of the interferometer arms after the first beam splitter is given by E*(t)/v/2. And as the
Fiber Mach-Zender interferometer introduces a temporal path-length difference 7, the electric field
in the two arms of the interferometer before the second beam splitter are given by E*(t+7)/y/2 and
E*(t)/v/2. The effect of the second beam splitter is then

E*(t+7)el + E* (1)
2

Ej(1) = (D.1)

121
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The phase factor is added to account for the interference fringes. Writing the above equation requires
an assumption that a small change of the path length difference is equivalent to multiplying by a
phase factor. This assumption is valid when the coherence time is much greater than the inverse
optical frequency.

We now proceed to calculating the intensity. Because we are observing the fringes over a time
interval that is much longer than the coherence time, we must take a statistical average:

I(t) o (Ej(t)E;(t)) = i((E’(t +7)e @+ BT () (EY(t+71)e' + E*(t))) (D.2)
- i((E‘(t FT)E (L4 7))+ (B (E+7)ET (1)) + (B~ () E* (£ +7))e™ + (B~ (1) E* (1))
- i(r(o) LT (r)e i 4 T(r)e' +T(0)).

We can write I'(7) = |['(7)|e!® where a = Argl'(7). Then

I(t) o< %(I‘(O) +|0(7)|cos(a + ¢)).

Hence
1
Lnin(t) = 5(T'(0) = [P(T)]); (D.3)
1
Imax(t) = 5(T(0) +[L(7)]), (D.4)
so the visibility of the interference pattern,
Tnax — Ii
_ max min _ (1) D
V(r) = e = g0 (7)) (D.5)

Solution to Exercise 3.4. We recall that
1 )
Ep(w) = —E*(t)e™!dt.
2T

Accordingly,
1 +00 +o0 X L
(BL(w)Ep(w)) = —— ( [T [T Eme e e dtdt'> (D.6)

472

Now, let us substitute the variable ¢’ with 7 = ¢’ —¢. Since d¢tdt’ = dtd¢’ (the determinant of the
Jacobian, in this case, is 1), the above equation now becomes:

1 +o0o +o0 . , .
3 f [ (B () E*(t +7))e it gy (D.7)
T —o00 —o0

1 +0o +0o0o X , .
- f f (7)e @)t gior qpqr.
T —oo —oo

We now take advantage of the fact that in the integral above, the only quantity that depends on ¢
is the complex exponential.

(B (w)EF (@)

(B3 (@) Bp (@) = 5 -6 -w) [ D) (@) = (@) o),

as required.

Solution to Exercise 3.7. We assume that the spectrum of the light generated by the bulb is
perfectly white: I'p(w) = ¢. This assumption is valid if the bandwidth § of the filter is much less
than an octave (see Fig. 3.2). The intensity spectrum after the filter is then

Ty p(w) = Tp(w)T(w) = ce™ @0 /20
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The correlation function of the filtered field is then

©° . 7252
ry(7) = ‘[ Ip(w)e ™ dw| = cre”

where ¢ is a constant. To calculate the interference visibility we use Eq. (3.5):

v(r) =g ()| = S -

To calculate the coherence time 7., we use Eq. (3.4):

~ [ r2e T dr VT[263 1

[Sem®ar N\ VAl V2o

Te

Solution to Exercise 3.8. We can derive a few useful properties of g(2)(7') from its definition:

It)I(t+T7
Sy - T+ 1)
(I(ONI(t+7))
a) Given that I(t) = 2negc|E|? is always positive, then all of the terms in g(*) () are also positive.
Hence:
gD ()20

b) Given that the process is stationary, ¢ is an arbitrary variable in the definition of g(*)(7) and
we can perform a change of variables using ¢’ = ¢ + 7 to get:

oy ALOIE+))
POy
_ @ -7)I())
(L' -T)NLE))
=g (-7)
¢) Consider I(t) = (I(t))+ dI(t) where (61(t)) =0. Then:
2y 0y _ (2(1)
CRTTOTE
_ (@)% + 2((1(1))II(1)) + {(1(¢))?)
(1(t))?
= (I(t))2 hl <(5I(t))2> since is a constant an =
@)
S {I()?
=1

— ¢®(0)>1

d) We can show (I(t)I(t+7)) < (I*(t)) using the Cauchy-Schwarz inequality:

1 N
(OIE+7)) = 5 2Lt +7)

N N
<A 2P 2+ )2

N ) N 9
A\ ;Ui(t)l ;Ifj(t)l
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Then the ratio of ¢ (0) to ¢g‘® (7) is given by:

990

~g®(7)

REOIUONUGE))
(I(t))* (I(®)I(t+7))

HOIRUONUG)
(I))* (L) I(t+7))

()
(I@)I(t+7))

>1

which gives us

9®(0) < g (7).

Solution to Exercise 3.11. Consider the representation of the electric field E*(¢) from a filtered
thermal light source in a complex plane. Each point in this plane corresponds to a random sample
of the electric field obtained from multiple partially coherent sources. Both the real and imaginary
parts of the field vector obey normal distribution,

ReE*)?
ReE™ = — 1 oxp (- (BeET)”
pr{ReE"] EoﬁeXp( 2 )

(ImE*)?
)

1
pr[ImE*] = Fo/m exp (

This can be written in a two-dimensional form

1 r2
pr[ReE", ImE"] = TEg exp (—ES), (D.8)

where 7 = (ReE*)% + (ImE*)2. Let us convert this into a single distribution for the intensity
I = 2negc| E*|? = 2neoc[r?].

Inside a ring of width dr and radius » in the complex plane, the number of field samples would be
proportional to the probability distribution (D.8) times the area dA of that ring.

dN(r) o< pr[E]dA = Kpr[E]d(nr?),
where K is the proportionality constant. On the other hand, the differential of the intensity equals
dI = 2neped(r?).
Accordingly, the probability distribution of the intensity of the electric field is given by

dN(r)

dI
1w
 2nepe) dr?

Km (%)

pr(l) =

2nege

M)z
)

-K'e (T
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where K’ is a constant and Iy = 2n60cEg =.
Normalizing probability pr(I) over the range of 0 to oo, i.e. requiring that

JREEGESS
0
we find K’ = 1/1,.

The relation between I'(0) and Iy is determined by calculating the average on both sides of
Eq. (3.8)

(I(t)) =2nceo(E~(t)E™(t))
= 2ncepl'(0).
On the other hand, according to Eq. (3.15) (which we just proved), (I(¢)) = Ip and hence Iy =
2ncepl'(0).

Solution to Exercise 3.12. For Gaussian random variables, from the Gaussian moment theorem,
we have

(BT By E5Ef) = (Ey Ey ) (B3 E) + (B E3) (B Ef) + (B Ef) (BT Ef). (D.9)
Set EY = E~(t), E5 = E~(t+71), Ef = E*(t) and Ej = E*(t+7), each of which are complex stochastic
random variables whose probability distributions are Gaussian and centered at the origin. Then the
first term in Eq. (D.9) must vanish because the phase of E(t), and hence of the products E] E5 and
E3 EY} is completely random. Thus (??)educes to

(E-(t)E~(t+T)E*(t)E*(t+ 7))
=(E-()ET(W)(E (t+7)E*(t+7))+(E-()E*(t+ 7)) (E*(t)E™(t + 7))

r'(0)2 r'(r) r(r)*
=T(0)2+T(7)f.
(D.10)
From the definition of 9(2),
4D ()< AEOE (4 1) E(DE(t+7))
(E-(OE-(t+ 1)) (E*()E*(t+7))
BYORING] ©-1)

1(0)2
=1+|gOP.
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Appendix E

Solutions to Chapter 4 problems

Solution to Exercise 4.1.

a)

We substitute Eqgs. (4.1) into Maxwell’s equation
UxE=-B (E.1)

keeping in mind that, for a plane wave, taking the curl is equivalent to multiplying by ¢k and
the time derivative leads to factor —iw. The relationship between u,; . and w; . therefore
looks as follows

Zk“ofc,s = Wwyy,

or
U
Ok,s
wOTC,s = c . (E?)
We rewrite Egs. (4.1) as follows:
Ei’g _ \u . |(eigoei15i—iwkt . e—icpe—imﬂ‘wkt)
,s  170k,s

E,;,S = 2|u0,578| cos(lz: T —wit + )
with ¢ defined as u,; , = [uyz ,Je?*. Similarly we have

|u0/::7s|

By , = 2|wyy, | cos(k -7 — wit + @) = 2 cos(k - 7 — wit + ).

To get the Hamiltonian Hj, ., we integrate the electromagnetic energy density over the quan-
tization volume V.

H,;S:;f(eoE%S+B;i’s)dV=;f(eo<E%75>+c2eo (B2,))av, (E.3)

where the average is taken over the quantization volume. Since (cos(:z:)2) = % for x varying
over any interval of length 27, we get

1
Hy =5 [ eolugg, [ + 2eclug ) AV = 2eolug 'V (E.4)

Solution to Exercise 4.3.

127
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a) On adding the two equations (4.6), we find

u(t) = jw@ (X +iP) (E.5)

u(t)” =

Next, we substitute these equations into 4.3 to obtain

f/(x —iP) (E.6)

hw

H== —(X?+P?). (E.7)
b) We use the relations

u(t) = —iwu(t); (E.8)

u*(t) = iwult). (E.9)

to find

20V —iwu(t) —iwu(t)*

Po= \hwk V2i

= —wX

OH
= —— E.10
0X ( )

Similarly for the case of X, we obtain
. OH

X =wP="C E.11
wP = (E.11)

which are the required equations.

Solution to Exercise 4.4. For part (a), we have

(x| P ¢) = (X|(f:°P|P)(P|dP)|z/)) (becauseP:[:oP|P)(P|dP)
= [ Pxip)Plvyap
- [T fP "X (Pl ) dP
1 3

- [ f* ¢ (P|) dP
- iy [ e Pl

d +oo
- iz [P (Plv) ap
- -Z%()q ¥)  (because [M \P)(P|dP) =1
= —iﬁTﬁ(X)

The proof for part(b) is analogous.

Solution to Exercise 4.5.
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a) Because the position and momentum operators are Hermitian, Xt = X and (ZP)T = —iP.
Therefore, af = (X +iP)t/v/2 = (X -iP)/V2.

b) From part (a), a #a'.
c)
[a,a] - %[XHP,X—iP] _ %([&X] Li[X, P+ i[P,X]+ [P, P]) = 1.

d) The position and momentum operators are expressed through @ and a' by solving Eqs. (4.12)
and (4.13).

e)
1 o2 H2
Ho = Sho(X?+P?)
1 1
= fhw[(a+af)2+f(a—df)2]
4 12
1 1
- Zhw[(d2+(&T)2+d&1+&fé)+5(&2+(&T)2—ddT—dT&):|
1
1
= Zhw[zaaumw]
. 1
(414 hel2ata -2+ 2a%a)
= hw[afml].
2

f) For any operators b, é,d the following general relation holds: [a,b¢] = [a,b]é + b[a, é]. Accord-
ingly,

Solution to Exercise 4.6.
a) In order to verify if the state @|n) is an eigenstate of the photon number operator a'a, let us
subject this state to the action of this operator and employ the result (4.17), rewritten in the
form a'aa = aata - a:
afaaln) = (aata-a)|n) = (an-a)|n) = (n-1)a|n),
as was required.
b) Similarly, from Eq. (4.17) we find afaaf = ata'a + af and thus

ataal [n) = (aTaTa+a")|n) = (a'n+a")|n) = (n+ 1)al |n).

Solution to Exercise 4.7.

a) Let [¢)) = a|n). From the previous exercise, we know that [) is an eigenstate of a'a with
eigenvalue n — 1, i.e. |[¢p) = A|n—1), where A is some constant. We need to find A. To this
end, we notice that (1| = (n|a’ and calculate

(] ) = (n| &Td| n) =n.
But on the other hand,
(Wl ¥) =|AP (n-1n-1) = |AP,

where in the last equality we have used the fact that the eigenstates of the number operator
are normalized. From the last two equations, we find |A4| = \/n.

The phase of A is arbitrary. By convention, it is chosen equal to zero, so A is real and positive:

A=m.
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b) Similarly, if |¢) = @' [n) = B|n + 1), then, on one hand,
(¢l ¢) = (n| aa’| n) = (n| ata+ 1| n) =n+1,

and on the other hand
(¢l ) = |BI* (n+ 1| n+1) = |B*.

Therefore (invoking a similar convention), B = v/n + 1.
Solution to Exercise 4.8. The vacuum state obeys the equation @|0) = 0, or
(X +iP)|0) = 0. (E.12)

In order to find the wavefunction in the position basis, we use Eq. (4.11) to write the momentum
operator in this basis. Equation (E.12) then becomes

d
X+— X)=0.
( dX ) v(x)
This is a first order ordinary differential equation whose solution is
(@) = Ae P,
where A is the normalization constant, calculated in the usual manner:

+
—00

wio)= [Pz =la? [ e ar = 1ap

Requiring the norm of [1)) to equal 1, we find A = 7~'/4,

The wavefunction in the momentum basis is calculated similarly.

Solution to Exercise 4.9.

a) The single-photon Fock state is obtained from the vacuum state by applying a single creation
operator. Using Eq. (4.11), we express the creation operator in the position basis as

dT:\}E(X—iP)e\}i(X_(fX)

and thus the wavefunction of the state [1) = af|0) is

1 (X d)e_XQ/zz\/i

- o Xe X712
J2rl/a ax V7

P1(X) =

The two-photon Fock state is obtained by applying the creation operator to the single-photon
state:

In the position basis,

Ly d b (o Ay yxp L 2 1) -X2/2
¢2(X)_2(X dX)wl(x)_ﬂW1/4 (X dX)Xe - o (XD

b) We now show by induction that Eq. (4.22) describes the wavefunction of the Fock state |n).
First, from the definition of the Hermite polynomial,

d'l'L 2
Hp(X) = (1) ——eX
(X) = (-1 T,
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we find that Hy(X) = 1 and thus the wavefunction of the vacuum state obtained from Eq. (4.22)
is (X)) = 7= 1/4=X*/2 which is consistent with Eq. (4.21). Second, assuming that if Eq. (4.22)
is valid for a specific Fock state |n), we need to prove it to be also valid for the next Fock state
[n+1) = at|n) /v/n+1. We apply the creation operator in the position basis:
at
|TL + 1) - \/m |7’L>
X -d/dX H,(X)

e
V21 + 1 rl/4/2np)

2 2 -X?/2
- ! XH,(X)e X2 - dHn(X) x2p2 H,(X) de
/4 /204 (n + 1)1 dX
- 1 2XHn(X)—M e X212
/4 /2n+ 1 (n + 1) dX

1 2
= Hp (X)e X2,

714274 (4 1)1

which, according to Eq. (4.21), is the wavefunction of the state |[n+1). In the final step
in the above transformation, we have applied the known recursion relation for the Hermite
polynomials,

dH,(X)

Hiea(X) = 2X H, (X) - S8

H,(X).

Solution to Exercise 4.10. For an arbitrary Fock state |n), we have
(n] X|m) = (nl (a+a"h]|n)

|(\/_|n 1)+vVn+lln+1))

'OS\ Sl

_ (E.13)
Similarly,
(n P n) =0.
For the uncertainties, we have
(AX?) = (n] X?[n)
1
- 5 (n| (aa+aa" +a'a+a'ah)| n)
1
= 5(n|[\/n(n—1)|n—2)+\/n+12|n \/_ [ny +v(n+1(n+2)n+2) ]
1
= 5(2n+1). (E.14)

The same answer holds for the momentum uncertainty:

(ap?) = %(271 +1).

Solution to Exercise 4.11. Both |0) and [1) are energy eigenstates with the eigenvalues being,
respectively, Aw/2 and 3hw/2. The evolution of the superposition of these states is then given by

W)(t)) _ 6—iwt/2 |O) 4 e—Siwt/Q |1> )
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The expectation value of the position observable is then given by

(4.15) 1 oy 1 iwt LAt —iwt
X) =" —(¥@)|la+a t))=—=((0|+e 1])(a+a")(]|0)+e 1)).
(X) \/5(¢()|( ) (1)) \/§(<| (11)( )(10) 1))
The only nonvanishing matrix elements in the expression above are (0| a| 1) = (1 af O) =1. We then
conclude that 1
X)= —(e™ + 7)) = /2coswt.
(X) \/5( )
Similarly, for the momentum observable we find
1 . , 1 . .
(X) = —( (O] +e™* (1] )(a- &T)( 0) + e (1)) = (-t +e™h) = —/2sinwt.

V2i V2

The trajectory in the phase space is a clockwise circle with the center in the origin and a radius of

V2.

Solution to Exercise 4.12. Let us assume some decomposition of the coherent state into the
number basis,

o) = ian n), (E.15)

and apply the definition (4.23) of the coherent state to this decomposition. For the left-hand side
of Eq. (4.23), we have in accordance with Eq. (4.18),

ala) = i anGln)
=0

any/nin—1)

||M8 3

—

n

7
n'=n-1

QpreaVn' +1|n'). (E.16)

M8

’

0

3

At the same time, the right-hand side of (4.23) can be written as
ala)= ) aay|n'). (E.17)
n’=0
Equalizing both sides, we find a recursive relation

Qlip/

Qi1 = NCESH (E.18)
SO
a1 = aqg;
_aap a2a0'
Qg = ﬁ = \/§ 5
_aay a3a0.
IV
. (E.19)
or in general B
ay = 220 (E.20)

It remains to find such a value of o that state (E.15) is normalized to one. We find

(ol a) = 3o = ool 3 (ol (5.21)
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If we look carefully at the sum in the above expression, we will find it to be the Taylor decomposition
2 2
of €l*l” | so we have (a] a) = |ag|?el*". Setting (o @) = 1, we find

lao|? = elel’ (E.22)
or ' )
ag = ePeeTlol /2, (E.23)

The quantum phase factor e??~ is a matter of convention, but it must be consistent with the conven-
tion chosen for the phase of the coherent state wavefunction (??). This phase cannot be determined
based on these elementary considerations. However, a rigorous derivation shown in the beginning of
this solution demonstrates that ¢, =0 for all a.

Combining Egs. (E.20) and (E.23) we obtain

a, = e lal’12 jﬁ (E.24)

Solution to Exercise 4.13. For the mean number of excitation quanta, we write:
{n) = Y mpr,
n=0
|2n

=
n=0 n!

Ml el $ ] (E.25)

As we know from calculus, the sum equals e/l Accordingly, (n) =|aj?.
For the mean square number of excitation quanta, the calculation is similar, but somewhat more
complicated:

2
(nQ) = e~lol? i an

I
T
e
3
VS
Sz
L
=

, on’
n ::n—l 2 —\a\ Z ( n 1) ‘a|
n’=0
_ |a|2e—\o¢\2 [ Z /|a| Z |a| ]
n’=0
= o [ S n'pr,, + Z prn,]
n’=0 n’=0

2 0l [laf +1]. (E.26)

Hence the variance of n is (An?) = (n?) - (n)? = |af?.
Solution to Exercise 4.21.

a) Let us derive this result with the Wigner formula:

_[ZOW,;(X, P)dXdP = % [Zf (iPQ (X . % X + %} dQdXdP (E.27)
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We start with performing the integration over P, which gives a delta function, as the only part
of the integrand that depends on P is the exponential

EWﬁ(X,P)dXdP - ;T[fm(@) (x- Lol + Z)aqax
= ]oo(XlﬁlX)dX
- T (E.28)

This result is not surprising if we examine the physical definition (4.29) of the Wigner function,
which we rewrite for the case 6 = 0:

+o0
f W,(X, P)dP = pr(X), (E.29)
where pr(X) is the marginal distribution for X. Furthermore,
+00
f pr(X)dX =1 (E.30)

because pr(X) is a probability distribution. Accordingly, the integral of the Wigner function
over the phase space must equal 1.

b) Substituting p = ap; + Bp2 in the Wigner formula, we obtain

W,;(X7P):i[;weiPQ(X—%|ﬁ|X+ Q}dQ

27 2
- % [ Teire (X - % (apr + Bpa)| X + %)dQ
B i

=aW;, (X, P) + BW;, (X, P)

Again, this result is consistent with the definition of the Wigner function. From Eqs. (4.29)
and (4.30) we have

f W,(X, P)dP = pr(X) = Tr(pX) (E.31)
Substituting again p = ap; + Bp2 into the right-hand side of the above equation we get

Tr(pXg) = Tr[(apr + Bp2) Xo]

= aTr(p1 Xp) + BTr(p2Xo) (linearity of trace)
- f W, (X, P)dP + 8 / W, (X, P)dP (from (E.31))
- f W, (X, P)dP.

¢) We can show that the Wigner function uniquely defines a state by taking the Fourier transform
of both sides of the Wigner formula:

(X - %mx ; %) - f PR, (X, P)dP

—o00
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We can then make the change of variables X = % and Q = Xy — X7:

(Xala) = [ e r o, (RS2 pYap

—o0

> px,,x,|X1){X2| is uniquely given by the

X1,X2
integral in the right hand side, which depends solely on the Wigner function W; (X1;X2 , P) .

Hence each element of the density matrix p =

d) We can show that the Wigner function is real by taking the complex conjugate of the definition
and then making the change of variables Q' = -Q:

1 r Q . v.Q
W (X, P :—f PQx _ %5 x 4 Zyg
F0ep) =5 [ oG Syaq

! iPex 4+ Qpix - 9ya b he densi is Hermiti

=5 ] ¢ ( +§|p| —5) Q (because the density operator is Hermitian)
1 T~ , Q/ !

= — e - — + —)d(- change of integration variable
o [ X - pIX + (@) (change of integration variable)
T

1 ”,PQ o reo
= — [ PUX - X + L)
ar | €O =S hIX - 00

= Wﬁ(va)

Therefore, the Wigner function must be real.

Solution to Exercise 4.22. We write the Wigner formula for both operators

W,i(X,P)= % f X - %Ap{ + %)dQ; (E.32)
Ws(X,P) = % f PR (x - %|B|X N %)d@', (E.33)

and integrate the product of the two Wigner functions over the phase space:

jfooWA(X’P)WB(X,P)dXdP

]. . R . ’ 4 R ’ ,
= W f[ff ezPQ<X - %|A|X+ %)elPQ (X - %|B|X+ %)deQ dXdP
1 2 ' A ' - ' ’
= Gy [fffezp(wcz )<X_%|A|X+%)(X—%|B|X+ %)deQ dXdP

- ﬁ [ff(X - %ZHX + %)(X - %|B|X + %)5(Q+ 0)dQdQ'dx
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(where the integration limits +oo have been omitted for clarity. Now let us redefine the integration
-1

1 —_=
1

2

variables: X; =X - % X2 = X + €. The Jacobian is =1. Hence

f Wi(X, P)Wg(X,P)dXdP = (2%) f(X1|A\X2>(X2|B|X1)dX1dX2

_ Q%f(xlm[f |X2)(X2|dX2]B|X1)dX1. (E.35)

The integral in parentheses equals the identity operator. Therefore the above expression becomes

1

f W4 (X, PYW (X, P)AXdP = [<X1|AB|X1>dX1 = ) Tr(AB).

1
(2m)
Solution to Exercise 4.24.

a) substitute X = P =0 in the Wigner formula (4.31). We obtain

(0, o>-—[ 21019y
- f z|pl - substitute x = (Q/2)

x /3H|:1c)dx since I - z) = |z)

T Joo

- ST (i)

Solution to Exercise 4.25.
a) As we found in Problem 4.20,
Wiayal (X, P) = Wioyo|(X = X, P = Pa) (E.36)

with a = (X, +iP,)/v/2. Comparing this with the definition (4.40) of the Q function, we
obtain Eq. (4.41).

b) Using Eq. (4.34) we get

Qﬁ(XaP)

5= Tr(pla) (el)

1

= 5 {alple)

c¢) This follows from the previous result because the density operator is positive.
d) To prove that the @-function is normalized we use the convolution theorem:
F(Qs(X, P)) = (2m)2F(W,(X, P))F(Wioy0/(X, P)) (E.37)

where

Qp.r(Ex,Ep) = [f Qy(X, P)e Xex-iPer g xap, (E.38)

(2 )?

Wﬁ(fXafP):ﬁ ff Ws(X, P)e x4 x d P; (E.39)
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and
1

Wioyo|(§x,6p) = (2r)2

] Wy (X, PemXex-Peraxap.

The Wigner functions themselves are normalized, i.e.

17 X 1
Wir(0.0) = G [ wix, pyeixes PErAXAP = g
1 T ~iXEx—iP 1
Wioyo1,7(0,0) = 2?2 ffW\m(ow(XaP)e X EPdXdPZTW)Q;

Using Eq. (E.37), we find that

(277)2Q|0)(0|,F(070) = ﬂ Q|0)(0|(X, P)e_ixfx_ipgdedP =1.

Solution to Exercise 4.27.

a) Convolving Eq. (4.46) with the vacuum state Wigner function, we obtain

137

(E.40)

(E.A1)

(E.42)

(E.43)

(E.44)

+ 00
f[ 8(X' = Xo, P' = P )Woyo) (X = X', P~ P')dX'dP’ = Wjpyo|(X - Xa, P - P.), (E.45)

[

which equals the coherent state Wigner function according to Eq. (E.36).

b) We solve this part by taking the Fouier transform of both sides of Eq. (4.45) and recalling that
the Fourier transform of a convolution is a product. The wavefunction of a squeezed vacuum

state with squeezing parameter r is ¥, (x) = — L g=a?/ 2T2, so its Wigner function is

w4 1

1 17, (x-Q/2)%  _(x+Q/2)?
W.(X,P) = 27{\/%; / PR 52 = 2.2 dQ
— 16_%2 feiPQe_%dQ

2n\/Tr

-
=2r\/me-P?r?
_ le_):*;_Pzﬁ .
T
Subsequently, its Fourier transform is
1 1 & b

W, r(éx,Ep) = ExX+er Py (X p) =

e T aZ,

(2m)? (2m)?
whereas the Fourier transform of the vacuum state Wigner function is simply

2 .2
1 xtép

W , =——=e€
0,7(€x,€P) (27)26
The ratio of these two expressions yields

L Wor(ix,€p) - 1 Sa-)e% (1)

P7.,F(§Xa£P) = (2m)? WO,F(fx,fp) = (27)26 r?

(E.46)

(E.47)

This is an infinitely growing exponential, which cannot have a properly defined inverse trans-

form.
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Solution to Exercise 4.28. This is equivalent to showing that the two sides of eq. (4.47) have the
same representation in the position basis. That is, we want to show that

(X1 |5 Xo) = ff P5(X', P') (X1|a) (o] Xa) dXdP. (E.48)

Recalling that the wave function of a coherent state in the position basis (neglecting a phase factor)

1 L0 .
T TP for o = X\;%P, the right-hand side of eq. (E.48) can be

is given by (Xjla) = 7~ 4e

expressed as

1 too 52 N2
C(x1-X)? (Xp-Xx))
— f Py(X',Pe 2 e 2
NG
—00

We now want to show that this is equivalent to the left-hand side of eq. (E.48).
Taking the inverse Fourier Transform of the Wigner formula (4.31) yields

(X=X xqp’. (E.49)

+o00
(X-25/X +9) = f e PRW, (X, P)dP. (E.50)
Let us now insert definition (4.45) of the Glauber-Sudarshan function into (E.50), noting that the

N2 N2
Le-(X-X')? ~(P-F')

Wigner function of the vacuum state is given by . Thus we have

(X-$1plx+$)=
+00
_1 [ poxt Py X e g xra prap
i

+oo too
1 , e
:fffpﬁ(x’,P’)e*X—X ax'dp’ (/ e"(P-P )ze”PQdP). (E.51)
™

o)

We now evaluate the integral in parentheses in Eq. (E.51):

+00 +oo
[ o (P-P') ~iPQyp = ,~iP'Q / o~ (P-P")’ ~i(P-P)Qq p
o (Q)Q +0o 7(P7P’+'Q)2
= PR3 fe '2) dP.
Performing the change of variables £ = P — P’ + z% in the integration, we obtain
+0o 5, 1
f e (P=F)’ ~iPQqp _ e’iP’Qe(i%) / eigzdﬁ

_iplg -2
= me P Qe

Substituting this into Eq. (E.51), we get
1 + 00 , Q2

(X -2plX + Q) = 7 f P,a(X',P')e_(X_X Ve T P RaX"qP . (E.52)
T

Finally, we make the change of variables X; = X — % and X5 = X + %, which results in X =

%(Xl +X5) and Q = X5 — X1. It follows that

X1+Xo —X')2 _ (Xg-X1)?
e 4

+ 00
) 1 .
(X1|p|X2):ﬁf Py(X", P)e (5

e P (X=X g xq P’ (E.53)
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Analyzing the exponents in the integrand of the previous equation, we see that

2 2
(X1+Xa 2 (Xa-X1)? ,(M,X'(XIJJQHX’?)
e (T X 3 =e 4

x2 2 x2 2
B e—(Tl‘XIX"f % )e—(TZ—X2X'+XT)

_(X1-XNH2 (Xp-X")?
=e 2 e 2 s

SO

(X1- x>2 <x2—x’>2
2

(X, |5 Xo) = f Py(X', P')e ¢iP'(X1=X2) g X4 P, (E.54)

This is the same as Eq. (E.49), which concludes the proof.

Solution to Exercise 4.28. Coherent states, as well as the vacuum state (the coherent state with
a =0) are classical: they are trivial cases of statistical mixtures of coherent states.

The Fock states are nonclassical The value of g?(0) = 0 and the Mandel parameter is equal to
-1, both of which point to the nonclassical nature of the state.

Superpositions and statistical mixtures of the single-photon and vacuum states are nonclassical
because they have zero probability to contain exactly n photons for any n > 2.

The squeezed vacuum state is non-classical. This follows from the squeezing criterion. For the
specific state in the problem, the (AP?) = (AX]_ j2) = 2 =1t<i

The Schrodinger cat state |a) | —«) is nonclassical. This can be seen, for example, from its Fock
decomposition. Using Eq. (4.24), we find

la) + | - o) 271012 S O‘—Z!m) (E.55)

even n

“laf2/2 at
2e Odzd:n N [n) (E.56)

o) = [ - )

The contributions of odd and even photon number states to these sums vanish, so the criterion of
Problem 4.32 applies.

The state with density matrix (|a){a|+|-a)(-al)/2 is a statistical mixture of coherent states and
hence classical.

Solution to Exercise 4.37.

a)

(n)=Tr(pn)=(1-2) Y. na" =z(1-z) Y na""
n=0 n=0
d [oo)
=z(l-2)— n
x( a:)d$ (nzzox )
where z = e™?. The sum of the geometric progression in parentheses equals 1/(1 - x). Hence

() =21 -2) = (1)

l1-=
e

1-2
1
el -1
We have obtained Bose-Einstein statistics, which is not surprising given that photons are
bosons.
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b) Prior to calculating the second-order coherence function, let us find the expectation value of
the squared photon number in the thermal state.

(n?)=(1-x) i n?z"
n=0

n-1

=(1-2x) 2n(n 1)z"? + znx

d2 1 d 1
1 x +xdx(1—aﬁ)]
- ”[(1 x>3 - x)z]

:<1—z>2 (1—:c>

=(1-x)

r—|5
w M8

For 7 =0 (the same mode),

@ ¢ L @t (Hat)a(t))
A N TOTOIE
(ataata - ata)

(ata)?
_ %) -{n) <)n_>2<”> - 2.

For 7 >> 7., the operators at ¢t and t+7 act on completely independent modes, so they commute
with each other:

@),y {af(®al(t+7)a(t)at + 1))
o) T )
(at()a)al(t+m)a(t+1))
(at(t)a(t))?
(at(®a)Wat(t +m)a(t + 7))
(at(t)a(t))?

c¢) Let us first find the @ function for the thermal state:
X +iP
V2

—(l—e_ﬂ)Ze "B(aln)(n|a)
n=0

2 (aa)?

n!

Qs(X,P) = 71_(a|p|a) where « =

:i(l_e—ﬁ i ~nf ol

7(1_6—3)6_)( -p? (1- f’_ﬁ)

This is a Gaussian function with variance cr(%2 =1/(1-¢7?). On the other hand, we know that
the @ function is the convolution between Wigner functions W, and Wgy(o- The latter is also
a Gaussian function

1 2 _p2
W|o><o\(X,P)=;€ xer



Solutions to Chapter 4 problems 141

with variance 0‘20 o = 1/2. Since both @ and Wjgy( are Gaussian, the Wigner function must
then be also Gaussian of the form:

Ws(X,P) = 2%6(—)(2-132)/20‘2”
7TO'W

with variance

iy =08 = Tloyol
1 1
l-eB 2
_ 1+e P
- 2(1-eP)
B 1
- 2tanh_1(ﬁ/2)

Hence

W(X, P) = tanh(ﬁ/2)e(—XQ—PQ)tanh(ﬂ/2).
i

Solution to Exercise 4.38.

a) Let us calculate the expectation values for an operator A in the Schrodinger and Heisenberg
pictures. First, the Schrodiner picture which tells us that:

[ (£)) = e M ysg) (E.57)
from which the expectation value is

(A(t) = (wo ei(ﬁ/h)tAe-i(ﬁ/h)t‘%)

which is the same as the expectation value of operator(4.54) evolving in accordance with the
Heisenberg Picture.

b) Let us differentiate both sides of Eq. (4.54) with respect to time.

A(t) = 8, (ei(ﬁ/h)t[loefi(ﬁ/h)t)
O ei(H/h)t) Age tHIME L Gi(HIME § 5 (e—i(H/h)t)

(
(ﬁei(ﬁ/h)tAoe—i(ﬁ/h)t B ei(ﬁ/h)tAoﬁ(e—i(H/h)t)
(

Hei(ﬁ/h)tAoe—i(ﬁ/h)t _ ei(H/h)tAO(e—i(fI/h)thI)

SR

where the last line follows from the comutativity of I and ¢1/"| Hence we have

O A() = - (HA(t) - A(t)H)

SH| . | .

[H,At)].
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Solution to Exercise 4.39. Let us calculate the time evolution of & under the harmonic oscillator
Hamiltonian.

Dui = h[H i(1)]

f%[ﬁQ J2m, 7] + %[kﬁ/z,@]

because [p, %] = —ih. The other canonical equation is proven similarly.

Solution to Exercise 4.40.

a) The Hamiltonian H such that the evolution e~t/? ynder hH for time to is equal to lA)(XO, Py)
must comply with
ﬁ(Xo Py) = ptPoX=iXoP _ ~iflto/h
Hence
g="20p 0% (E.58)

X - traxy- o
B to
. .. P

P o= lrapj=-2,
h o

and hence

X(to) = X(0)+Xy;
P(to) P(0) + P,.

Solution to Exercise 4.40. The Hamiltonian H SL}Ch that the evolution e‘izH /Mt ynder H for
time tg is equal to the two mode squeezing operator S(() is

H:%&m@—ﬂ@) (E.59)
0

Under this Hamiltonian, the differential equation for the evolution of a; is:
éll = [FI, &]
1 [ihC

Py H((fl@ - &'{&g)adl]

>~

- _S&;
to
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(the last line follows from [dy,éas] = [a1,a}] = 0). Doing the same for the as, a} and al, we obtain a
set of coupled differential equations:

iy = —Qa; (E.60)
to

ag = —ﬁai (E.61)
to

al = “San (E.62)
to

al = s (E.63)
to

Differentiating Eq. (E.60) and substituting d; from Eq. (E.63) yields
¢\%

é'l1 = (%) ay

which has general solution
a1 = Acosh (St) + Bsinh (St)
to to
with A and B being arbitrary operators. From the initial conditions, a; (¢ = 0) = —%&;(0) [according
to Eq. (E.60)], and hence A = 41(0) and B = —&;(0). The evolution of the annihilation operator of

mode 1 therefore is
. . AN . <
a1(t) = a1(0) cosh| =t | —a5(0) sinh | =¢
to to
Rewriting the above equation for time ¢ = ¢y yields Eq. (4.69). Equation (4.69) obtains in a similar
fashion.

For the mode 1 quadrature observables, the evolution is as follows

. L

X a +a, ¢ s ¢

X, = N =-2X. E.64
1 7 to(az4-a2) X (E.64)
2 Gy —al al —a .

p . w=dl _ ¢ (ay az)::j;P2 (F.65)

V2i to V2 to

and similarly

X% - -Sx% (E.66)
to

B o= Sp (E.67)
to

From Egs. (E.64) and (E.66), we get,
.5%1 1)2'2 = ¢%(X’1 iXQ)
which upon Integration yields,
X1(t) £ Xa(t) = (X1(0) £ X2(0))e™ 70"

Rewriting the above result for time ¢ = ¢y yields Eq. (4.71). The derivation of is similar.

Solution to Exercise 4.75. The beam splitter operation can be written in the form

. E! E, 4
Ey=(2t)=B( "] = BEo,
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where B is the operation of the beam splitter and “vectors” refer to the pair of field amplitudes in
the input and output beam splitter modes. The intensity of the input and output fields are given,
respectively, by

Iy = 2e0c(ESPES) + ESES) = 2¢0cEJ Ey,

and e
I = 2¢0cBTE} EoB.

Since B must conserve energy, we must have that
ETB'BE = ETE
for any E, and so ETQ =1, i.e. B is unitary.
Solution to Exercise 4.48.
a) Given that r =t = 1/\/2, we can simplify B to:
1 {1 -1
s () o
Applying this to the annihilation and creation operators in the Heisenberg picture gives

i, +al

i -8

and similarly:

Now we consider the input state as a two-mode squeezed vacuum state with:
Xl + Xz = (Xlo ino)eﬁ;
]51 + PQ = (1510 + p20)6i47
where XiO and ]51-0 refer to the position and momentum of the two vacuum states from which
the two-mode squeezed state has been generated. These states can be treated, without loss of

generality, as having been obtained from two further vacuum states that have been transformed
by a beam splitter defined by Eq. (E.68):

1 ~ ~
X0 = —=(X100 - X200);

-3

Xoo = —=(X100 + X200);

-3

Py = —=(Proo - Pono);

-3

Py = —=(Proo+ Paoo),

S
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where subscript 00 refers to these latter states.

Combining the above expressions, we find the observables after the beam splitter as

~ 1 ~ ~ ~
X1 = E(Xl - X5) = —Xs00¢;

_ L
2

N 1 . . N B
X} = —Q(X1 +X5) = X1g0e™";

P{ (131 - 152) = —Pyyoe™;

Sl

N 1 . ~ ~
le = E(Pl + Pg) = Plooec.

145

We see that the final states can be viewed as results of applying the single-mode squeezing
operations (one being position-squeezing and the other momentum-squeezing) to the two initial

vacuum states.

b) The beam splitter operation is reversible, so reversing the direction of the beams would mean
that overlapping two oppositely-squeezed single mode states on a beam splitter would result

in a two-mode squeezed state. The same math can be applied to find this result.

Solution to Exercise 4.49. Consider the action of Hamiltonian given by (4.81) on a two-mode

state. Using Eq. (4.55) we get

: 1

a1 = h[H,dl]
= Qlalay —aial,a,]
= —Qay

and
by = —[H,as)
h

= Qlabas - aal,as]
= Qa

Differentiating both sides of the above equations with respect to time, we find
ELl = —92&1;
az = -Q%a.

The solution to this system of differential equations can be written as

a1(1) = a1(0) cos(Q27) — a2(0) sin(Q7);
(1) = a1(0) cos(Q7) + a2(0) sin(27).

Defining

cos(Q2r)
sin(Q71)

(m0)-C 7))

1l
~

Il
<

we find

which is equivalent to transformation (4.79) with the beam splitter matrix (4.78).

Solution to Exercise 4.50.

(E.69)

(E.70)
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a) Since any Fock state can be constructed from the vacuum state using Eq. (4.20), we have

(my,ma| = (Jmy,m2))}

&T mq &T mo t
- (G Vo)

@)™ @)™ o o\ N .
= ( NGNS Ulo, 0)) (beam splitter acting on vacuum gives vacuum)
1

= W(O,OIUT(dl)ml(&z)m

Substituting the above into the left-hand side of Eq. (4.82), we obtain the desired result.
b) We rewrite Eq. (4.82) as

(m1,mao|Ulny,ng) = ﬁ(o,mfﬂ(dl)ml UUT(a2)™2Ulny, na); (E.75)
= == (00Ut a1 U)"™ (UtasU) " na, o) (E.76)
Using
ay = Uta,U =tay - rag; (E.77
ah = UtasU =ray +tay, (E.78)
we obtain

(m1,ma| U ny,ny)

1 ~ A \m ~ PR Y
= —— '(0,0|(ta1—m2) Yray +taz) ™|y, na).
m:Mmao-
1 L O B T I,
= ———=(0,0 ————(ta1)" (rag)™ ™
m1!m2!( |(k1§_30 kjll(ml—k‘l)!( 1) (raz)
IS ma! ~ Nk (qn -k
x —(ra tas)™* 7" | |ny,n
(kzzoka(mg-@)!( "% (12" | o)
1 mi ma (—1)"“_]“1!711! ma!

kl +m2—k2 ,,,,WU —kl +]€2

ml!mgl k1=0 ka=0 kll(ml —kl)! kz!(mg —]CQ)!

x (0,0 d’f”’” &gnl_k”mz_k? In1,n2)

1 w1 M2 (—1)m1_k1!n1! msa!
CVmama! o2y kl(ma = k1) kol (mag — ka)!

k1+7n2—k2rm1—k1+k2

X6k1+k2,n1 6m1—k1+m2—k2,n2 nilng! (E79)

The condition k1 + ko,n1 imposed by the first of the above Kronecker deltas implies that the
second Kronecker delta can be substituted by Om1ms-n1,ms = Ong+na,mi+me (Which is simply
energy conservation). With this substitution, we obtain Eq. (4.83).

Solution to Exercise 4.51. For ny =0 and ny = n, Eq. (4.83) takes the form

(mh m2|0|na 0) =

my ma 1)k /nTmy Tmg!
mi-ma: _ _
— z: z: 6k1+k27n5 ( ) tm2+k1 k?z,r,ml k1+l€2

k1=0 ko=0 e k’l!(ml —k‘l)!k‘g!(mg —k‘g)!
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Since the Kronecker deltas impose k1 + ko = mq + ms = n, the only nonvanishing element in the sum
is the one with k1 =my and kg = ma. Accordingly,

/nl | |
n.ml.mg.tmler

<mla m2|U|n, 0) = 5n,m1+m2
m1!m2!

n

_ mi,,m2
- 5n,m1+m2 ( A~ )t T 9

ma2

which is equivalent to Eq. (4.84).
Solution to Exercise 4.51. Applying Eq. (4.83) to the |1,1) state, we can see that
U1,1) = —r7v/2]0,2) -2 [1,1) + 72 |1, 1) + r7V/2|2,0)

For a 50 : 50 beam-splitter we have r = % and 7 = % and thus

Ol - %(— 0,2) +12,0))

The amplitude of output |1,1) vanishes, so there can be no coincident photon detection after the
beam splitter.

Solution to Exercise 4.54. To show that two coherent states after a beam splitter are still
coherent states we look at a1U|a) ® |3). First we multiply with UU = 1 from the left.

dlma) ®|B) = UUT&1U|a) ® |8),
with Uta,U = Bi1ay + Biods according to Eq. (4.79). Hence
&1U|Oé) ® |ﬁ> = U(Budl + Blgd2)|a> ® |ﬁ>
= U(Blla + Blgﬂ)|0é> ® |ﬁ)
= (Biia+ B12f)U|a) ® |8)

In the last line, we exchanged (Bi1a+ B1af) with U since the former is just a number. We see that
Ula) ® |8) is an eigenstate of G; with the eigenvalue By« + Biaf.

i1 Ula) ® |B) = (ta - rB)U|e) ® |3)
Similarly we get for as A .
asUla) ® |B) = (Bara + B f)U|r) ® | B)

This means that the states after the beam splitter are eigenstates of the annihilation operators and
therefore coherent states:

U|a) ® |B) = |Bria + B128) ® |Bara + Baa3).

Solution to Exercise 4.58. We have to find the behaviour of the Wigner function when the P

functions shrinks from P, (X, P) to Py (X, P) = t%Pi,l(%7 ?) We use the fact that the Wigner
function is equal to the convolution of the P function and the vacuum state Wigner function:

Wiout(X, P) = Pjout (X, P) * Wigy0) (X, P) (E.80)
= P (X, By L (X3P (E.81)
(E.82)

The vacuum state Wigner function is Gaussian of variance 1/2. It can be written as a convolution
of two normalized Gaussian functions such that the sum of their variances equals 1/2.

1 2. p2 1 -(x2+P?) 1 -(x2+P2)
Wout(X, P) = =" 0 —— ™7 ?
s

T x t2 ' *7T><(1—t2)6 (E:83)
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We notice that the first two factors above are the P-function of the input state and the vacuum state
Wigner function scaled by the same factor ¢. Using the associativity of convolution and convolving
these two factors, we obtain the scaled Wigner function of the input state:
1 X P —(x2+P?)

—, =) *xe 12 (E.84)

WAou X7P = 577 oy "Vhin
pout (X, P) rt2(1-¢2) 7 (t t

which is equivalent to Eq. (4.90).

Solution to Exercise 4.61. Since the beam splitter is balanced each of the field annihilation
operators is transformed by the beam splitters as follows:

R 1 i
al:ﬁ( Lo+a69)
N r Ny
agz—(aLo—aea)

V2

The factor of €% accounts for a phase difference between the signal and the local oscillator (LO).

Each of the photodiodes measures the number of photons in its respective mode, and these mea-
surements are thens subtracted from each other. This results in a measurement of 7n_:

>

N_ = Ny —Ng
= ala, - abay
1, 4 . .
I ~ Ata At A0 | ATa -6
= 5 (aLOaLO taatap,ae +aarpe )
1.4 . .
_ (A ~ S P X T P, (PN —i6
5 (aLOaLO +a'a-ayp,ae” —alaroe )
A i6

N G0 At _
= ajpae +aTaLoe

Solution to Exercise 4.62. Due to the macroscopic size of the coherent state of the local oscillator,

its annihilation operator can be approximated by its eigenvalue apo. Assuming it to be real, we
have

f- = apo(ae™™ +afe'?)

= OzLng\/i.

Solution to Exercise 4.64.

A2y —A

. S
n

A1y

ar.o
Figure E.1: A model of balanced homodyne detection with imperfect photodetectors.

(b) Imperfect photodiodes with quantum efficiency 7 can be modeled by perfect photodiodes pre-
ceded by beam splitters of transmissivity 7, as shown in Fig. E.1. The output modes of the
symmetric beam splitter can be written as,

aro +a aro —a
= and = —.

a; = T ag = \/5 (E85)
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After the loss, the modes in each channel become
ay =+/mar +/1-na, and ay = \/naz +/1-nazy, (E.86)

where subscript v refers to a mode in the vacuum state. Substituting the operators in Eq. (E.85)
into those into Eq. (E.86) yields

a’lz\/ﬁ(a\jEMJr\/l—nalv and aéz\/ﬁ(a\jg_a)+\/1—na2v. (E.87)

We would like to show that this configuration (shown in Figure E.1) is equivalent to the one

Figure E.2: Balanced homodyne detection with attenuated inputs.

in which photodiodes are perfect, but the signal and local oscillator are both attenuated before
the central (50:50) BS (shown in Figure E.2). The vacuum modes that enter the attenuators
can, without loss of generality, be written as

(aflu - a2u) and (alu + a'2u)

a = a =—"
1V \/§ 2V \/5

where a1, and ag, also represent operators of modes in vacuum states. The signal and LO
modes after the losses are then

a':\/ﬁa+\/1—nw\/;2u) and a’LO:\/ﬁaLo-h/l—nW\/;Q"), (E.89)

(E.88)

which are now the input modes of the central beam splitter. The output modes of that beam
splitter can be written as

! !
/ a +aLO \/ﬁ(aLOJ"G’)
ay = = ++/1-naiy E.90
NG V2 m (E.90)

and

A A
, aro-d  /nlaro-a)
Ay = = ++/1—nas,. E.91
NG vz Vi (E91)

We see that the expressions in (E.87) and (E.91) are identical. Thus the two configurations are
equivalent.
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Appendix F

Solutions to Chapter 5 problems

Solution to Exercise 5.6. We start be writing down the density matrix p

P PHH PHV
PVH PVV
A set of measurements in the canonical (HV) basis tells us the diagonal elements of the density
matrix:

Ny

= H = -

pru =pr(H) Ny + Ny
Ny

= V= ————M

pvv =pr(V) N+ Ny

To get the off-diagonal elements of j, we need measurements in the diagonal and the circular basis.
From the measurement in the diagonal basis we get

1 N 1 1
pr(+) =5 (H[+ V) Il (|H) +|V)) = 5 (pan+prv +pvu+pvv) =5 (L+puv +pve)  (F1)
and from the circular basis

1 ) . ) 1 ) 1 _
pr(R) = 5 (H=i{V) Il (H) +i[V)) = 5 (pr + pvv +i(pry = pvn)) = 5 (L +i(pry = pva))-
(F.2)
Solving these two equations, we find

prrv = 5 (i=1) + pr(+) = ipr(R)
pui =5 (=i =1) +pr(+) + ipr(R)

We can also rewrite the density matrix in terms of the count rates

Ny 10 N. . Ng
A Nu+Nv 2 (1= 1)+ § 3% ~iFpens
PNt (mim1) + e 4 i D Ny
2 N+ N- T UNReNL No+Nv

Solution to Exercise 5.11. According to the optical equivalence theorem (4.47), any density
matrix p can be written as a linear combination of coherent-state density matrices:

p= [ Po(@la)al d. (F.3)

This result can be used for quantum process tomography. To characterize the quantum process &
one measures its effect on the coherent states, £(p, = |a){a|) over many (ideally, all) values of a.

151
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Then, according to the linearity of quantum processes (Eq. (5.3)), we have the effect of the process
on state p:

) = [ Pol@) E(la)al) da. (F.4)
Solution to Exercise 5.13. The number n,,; of photons per second that Bob receives after the

signal traverses a distance L is related to n;, according to

BL = 10log, 24t
n

n
Hence ngys = nip 107 (FL/10)
The number of photons that Bob is able to detect is then
Ndet = 1 X Nout
_ nnmlo—(ﬁL/lo)
For the BB84 protocol, the transmission is secure if

error rate < 95%. (F.5)

Bob’s total counts

The count events at Bob’s detector are caused by “legitimate” photons and the dark events; the
errors occur due to the latter. Only those dark count events that occur within the time interval
of 7 of expected photon arrival times are indistinguishable from the events cause by legitimate
photons. Such events comprise a fraction 7n;, of the total dark counts, so the effective dark count
rate fd,eff = fd'rnin'

Equation (F.5) can thus be rewritten as

denin
nninlo_(ﬁL/lo) + denin

<0.25

Substituting the values and solving the above equation in the limiting case of 25% error gives L ~ 175
km which is the maximum distance for which the given communication channel is secure.

Solution to Exercise 5.22. Consider the basis formed by states

[¥)
[¥.)

Suppose Alice and Bob share the entangled state |¥~) and Alice measures her portion in the

{l¥),1¥1)} basis.

a) Alice’s reduced density matrix is

alH)+B|V);
BrH)-a" V). (F.6)

pa=Trp|¥7) (U]

=~ (H)(H] V) (V).

so her density matrix is completely mixed. Thus she has precisely a % probability of obtaining
each result no matter in which basis she measures.

b) If Alice measures her portion to be in the state |1}, then Bob’s portion will be

- 1 * *
{p| @ ):ﬁ(a (H|+ 5" (V) (IHV) - |[VH))

1 * *
=%(Oé V) - 5" |H))
1

= _ﬁ Wl)
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However, if Alice measures her portion to be in the state |¢b, ), Bob has

_ 1
(] W) = o (B{HI = VD) (HV) - [VE)
1
= 5 (BIV) +al)
1
- 5.

After Alice communicates to Bob which state she measured, Bob will know whether he has

) or [¢.).
Solution to Exercise 5.23. Suppose Alice has no communication with Bob. He does not know

which state Alice has obtained in her measurement. Therefore he has a probability of % to have
state 1) or |1, ). This means we can write Bob’s reduced density matrix as the mixture

o1 = 5 () (9] + ) (9]
= 2 (o +16P) ) + (ol + 3 V)
= S (H)H] V) V]),

which again is completely mixed.

Solution to Exercise 5.31.

(a) Let |¥7) be the input state of the beam splitter. Referring to Problem 5.2, we write this state

) 1
w7y = SUHV)=IVH))
1
v 1001) ~ ]0110) (F.7)

H1V1H2V2 H1V1H2V2

(where H1 refers to the horizontal polarization of spatiotemporal mode 1, etc.). In order to find
out how this state transforms on the beam splitter, we need to apply the beam splitter equation
(4.83) separately to the states in the vertically and horizontally polarized pair of modes. For
example, we can write the first term of Eq. (F.7) as

11001) = |10) ® |01) .
~—— —— ~——
H1V1H2V2 H1H2 V1V2

According to Eq. (4.83), these states transform on the beam splitter as follows:

oy % %(I10>+ 01)) (F.8)
o) 2 %uon— 10)) (F.9)

so we have
110) ® [01) i% 110) @ [01) + [01) ® [01) - [10) ® [10) - [01) @ [10) |.  (F.10)

—— —— —— —— —— —— —— —— —— ——
H1H2 V1V2 H1H2 V1V2 H1H2 V1V2 H1H2 V1V2 H1H2 V1V2
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This can be rewritten as

71
ooy L =| jro01) + Joor1) - [1100) - [0110)
N~—— 2 N~—— N~—— S~—— S~——
H1V1H2V2 H1V1H2V2 H1V1H2V2 H1V1H2V2 H1V1H2V2

For the second term of Eq. (F.7) we find, in a similar fashion,

viy= o110y S 1| o100 - pio0) + joorn) - foot
H1V1H2V2 H1V1H2V2 H1V1H2V2 H1V1H2V2 H1V1H2V2
and hence
oy S L ooy - jor0) = o).
\/§ N~——

—
HIV1H2V2 HIV1H2V2
In other words, Bell state |[¥~) is invariant with respect to the beam splitter transformation.

Conducting the same argument for state |¥*), we obtain

nwo_ 1 _
W) == 5 (0011) - [1100)) (F.11)

Thus the photons after leaving the beam splitter are in same output spatiotemporal mode.

For states |®*), we have either HH or VV in the input modes. This means, two photons of the
same polarization are meeting on a beam splitter. Such photons will experience the Hong-Ou-
Mandel effect, which means that after the beam splitter they will be found in the same optical
mode.

It is possible to distinguish between |¥*) and |®*). In the figure, if we get clicks from D1 and
D2 or D3 and D4, we know the photons bunched together in one spatiotemporal mode has
orthogonal polarization, i.e. the input Bell state was |[¥*). Otherwise, if we get both clicks from

D1 or D2 or D3 or D4, we know the photons have the same polarization, i.e. the Bell states are
|D*).

D1 D2 D3, D4

BS

input Bell state

Figure F.1: A scheme that allows distinguishing Bell states [U*}), [¥7), and |®*)

Solution to Exercise 5.35. Consider the case where modes a and b together form a qubit with
only one photon, and similarly modes ¢ and d form a qubit. By postselecting on the events where
the number of photons in each of the output cubits is the same as the number of photons in each of
the input cubits, we can use this scheme to probabilistically implement the CPHASE gate (5.11). A
photon in mode b would correspond to the logical value 1 for the first qubit, and similarly a photon
in mode ¢ corresponds to the logical value 1 for the second qubit. Now consider the action of this
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..attenuator £ = 1/3

Control ¢ o >
qubit b

phase shift ©
r=1/3

Target ¢
qubit 4 X

¥ attenuator £ = 1/3

scheme on each possible input state (without the attenuators in a and d):

11001) ==|1001)

1 2
[0101) :>\/;|0101) + \/;|0011) (due to phase of 7 from BS + 7 from PS)

1 2
[1010) :>\/;|1010) - \/g|1100) (due to phase 7 from PS on transmitted)

0110) = 10110 - z0110 - ﬁ0200 + ﬁ0020
3 3 3 3
—— —— —_— —_—
b—->b,c—>c b->c,c—b b—>b,c>b b-c,c—c

By disregarding all of the events where the number of photons in each qubit has changed, we
can cut out all of the events where there are 0 or 2 photons in qubits 1 or 2:

11001) ==|1001)

0101) :\/7|01o1
11010) :>\/;1010)

0110) = - J[0110)

The probability of successful operation here depends on the input state. Considering the trans-
formation of modes |bc) — |b'¢’) for the above results we get |00) = |00) with probability 1,
|10) = |10) and |01) == |01) with probability 1/3, and |11) = —|11) with probability 1/9.

We can now compensate for this unequal probability of success by adding attenuators with
t? = 1/3 in channels a and d. Then we have:

11001) :éuom)
0101) :%|0101)
11010) :%|1010)
10110) —> — %|0110)

and the success probability for each input state is 1/9 in all cases.
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Appendix G

Solutions to Chapter 6 problems

Solution to Exercise 6.1.

a) To prove that

On (1) = =+ V(D (1) (G1)
we expand the derivative as
aler(t) = 0, (M s (1))
= 0 (MY s () + € oMM, (b (1))
= i(Ho/h)e! oMM aps (1)) + ' oM, (aps (1)) (G-2)

We shall use the Schrodinger equation for the value of the second partial derivative:

Ous(8)) =~ (o + Hr(0) s (1)) (G3)
and thus

Oun (1)) = i(Ho W) I s (1)) = Ty + B ()ls(D). (G4)

The first two terms cancel since Hy commutes with ¢'(#o/M?, Hence,
A1) = 3 eI (0)s (1), (G.5)
= I (e Ny (1)), (G.6)
- L VO0) (@.1)

b) This can be proved by simple substitution:

(WrOIArORer(©) = (sl M Age oM g (1)) (G.8)
= (sl Aofs (1)) (G.9)

which is the expectation value from the Schrédinger picture.

Solution to Exercise 6.3. The interaction Hamiltonian equals

o o oo hwy -Ed hwo 0\ ( -hA -Ed
H"H_HO‘(—EJ* 0 )_( 0 0)‘( Ed* 0 )

157
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with A = w —wy. Transforming this according to the equation (6.7) for the evolution of operators in
the interaction picture we find

vo=eoli( 50 )( Fe 0 e 5 0 )]

We recall that the exponent of a diagonal matrix e = diag(\1,...,\,) is also a diagonal matrix:
e/ = diag(eM,...,e*). Accordingly,

- e“t 0 -hA  -Ed et
V(t):( 0 1)(_Ed’* 0 )( 0 1)

et o —hAe" @t _Fd
- 0 1 _Ed’*e—iwt 0

~ -hA —Edett

“\ —Edteivt 0 ’

Solution to Exercise 6.5. The evolution of the state in the rotating frame is given by |[¢)(¢)) =
e~ w1t ]4h(0)) where the Hamiltonian is

. “A -Q
i )

To evaluate e”# " we first determine the eigenvalue decomposition of H = Xy |o1) (v1] + Az |v2) (2]

where A; and Ay are the eigenvalues of H with corresponding (normalized) eigenvectors |v1) and
|v2). In fact, we have

A A2 A A2
AM=-hl=+\/—+|Q] and Mo =-h|—=-1\/—+|Q]?
2 4 2 4
with corresponding eigenvectors
A A? A A2
|m):]\1[(2+\/§+|ﬂl2) and |v2):]\17(2_\/94*+|9|2)
1 2

and normalization constants N7 and Na such that (v1|vy) = (va|ve) = 1.
To find the coefficients 14 (t) and v,(t) as functions of time, we need to calculate v,(t) =
(al (1)) = (ale "B 1p(0)) and ¢y (t) = (ble"#H1p(0)). The ground and excited states are denoted

by the vectors
0 1
|b) = (1) and la) = (O)
LAt

The initial state is simply the ground state [1)(0)) = [b) and we can write e """ in the eigenbasis of

H

et 2 e BN ) (0] + €522 ) (v

Now we calulate v, (t) as

ba(t) = e 5 alur Y vr]b) + €72 (alvg) (va]b)

A /A2 ape 20/ A2 4|02 i/ 0z A/ AZ 42
zewg(en/ﬂmm \/|Nf|2‘ P, iv/Belare 4 \/lN:F\ 2\
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We define W = ATZ + |€J? and note that squaring the normalization constants yields |[N1|* = 2W (5 o
W) and |Na|* = -2W (£ - W). Thus we have

ba(t) = et W Wt 2W Gt
“ 2W(%+W) —2W(% W)

L0 e,
2w

[9) .
= ZW sin (W) et

. LA
—’LWt) i5t

Similarly, we have

bo(t) = e TN (Blog )2 + e F A2 (blug ) [

— (Wt 10P | —iwt (9P it
= (™ e ) €2 (G10)
Noting that (— + W)(— - W) = —-|QJ?, we can rewrite |‘]§,21‘|22 as
|Q|2 :| |2 1 | |2( )
|N, |2 QW(% +W) 2WQ2
1A
AN
and |‘1¥‘|2 as
[N2f? 2W|Q|2 2w

Inserting this into (G.10) above, we get
1, ; A
wb(t) — (5 (eth + eth) _ W

A .
= (cos (Wt) - Zﬁ sin (Wt)) eint

(Wt _e—th))ei%t

Solution to Exercise 6.11. The atom is initially in the ground state

0
) - (1) (G.11)
At resonance, the evolution matrix associated with a pulse of area of A is given by

- cos(A/2) isin(A/2)
u :(isin(A/Q) cos(A/Q))’ (G.12)

so after a pulse area of 7, the wavefunction of the atom is

- _[cos(%) isin()\(0)_ 1 (i

Ui |w>—(isin(j{) cos(§) J\1) 2 \1)" (G.13)
After this, the atom is left alone for a time ¢. In the absence of the laser field, the interaction
Hamiltonian (6.16) becomes

. “A 0
VQ—O:h( 0 0), (G.14)

and the evolution under this Hamiltonian is

2 —ngzot/h eiAt 0
U2 =€ =h 0 1 5 (G15)
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which leads to the state

U504 1) = % (ieilm) . (G.16)

is applied, producing the state

jus

2

0,050, [0) = (COS(’D Z'Sin(ll)) (Z‘eil“) 1 (Zfifgf) (G.17)

isin(%) cos(}) 2

Subsequently, another pulse of area

So the final excited state population is [1he|* = §|ie’®" +[? = cos? At/2.

Solution to Exercise 6.13. To find the eigenvalues of the Hamiltonian (6.16) we can write the

characteristic equation as:
det (h (_‘A* ‘OQ) - )\i) =0
(A+M)A-|Q*R* =0

h—A /A2 +4|Q)2

2

= )\1’2 =

The eigenstates corresponding to the above eigenvalues can be obtained by solving the eigenvalue

equation
~ (1 1
o4l 1) .

where the normalized excited state amplitude is

1
Ya = ﬁ (G.19)

and for the ground state

(e — (G.20)

X1 = 21
12 50 (G.21)

In case the value A of the detuning is much higher than the Rabi Frequency €2, we can make the
following simplifications in the expressions for energy eigenvalues:

_ 2
o (UL 20))

where we used the fact that /1+«a » 1+ «/2 for a small o. There are two cases that one must
consider: large positive and large negative values of A.

In the case of blue detuning (large positive A), eigenvalue \; is close to zero: A\; ~ hQ?/A. The
corresponding value of X (The probability amplitude for the excited state) is given by:

A VA2 402
20
A - (A+20%/A)
20)
~—A/Q-QJA

X, =

~N
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which has a large magnitude. Equation (G.20) implies in this case that the population is primarily
in the ground state. The population in the excited state is given by:
1

1+ X2
1

N 7X2

|hal? =

1
T (FA/Q-Q/A)?

T A?

For red detuning (large negative A), the second eigenvalue is close to zero: Ay ~ —hQ%/A. The
corresponding value of X is given by

+A -V AZ + 402

Xz = 20
CHA-[(A+20%/A)
- 20 |
A+ (A+20°/A)
b 20)
8 AJQ+QJA,

and, again, has a large magnitude. Thus, in this case too, the eigenvalue which is close to zero

consists, primarily, of the ground state. The population in the excited state is [tpq|* ~ X—Z.

Solution to Exercise 6.14. In the previous problem, we found the energy eigenvalues to be:

-A VA2 +402

hdio=h .

We also found the eigenstates to be:

1 1
N
Ar2) itz (x1>2)
1 (—A:F\/A2+4Qz)

h ==
where Ij 2 Q 5

For large negative detunings this can be approximated by:
hA1 = h(-A - Q%/A)
hAg = h(Q%/A)

Tl = —M

A
o2
2]

a) Since Ay = h(0?/A) is the lower energy eigenstate, the depth of the trap is given by:
02 (E-d\ 1
A (h) A
I e%af 1
T 2qc h? A
P e%a} 1
N ﬁ 2606h2 Z
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Converting to A and A\ to an optical frequency we get A = —6.5 x 104 s71. We also know
e=1.6%10"1"C and ag = 0.248 * 10~?m for Rubidium. We then get a numerical estimate of
the trap depth:

QQ
K:7*107 Hz

b) The state is in the lower energy eigenstate:

o) = 1 1
2 V1+zo \ T2
with z2 = |A]/|Q|. The population in the excited state |a) is given by:

1
1+x§NA2

[Yal? =

For a spontaneous decay rate I' = 3.6 * 107 s™* the photon scattering rate is given by:

2 Q2 -1
Fsc = F|wa| ~N FE =4s

Solution to Exercise 6.16. For the density matrix

N Paa  Pab
= ) G.22
P (Pba Pbb) ( )

the evolution under Hamiltonian (6.16) is given by
. . .
(0tP)int = —g[Va A
{ A a
= _E(HIP - pHi)
_ _l. _ h( A Q Paa  Pab _ Paa  Pab A Q )
R Q 0)\pba  Pob Poa Pob )\ 0
_ iQ(pba - pab) iApab + lQ(Pbb - paa)
_iApba + iQ(Paa - pbb) iQ(pab - pba) '

Solution to Exercise 6.17.

a) Let us rewrite Eq. (6.25) in the density operator form:

Patomres(8) = [al*[(1 - 0p) |a0){aO] + 6p [b1){b1| + \/3p(1 — 5p)(|a0){(b1] + [b1){a0])]
+ aty [\/1- 0pla0)(bo] + /3p [b1)(b0]]
+ Yi[\/1 - 3p|b0)(a0] + \/op [b0) (b1]]
+ [l 0} (O], (G.23)

where in each ket and bra the first symbol corresponds to the atomic state and the second to
the reservoir. Now let us take the partial trace over the reservoir to obtain the atomic density

matrix:
p(0t) = [hal’[(1-6p)|a)(al + 5p|b){b]]
+ Paty[V/1 - dpla)(b]]
+ ie[\/1 - dplb)(al]
v o2 )0, (G.24)
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We can rewrite this in the matrix form:

oo (=)l ¢_1—6pwaw;:)
o= (Gl s (629

b) Replacing in Eq. (G.25) [¥a]?> = paa, Yati = pabs Vi = poas 6> = ppy and approximating
V1-0p=(1-6p/2) for infinitesimal dp, we obtain Eq. (6.26).
c) If 6p =T'ét, then Eq. (6.26) takes the form

) (1-T6t)paa (1-T6t/2)pa
p(ot) = ( (1- F5t/2§pba L'6tpaq + p':bb ) ’ (G-26)

from which we have that

(atﬁ)spont _ p(at) —p(O) _ ( _Fpaa _F/Qpab ) (G27)

Solution to Exercise 6.18. Plugging Eqgs. (6.24) and (6.27) into Eq. (6.28) the steady state
equation, we obtain the following equations:

Q

Pab = (peb— paa)A+7zT/2 (G.28)
Q
Pba = (pob— Paa)m (G.29)
Pob = Paa = 21Q2(pab ~ Pva) + 22paa (G.30)

Substituting the first two of the above equations into the third one, we obtain the value of ppp — paa:

r I?/4+ A2
Pbb — Paa = G = (G31)
D+ 220, 24+ A%+202

Now, we use obtain the value of p,a using the above equation and the fact that that trace of a
density matrix is one.

1
Paa = 5((,0% + pbb) - (paa - pbb)) (G32)
1
= 51~ (Paa = pw)) (G.33)
QZ
=S = G.34
I'2/4+ A2+ 202 ( )
The value of ppp is obtained as
Pvb = (Pbb - paa) + Paa (G35)
F2 4 2 2
- [ArA” L (G.36)
I2/4+A2+202 T?/4+A2+202
T2/4+ A2 +Q?
. A+ AT+ 07 (C.37)

I2/4+ A2 +202

The values of p,;, and pp, are solved by using the value of ppp — puq and substituting them into their
expressions above:

_Q(A—iT/2)

Pab = 241 A2 1202 (G-38)
-Q(A +:T/2

ohe (& +iL/2) (G.39)

[2/4+ A% +202°
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Solution to Exercise 6.21. The dipole moment in Schrodinger’s picture is

dg = ( dg g) (G.40)

Since we are working in the interaction picture, the evolution of the dipole moment must be taken

in to account:
dr = e“t 0\[0 d\fe™t 0
“Vo 1)\ad o/l 0o 1

——— ———
eiHot/h e—iHot/h

- 0 Jeiwt
- Jﬂ- e—iwt 0

The expectation value of the dipole moment is therefore

(d) = Tr(pdr)

-Tr Paa Pab 0 Jeiwt
Pva  puy) ) \d*e ™t 0)

= papd e ™ + cc

Further, if N is the density of atoms in the gas then its polarization is equal to

P(t) = N(d)

= Npapd*e ™ + c.c.

On the other hand, the polarization is related to the field amplidude according to

P =eoxE(t)
= eoxEo(t) + c.c.

Comparing the above two equations gives us

_ Npabd*
By

Substituting the value of pgp = F/;% from Eq. (6.30) and using Q = FEyd/h, we get

_NQd* i
" By T/2+iA
_ NJdP? i

© hep T/2+iA

Solution to Exercise 6.22. We start with the classical dispersion relation:

Ne? 1
€0MMWo 2A +iI°

Xd =~

h_If we insert that into the dispersion

From the Rydberg energy Ry = % we estimate wg = 5~
0 0

relation we get
N _4545 1

AP
coh ¢ QAT

Xd =
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Now we recall that a good approximation for the dipole moment is < d >= eag. So we can write x
exactly like Eq. (6.32).
N e i

Xd:q)ih —iA+ L

This precise coincidence is, of course, fortuitous. Yet it is impressive how the classical and quantum
treatments, while based on completely different physics, result in identical expressions.



