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Abstract

In this thesis the interaction between two dipoles is studied. This is done both in the classical and
quantum picture. Explicit expressions for the decay rates, the frequency shifting and the solution
of the equations of motion are given. The study of this phenomena is motivated by a photon-qubit
entanglement protocol which requires a coupling between a qubit and a dipole-dipole system interacting
with incoming photons in a waveguide. By using the model for the dipole-dipole interaction derived
in this thesis, we calculate the probability of success of the given protocol for different orientations
and distances between the dipoles.
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1 MOTIVATION

1 Motivation

One of the big areas of application for modern physics is the area of quantum computation. As
opposed to currently available computers, quantum computers operate by qubits, which gives them
the upper hand in problems like prime number factorization and simulation of quantum systems
[1]. A promising way of creating qubits are the so called superconducting qubits, which interact
very little with the environment and therefore preserve coherence (quantum properties) over longer
time periods than other forms of qubits [2]. If we in the future make effective quantum computers
by superconducting qubits, it important that they can communicate with each other to exchange
information. Current computers communicate with each other by encoding the information of their
bits into photons and then sending the photons through waveguides to other computers. If the same
is to be done for quantum computers, the information of a qubit has to be encoded into a photon
and sent through a waveguide. Because of negligible losses, quantum information is transmitted best
by optical photons [3]. Here a problem arises, superconducting qubits require very low temperatures
to be super-conductive, but optical photons have very high energies in comparison. Optical photons
will therefore destroy the superconducting properties of the qubit and make it loose coherence if they
interact directly. To create quantum communication for superconducting qubits, a suitable interface
that allows light to interact with qubits indirectly is therefore required.

A protocol for how to create an effective interface was proposed by Das, Elfving, Faez and Sgrensen
[4]. This protocol proposes to let the superconducting qubit interact with two molecules, and then let
photons interact with the molecules instead of the qubit. In their proposal they consider a qubit in
the form of a Copper Pair Box (CPB), which has two possible states, |4+) and |—). This CPB is put
outside the edge of a one dimensional waveguide. Inside the waveguide, two molecules can be found,
exchanging energy by dipole-dipole interaction. For simplicity, the molecules can be considered as two
leveled systems, then the ground state is denoted by |g1g2) and the combined excited states (dressed
states) by |A) and |S). The CPB and the molecules interact electrically and can have an influence on
the state of each other. As for the photons, they are sent by very short laser pulses, sending very few
photons at the time. If the energy difference between the qubit states |[+) and |—) is the same as the
energy difference between the dressed states |A) and |S), then the incomming photons might undergo
a Raman transition, which will encode the state of the qubit into the photon. The process is shown
in figure 1.
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Figure 1: Description of the Raman process. A photon excites the system from the ground state to
the |S—) state. The energy of the |S—) is tuned to be equal to the energy of the |A+) state, so that
tunneling between those states can occur. After tunneling the system decays to the new ground state,
sending a photon with less energy than the incoming one. The state of the photon is then coupled to
the state of the qubit.[4]
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2 CLASSICAL MODEL

A crucial requirement for the protocol to work is to have the energy difference between the dressed
states of the dipoles to be equal to the energy difference of the qubit. In the article by Das et. al [4] this
was phenomenologically taken into account, but a proper understanding of this phenomena requires
an accurate dipole-dipole interaction analysis. In this thesis we will therefore give a proper treatment
and dive into the dynamics of the dipole-dipole interaction. Because molecules are considered, the
interaction is described by quantum mechanics, but as one usually does in physics, before tackling a
hard problem, a similar but simpler problem is considered, which usually turns to be helpful. So we
begin by solving the problem in classical mechanics.

2 Classical Model

2.1 One dipole

We want to solve the problem of two oscillating dipoles interacting with each other by the electro-
magnetic field, satisfying Newton’s laws. A good place to begin is by looking at one oscillating dipole
alone interacting with the electromagnetic field. For the classical problem, we will consider a dipole
as being a charged particle attached to a spring. The charge is ¢, the amplitude of the oscillation is
described by xg and the spring has a spring constant k. Apart from the dynamics given by the spring,
an accelerated charged particle interacts with the electromagnetic field, giving energy in the form of
radiation. This results in a radiation reaction force, which is given by [5]

2
Hoq a

o~ (2.1)

Fraa =
Let us assume that the motion is only on the x direction, then adding this term to the equation of
motion of the harmonic oscillator we get

2
Hoq- ... ..
——T+i+kx=0, 2.2
6mc (2:2)
We will approach this problem in a way that is very similar to the way it would be in quantum

mechanics. We therefore define a classical equivalent to the annihilation operator:
A=mwz +1

: P (2.3)

A" = mwx —ip,
where w denotes the natural spring frequency and p is the momentum of the particle. In the case of
the perfect harmonic oscillator without a driving force we have & = p/m and from Newton’s second
law and Hooke’s law we get: p = —kx + Fyiper. Then the derivative of A gives

2

2
A=wp—ike +i20 5 = —jwA + i (2.4)
6mc 6me

This is very difficult to solve, so we make our first approximation. We assume that the system oscillates
always at the same frequency and over short periods of times the amplitude is constant. So for short
time intervals we have

A~ Apexp(ip — wt) . (2.5)

We should be aware that by this approximation we have assumed that the system is oscillating with
the frequency w, but in practice this frequency is not equal to the bare spring frequency, because a
driving force usually results in a frequency shift for an oscillating system. We will assume that this
frequency shift is finite and use w to denote the shifted oscillation frequency. From equations 2.3 and

2.5 it follows that )

B —wi = —w? L = (A A%, (2.6)
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2.2 Two dipoles - Equations of motion 2 CLASSICAL MODEL

which we insert into equation 2.4

w? poq?
12mme

A= —iwA—

(A—A7%). (2.7)

This equation is still difficult to solve. To proceed we move into a rotating frame that follows A. First
define the quantity A = Ae™!, which is not oscillating periodically. Its derivative is

A= Aet 4 jwAet (2.8)

Applying this to eq 2.7 we move to the rotating frame:

A= RO (F freizety (2.9)

In this frame we see that the term with A* oscillates with the frequency A* ~ e?“! while the other
term is not oscillating. For this reason we say that contribution of the A* term averages to zero and
thus we can ignore it. This is the rotating wave approximation. The final equation reads:

. 2, 2
A W Hod

~ ’Y ~
A=——=A 2.1
127me 27 (2.10)

which we recognize as the differential equation for an exponential decay. Here v = % is the
decay rate of the system. The fact that we divide it by two is by convention, since that one normally
talks about the decay rate with respect to the energy and not to the amplitude. Since the energy is

proportional to the square of the amplitude, its decay rate will be twice as big.

2.2 Two dipoles - Equations of motion

Now we proceed to work with two dipoles that are both oscillating with a frequency w and are separated
at a distance r from each other. The second dipole enters the equation of motion as a driving force:

p0q”
——¥+a1+kry— Fo1=0. (211)
67c

Again we will try to solve this problem in a way that resembles the quantum mechanical problem. So,

similar to eq 2.4 we now have
2

A = —iwA + i'léoq 1+ iFo . (2.12)

Ure
Next we should find an expression for the interaction force. The general electric field from an oscillating
dipole is:
1 eikr

E E*(n x p) x n

 Adwe rd 2

+ (3n(n - p) — p) (1 - Zk) eikrl , (2.13)
where n is the unit normal vector to the position vector r, k is the wave vector corresponding to the
frequency w, and p is the dipole moment vector [6]. A common approximation when working with
dipoles is the dipole approximation, where we assume that the field is uniform everywhere where the
dipole is oscillating. Within this approximation we can consider the direction of n to be always the
same. In polar coordinates, both dipoles have two independent angles. But because the electric field
has azimuthal symmetry, without any loss of generality, the interaction can be described by only three
angles, 61, 03 and A¢, where the last one is the difference of the azimuthal angles (see figure 2). The
electric field radiating from dipole one in the chosen coordinates is

ikr

L
k2 sin(01)p1 % ik
.

B + (3cos(1)n — py) < ) ek] . (2.14)

 drwe r3 2
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2.2 Two dipoles - Equations of motion 2 CLASSICAL MODEL

X P1

Figure 2: Illustration of our choice of coordinates and angles for the problem of two dipoles interacting
with each other. p; and p; are vectors pointing in the direction of the dipoles, and (x,y, z) define the
basis vectors of the coordinate system that is being used.

We will now make the approximation that the dipoles are only affected by the component of the
electric field that is parallel to their dipole moment vector. Then we can write the force acting on the
second dipole as F' = ¢E - py, where we denote the unit vector in the direction of the second dipole
by p,. Plugging into equation 2.14 we get

_ _ k2 . 1 ik
Fiye = 47360 sm2(91)sm(92)008(A¢)7+(3COS(01)COS(02) — Py P2) (73—73)]1)1(15)6’“ , (2.15)

where
D1 - D2 = sin(61) sin(f2) cos(Ag) + cos(61) cos(62) - (2.16)

For later use we will write this result in terms of Green’s functions. The electric field of a dipole can

be written as [5]
2
w
E(r)=—=
(r) =2

G(r,ro) - p (2.17)

Then the force in eq 2.15 can be expressed as

qw?

Fi_o=
€

. qpi(tw?
?(G(rvro;wl) ‘P1) Pr= 5

0z P2 (G(r,ro);w1) - Py, (2.18)

where p(t) is for our problem the same as gz(t), which is oscillating periodically. Thus under the
approximation that the system is changing slowly, over short time intervals the dipole moment term
behaves as:

p(t) = qxgcos (wt — @) . (2.19)
We note that At A
xocos (wt — @) = T (2.20)

so that we are able to denote the force of the dipoles by using the variables A and A*, which are the
ones we use for our equation of motion. Before proceeding we write equation 2.15 in the following

way:
1
F1_>2 = 501%2(7’, 91,92,A¢)(A+A*) s (2.21)

where we have defined

Ci2(r, 01,02, A¢) = ieik”q72 sin?(6) sin (0 )cos(Agf))k—% + (3 cos(61) cos(f2) — Py - Pa) <1 - Zkl)

1—-2\",V1,V2, - 87'['6077’%01 1 2 r 1 2 P1 P2 7"3 T2
q2 2
= Z260mw1 kips - (G(r,ro);w1) - Py -

(2.22)
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2.3 Two dipoles - Solution for same frequency case 2 CLASSICAL MODEL

We consider now two oscillators, denoted by A; and As. To begin with we consider them having the
same spring frequency. Looking at equation 2.10 we can conclude that in the absence of the second
dipole, their individual decay rates would be equal. We now derive the equation of motion for Aj.
Looking back to equation 2.12, we complete the equation of motion by replacing the interaction term
from equation 2.21:

Ay = —iwA; — %(A1 AL 4 Coyi (1,01, 09, AG) (As + A3 (2.23)

where we assumed that the system is changing slowly, as we did in the one dipole case. To be able to
solve this, we make the rotating wave approximation. To do so we transform into the rotating frame.

A= _%(1‘11 — A€ + Coa (1, 01,02, Ag) (A + Ay 3D). (2.24)
By the rotating wave approximation we can ignore the oscillating terms finally getting:

A = —%Al + Cay1 (1,01, 02, AG) A . (2.25)
By a similar procedure we can obtain the equation for A,

AQ = —%/IQ + Casi(r, 01, 02, Ad))fil . (2.26)

2.3 Two dipoles - Solution for same frequency case

We write the system of equations in matrix form:

fil — —7/2 Co1(r, 01,02, Ag) 41
|:/4~2‘| N |‘C1_>2(T, 91,92,A¢) _7/2 ‘| [A2‘| . (227)

We want to solve this system of equations. If we state it simply we get
A=MA. (2.28)
If this was an ordinary differential equation, the solution for A would be
A=A (0), (2.29)

which we assume to also apply for a matrix equation. The exponential of a matrix is not easy to
calculate in an arbitrary basis, but if we diagonalize the matrix it becomes

eMt 0
et = [ 0 o] (2:30)

where A+ are the eigenvalues of the matrix M. From the diagonal matrix we can recover the original
matrix by the equation M = RDR™!, where R~! is the transformation matrix from standard basis to
the diagonalized basis. This matrix is formed by the normed eigenvectors in column form.

By writing M = RDR~! and expanding the exponential function we can see that

M= RePRTL, (2.31)

Taking a look at the matrix M, we see that MM* = M*M, which means that it is a normal matrix.
For normal matrices we are sure that the eigenvectors are orthogonal to each other, meaning that R~
is a unitary matrix. This means that R~ = R*.
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2.3 Two dipoles - Solution for same frequency case 2 CLASSICAL MODEL

The eigenvalues of M are
A= =2 £ O(r,01,65,A9), (2.32)

where we have used that Cy_,1 = C1_9 = C, as both oscillators have the same frequency. The matrix
R formed by the eigenvectors is
1
Rzll 1]. (2.33)

V21 -1

Combining these results with equation 2.31 we get

1 e)\+t + e)\_t 6)\+t _ e)\_t
M = 3 |ert _ At At At (2.34)
Putting back into equation 2.29 we get the final solution. For oscillator 1 it reads:
7 Lr & T Ayt 7 T At
At = 5 [(Al(()) + A5(0))eMt + (A1(0) — Ax(0))e } . (2.35)

This solution can be divided into a real and an imaginary part. The real part of the solution represents
the total decay rate of the system. If the dipoles are on top of each other (their separation distance
is zero) and they both start with the same phase, then we should expect the total decay rate of the
system to be the double of the decay rate of one dipole. Let us check if this is true. For the condition
A1(0) = A2(0) equation 2.35 becomes

Ay (t) = A1(0)e M1, (2.36)

The decay rate is then given by the real part of the exponential, which we now calculate. For simplicity
we will assume that 61 = 0 = § and A¢ = 0. We then get

2 2
% =Re(Ay) = —v/2+ Re(C(r,0,0,0)) = —y/2 — &rfm [(k; - :3> sin(kr) + Zcos(kr)] .
(2.37)

We expand the sine and cosine up to third order. The expression inside the square brackets becomes

K21 . k K21 k33 k k2r? Eor?  2k3
(r - r3> sm(k:r)—i—r—2 cos(kr) ~ (r - r3> (/m" - 3'> t3 (1 ~ 5 ) =3 +T' (2.38)

We let » — 0 and insert this back in equation 2.37

q2w2

Re(A4) = —v/2 - =-7, (2.39)

12megme3
which is indeed double the decay rate of the single dipole case. A plot of the behavior of the decay
rate for oscillator 1 can be seen in figure 3. The decay rate of oscillator 2 is obtained by the real part
of the A\_ value, which is very similar to eq 2.37 but the opposite sign after /2. As a consequence,
the decay rate of oscillator 2 goes to zero as the distance goes to zero.

The interaction also gives a change in the oscillation frequency for the dipoles, this change is given
by the imaginary part of the eigenvalues. The frequency shift for oscillator 1 is:

81 = Im(\y) = Im(C/(r, 01, 62, Ag)) (2.40)

which as opposed to the decay rate diverges towards infinity for the distance going to zero. A plot of
the behavior of this frequency shift is given in figure 4. For oscillator 2 the behavior of the frequency
shift is the same, but with a minus sign, which means that its frequency shift goes towards minus
infinity for the distance going to zero.
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2.4 Two dipoles - Solution for different frequency case 2 CLASSICAL MODEL
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Figure 4: Plot of the frequency shift-
ing for the dipoles due to the dipole
dipole interaction as a function of the
distance between them.The frequency
of the spring was assumed to be w =
7.2-107y, 61 =63 = Z and Ap =0

Figure 3: Plot of the decay rate of
dipole 1 as a function of the distance
between them. The frequency of the
spring was assumed to be w = 7.2 -

107y, 61 = 6, = 5 and Ag =0

2.4 Two dipoles - Solution for different frequency case

Next we solve this problem for two dipoles oscillating with different spring constants. We begin by
looking at equation 2.23:

Al = —jw1 A1 — %(Al — AT) + C2—>1(Ta 01,02, A¢)(A2 + A;) :

We note that the decay rate is a function of the spring frequency w and therefore different for the two
dipoles. When making the rotating wave approximation, there are now many possible rotating frames

to transform to. For this thesis we choose to transform into a frame oscillating with wy = %, SO
Ay = Aje™st and Ay = Ase™st. Applying this transformation the above equation becomes

3 Aw - - s - S

Ay =i A = D (A = A7) o+ (1,01, 02, A0) (A + Ay ")), (2.41)

where we have defined Aw = wy — wi. We then apply the rotating wave approximation, where we
approximate that the fastly rotating terms contribution averages to zero. The equation of motion
becomes

i Aw 7

A = (ZT - 5),41 + Cg_s1 (1, 01,02, Ag) Agek2r (2.42)

By a similar procedure the equation of motion for Ay can be achieved. We will solve this system of
equations by the same method as in the same-frequency case. The system in matrix form reads

z‘i1 | 248 Cona(r, 01,02, A0) | | A (2.43)
A, Ci-a(r, 01,62, Ag) —72/2 — I8 Ayl i

which has the eigenvalues

. — (71 +72) . \/(fiAw + B512)2 4 4Cy 1 (1, 01, 02, Ap)C1a(r, 01, 02, Ad)
4 2 : (2.44)
— _(71 + 72) F \/F(va A’% r, 917 927 A¢)
4 2
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2.4 Two dipoles - Solution for different frequency case 2 CLASSICAL MODEL

where we defined the function F'(Aw, Ay, 01,02, A¢) to be the function inside the square root to
shorten the notation. The naming of the eigenvalues was reverted; the reason will become clear later.
The eigenvalues do not have a physical significance as they had in the same-frequency case, but as
we will see for the quantum calculations, the difference of the imaginary parts will be an important
quantity. It is given by

Ototal = | Im(AL — X)), (2.45)

a plot of this quantity can be seen in figure 5. We should note that ;.4 goes towards Aw for r very
large, and it diverges towards infinity for » — 0.

The matrix that describes the system of equations this time is not normal, which means that we
cannot guarantee that the matrix is diagonalizable. It also means that R~' = R* is no longer a valid
assumption. The R matrix is then to be found by inverting the R~! matrix in the old fashion way.

The expression for the eigenvectors is long and ugly, which makes R~ and R even worse. So
for the sake of beauty, one more approximation will be made. Assuming w ~ 107y, we have tested
some values numerically and found that Aw is commonly about 6 orders of magnitude bigger than
A~, so we make the approximation 71 = 2. The functions C1_5 and Cs_,; depend on the value
of w1 and wo respectively. We will work with values for Aw that are about 7 orders of magnitude
smaller than wy and we, so the difference in the functions is negligible. We can therefore approximate
C1_9 = Cy_,1 = C. With this approximation, the eigenvalues become

C(r, 01,02, Ag)? — (52)2
Ar = —% ¥ v . 2 (2.46)

We will calculate the solution similarly as we did for the same frequency case, with the only difference
that we have to invert R~ without any convenient shortcuts. The solution in matrix form is:

N At gt V1+|B-|? Mt At _
lxih(t)} N ¢ B VirmB (=) [ ~1<0>] (2.47)
As(t) By —B_ _7\/117:?';B+ (e)‘—t — e)‘+t) —eMtB_ 4 eMIB. A5(0)

with
Bi = C(Tv 917 027 A¢) (2 48)
i% * \/C(Ta 01,02, Ap)? — (%)2

The change in name for the eigenvalues now becomes clear, as letting Aw — 0 we can see that the
matrix reduces to the one we had in equation 2.34. But then, do the eigenvalues reduce to the right
ones? In this limit, we see that F, the quantity inside the square root becomes 4C?, so VF = +2C.
By comparing the eigenvalues in 2.44 to 2.32, we see that we must choose v F = —2C for them to be
equal to each other.

What happens in the more general case where Aw # 07 The square root of complex numbers
is a multivalued function, but there is only one correct solution, so we must pick the square root
that reduces to vVF = —2C when Aw — 0. Any complex number can be written in polar form by
F = re", and its square root by vF = r2e/(37) where n is either 0 or 1. After testing different
values numerically, it was found that n = 0 gives vVF = —2C when Aw — 0. So to keep continuity
we must choose vV F = r%eig for all values of F.

We have now finished deriving a model for two dipoles interacting classically. This model can give
us the motion of two dipoles separated at a given distance, with random orientations and oscillation
frequencies that are not too far off from each other. When doing the quantum calculation, if the
resulting model resembles the one we derived here, it will be a sign that our calculations might be
right.
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3 QUANTUM MODEL
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Figure 5: Plot of the absolute value of the difference in frequency shift from two dipoles through
different values of Aw. The natural spring frequency was assumed to be w; = 2.9 - 1077.

3 Quantum Model

3.1 One dipole

It is time to turn our attention to quantum mechanics. Now we think of a dipole as an electron
orbiting a nucleous, interacting with the quantized electromagnetic field and satisfying the Shcrodinger
equation. Before we consider the main problem of two dipoles interacting with the electromagnetic
field, we work the simpler problem of one dipole alone interacting with the electromagnetic field. This
will be done in the Heisenberg picture since it yields a problem similar to the one in the classical
picture. The general expression for the electric field operator propagating inside a cubic cavity of
volume V' in the Heisenberg picture is

Bl =3 (:;‘“;L) *ex [ (T — @l (He ] | (3.1)

where d, and d),' are the raising and lowering operators corresponding to the wave vector and polar-
ization k, and ey is a unit vector in the direction of k [7]. The k under the sum denotes a sum of
all the possible modes inside the volume and the two independent polarizations. This field has the
Hamiltonian H¥ = 3 ﬁwk&,t&k.

Kk

For simplicity we will now consider a system with only two levels, a ground state |g) and an excited
state |e). We let their energy difference be fwy and choose the zero point for the energy to be right
between them. The dipole operator for this system is

d = (g|d|e)|g) (e[ + (e[ d |g) |e) (9] = (el d|g) (6 +54), (3.2)
where the diagonal terms have been eliminated by parity considerations, the value (e| d lg) is assumed
to be real and we define the atomic raising and lowering operators as 64 = le) (g| and 6_ = |g) (€]

respectively. We will also be using the operator 6, = |e) (e] — |g) (g|. These operators fulfill the
commutation relations

6,,6_]=6., [6.,64] = 264 . (3.3)

The atomic Hamiltonian can be written in terms of these operators by H4 = %hwooz.
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3.1 One dipole 3 QUANTUM MODEL

The interaction Hamiltonian between the field and the atom within the dipole approximation can
be shown to be H! = —d - E [7]. The total Hamiltonian becomes

1 . s oA A . xats oA ~
H = HA + HF + HI = ihwofz + Zh [wk&,t&k + zgkak(m_ + 0'_) - nga};(d_i_ + U_)] (34)
k
with )
Wk 2 ~
o= (k) ere (eldlg) (35)

We can simplify the Hamiltonian by making the rotating wave approximation. In the free field and
free atomic case respectively, the operators have the following time dependence:

ax(t) = ax(0)e™™", aj(t) = aj(0)e™", 61(t) = 64(0)e 0" (3.6)

For wy, close to wp, the terms with a6 and a'6_ in the Hamiltonian oscillate with frequency wy, + wo,
which is much faster than a6_ and afé, which oscillate with frequency wy, — wo. We then assume
that all the relevant physical processes in the one dipole case oscillate with a frequency that is much
less than wy, + wp, so that the contribution of the terms aé and ate_ averages to zero. We should be
aware that this only applies for the one dipole case. The Hamiltonian after the approximation reads:

1 R st A
H=H*+H + g = §hwoﬁz + Zh {wkdld/ﬁ + igpar6 L — zgkaza_} . (3.7)
Kk

We now derive the Heisenberg equation of motion for the field and the atom. In the case of the
field we derive it for the a operator:

X 1. L. A
ay = %[akaH] = —iwgay — gpo— , (3.8)
which has the solution
t . , .
ax(t) = —gt / G- (1) DG 4 ay (0)ert | (3.9)
— 00

Similarly we calculate the equation of motion for the &_ operator:
b_=—[6_,H] = —iwes_ — Y _ groay , (3.10)
k

where in the last term the normal ordering convention has been used, where the creation operators go
before the anihilation operators [8]. We expand equation 3.10 by plugging the expression for a(t) in
3.9:

. ¢ - ‘
0_ = —iwgo_ + Z \gk|202/ o_ (e a4 gu6.ay(0)e ™ wt (3.11)
k —0oQ

We will focus on solving this equation since it contains the dynamics of the dipole. So far the
dipole approximation and the rotating wave approximation have been made. To be able to solve the
equation we have, one more approximation is required, which is the Markov approximation. This
approximation consist of saying that the future state of the coherence operator is not dependent on
its past history. This is to be able to take the 5_(t’) out of the time integral. Mathematically we say

A

6_(t) =~ 6_(0)e~ ™o, Then we can write:

t . , t . ;. ’ t . ’
/ 6,(t’)e_’w’“(t_t)dt’%/ 6_(0)e ot gion(t _t)dt'%ff,(t)/ e womwr)(t=t) gy (3.12)

—00

Page 10 of 20



3.2 Two dipoles - Raw Equation of motion 3 QUANTUM MODEL

Using this, equation 3.11 becomes

. oo .
&5 = l_iwo o Z ‘gk|2/0 el(UJofWk)TdT
k

where we defined 7 = ¢ — /. The last term in this equation represents electromagnetic noise, in
principle it is always there, but we will assume here that it has very little influence on the dynamics
of the system. We wish now to calculate the second term inside the square brackets. By looking at
the density of electromagnetic modes in a cavity of volume V, it can be shown that for V very large

[7] )
ko —— / de / df sin (6 / dkk?, (3.14)
so the second term inside the brackets in 3.13 becomes
71 " ; > 2 it 2 OO i(wo—w)T
o | aosing®) [T abiute eldlg)? [T et rar, (315)

Now we assume that the expectation value of the dipole moment only has a z component, then we can
write e- (e|d|g) = dcos@, where d is the value obtained by calculating the expectation value. Then
the above expression becomes

d? " 2 3 i(wo—w)
: Ay w)T . .1
47r260hc3/0 df sin(0) cos (6)/0 dww /0 e dr (3.16)

The angle integral can be calculated and gives % The time integral can be shown to be [9]

6+ grpdap(0)e k) (3.13)

0o 1
/ WO — 7§(wy — w) + iP { ] , (3.17)
0 wo — w

which we plug into equation 3.16 to get

d?wd . d? © 3 r .

6megc3h + l67r2eohc3p/o wo — wdw ) +if, (3.18)
where we now have derived an explicit expression for the decay rate I'.  On the other hand, the
frequency shift 2 depends on an integral which value is infinity. This thesis will not cover how to deal
with this problem. We will assume that it has a finite value and we will operate with the corrected
wp. This is called the lamb shift. The fact that I' and 2 represent a decay rate and a frequency shift
becomes clear when we replace them into eq 3.13:

b= - [g +i(wo + Q)} 5 (3.19)

3.2 Two dipoles - Raw Equation of motion

Next we derive the equation of motion for two dipoles in quantum electrodynamics. The Hamiltonian
will be similar to the one in eq 3.4, with the difference that there will be two contributions for the free
atomic Hamiltonian

HA = gAW 4 gA®) Z hw(j (3.20)

For the electric field we will no longer restrict it to plane waves. From now on we will be using any
generalized mode solution for the electromagnetic wave equation, which will be denoted by Fy(r).
The electric field operator then becomes [10]

B0 =15 (5 ) [P~ il 0] (3.21)
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3.3 Markov Approximation 3 QUANTUM MODEL

so the new interaction Hamiltonian within the dipole approximation becomes

LYY (2) ) Fi(r)an(t)(6 +60) - a9 Fimaf(n6? +67):  (3:22)
7j=1 k

while the field Hamiltonian is unchanged

F =" hwalay, . (3.23)
k

In the one dipole case we did the rotating wave approximation directly in the Hamiltonian; there we
assumed that events of the frequency scale 2wy were negligible. Now that we have two dipoles, as the
distance between them becomes less than the wavelength corresponding to wy, events of this frequency
scale can be thought to have an influence on the system, so we will proceed with the Hamiltonian
without the rotating wave approximation.

The Heisenberg equations of motion are now derived. We will follow the same procedure as in the
one dipole case. The equation of motion for the electric field annihilation operator reads

.1 W \E ) e al) A0
g = - la, H] = —iwpay +;(2h60) dY)Fy (r;) (62 +67) . (3.24)
It has the solution
' 12 t . . o
i () = ap(0)e ™" 4 (m) Z dY).F(r; / D) + 69 ()t Dy (3.25)
0

(1)

For the coherence operator we will be looking specifically at the one from dipole 1, 627. Its equation

of motion is
. 1 E
60 = —16W H] = —iw(Vs® + Z <2h€0) [dDFy(r)eMay, — AV -Fi(r)afsM],  (3.26)

where normal ordering has been used. The next step is to insert the solution for d; from eq. 3.25 and
d;rc, which is its hermitian conjugate, to get the full equation of motion:

1
. 2 . .
P =i ol 3 (5};}20) [dD-Fy(r1)ag (0)e 74t — dD-Fy(r1)af (0)e™*|

2

+Z<Wk>z[d()Fk(r1)Fk (r;)-dDe D / @D () + 6D @))etDay (3.27)
k

J=1

—dW.F} (r1)Fi(r;)-dY / +6W (t/))eiwk(t’t)dtla,gl)} ,
where Fi(r;)F} (r;) denotes the tensor product of the mode functions.

3.3 Markov Approximation

To shorten equation 3.27, we will define the noise terms as

N = ( Wi )2 {d(l).]_:*k(rl)@k(o)e—wkt) — dW.Fy(ry)a (0)e Zwkt)} ’ (3.28)
K
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3.3 Markov Approximation 3 QUANTUM MODEL

and introduce the Green’s functions by using the relation [5]

2
Zwk-Fk(r')Flﬁ(r)e_w’“(t_tl) = 2/dwe_iw(t_t,)% Im{G(r',r;w)}. (3.29)
k
Reversing the order of the product of the mode functions would bring G(r, r’; w) instead. In this thesis
we will be using the Green’s function for free space, for which the order of r and r’ gives the same
function. This property is assumed to simplify the calculations. If a Green’s function without this
property were to be used, one should be careful of this affects the following calculations.
So far only the dipole approximation has been made, to be able to proceed, we now make the
Markov approximation, as we did in equation 3.12. This time we have four different terms:

/t & (t/)e—iwk (t—t/)dt/ ~ /t & (0)6—iwot’6iwk (t'—t) At ~ 6. (t) /t 6i(wo—wk)(t—t')dt/ :

/t & (t/)eiwk(tft/)dt/ ~ & (t) /t ei(wO+wk)(t7t/)dtl ,

oo e t (3.30)
/ 5_+ (t/)e—iwk (t—t,)dt/ ~ / 6_+(O)€iwot/ eiwk(t/—t)dt/ ~ 6_+ (t) / e—i(w()-‘rwk)(t—t/)dtl ,

/t 6y (t/)eiwk(t—t’)dtl ~ 6y (t) /t ei(—w0+wk)(t—t’)dtl )

Applying equations 3.28, 3.29 and 3.30 into 3.27 we get:
2
. 1 .
& = —iw(()l)ﬁ(_l) + N+ JZI imocz/dwad(l) m{G(ry, ro;w)}-dWst)
006D [ el g 4 W) [ e gy (3.31)
0 0

_a__(g)a_gl) /OO ei(iw(()j)er)TdT o 5’9)&£1) /oo eqj(w(()j)+w)_rd7_:| .
0 0

To proceed we calculate the time integrals by using equation 3.17. Then we define the quantities

rg) = 2 (w2t (G, v} A8 T w)d, (3.32)
€0
mn 1 2q(m) . 1 ms In; d(n)
o = —p [ ¢ et Vg, (3:33)
meheg (wy ' £w)
mn)’ 1 2d0m) . 1 my In; 4™
Qi) — - P/“’ m{%‘" Twiwpd™ (3.34)
meheg —(wy ' £ w)
so that equation 3.31 becomes
2
2 (1) _ _Zw((]l)a__l) —|—N+Z(%F_1j) ZQ(U) )6.§1)ASZ) +(%F$J) + Q(U))&S)A(_J)
= (3.35)
_(%F$J>+ QU5 50) (%Fgmr Q09)59) 51

At last we expand the sum over j and apply the product of the atomic operators for the cases where
they correspond to the same dipole. For the cases where they correspond to different dipoles we note
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3.4 Rotating wave Approximation 3 QUANTUM MODEL

that 6(_2)69) = 6,&”6@. Then equation 3.35 becomes
&V = Ve 4 N

1 / / 1
+ ((ﬁ_“) L) ot — g0y )) 50 4 ((—r$1> — )y et 4 Q<+“>> 50

2 - 2 -
T (;(r(_”) 1y il 4 QQ”’)) 526 4 (;(ﬂj?) 1y P 4 Q$2)> 5PsW)
(3.36)

3.4 Rotating wave Approximation

We would like to simplify equation 3.36 even further. We start by calculating equation 3.32. Even
though the limits of the integral in equation 3.29 are not specified, we can assume that they are from

zero to infinity, since those were the limits for the one dipole case. Then F(_nm) =0.

We will from now on use the lamb shifted atomic oscillation frequency w(()l) = w(()l) + (@i + oty
We will also assume that the noise terms have no influence on the motion. Then eq 3.36 becomes

. 1 ’ ’ 1
6 = —i§e) 4 <2r(+”> —i@ — ot )) ol — Jris

— (—;r(j” —i(@” + 992)')) 6P + @(r(j?) —i(—" ¢ Q$2>> 5% 50

(3.37)

(1), (2)
To proceed we transform onto the rotating frame, to do so we introduce the quantities ws = w
& = 6(,1)eiwst, 5@ = 5@eiwst and 553) = ('}(,j)T, which oscillate slowly compared to 6pm(j). Then

substitute into equation 3.37 to get:

(11) (11) P
© T - T ~
5o (ﬁw _ ) 50 4 (g (-l 4 Qm)) 52,0

)

2 2

(3.38)
i AL oA\ | 2(1) 2wt r{? 12) | 012\ | 2@) 4 2wt
— | i@ ol ) sleret — |t i@ + o) ) 65

were we make the rotating wave approximation which says that the contribution of the oscillating
terms averages to zero. The resulting differential equation is

2 F(ll) ~ F(12) X (
o = (ZAQW =5 [ il + ) ) 506l (3.39)

This equation is very hard to solve because of the 5(_2)@(1) term, where both operators have a time
dependence. This can be solved by changing from the single atom basis to the coupled basis. We do
so by multiplying the whole equation by the identity operator for dipole two. In the case of &(_1) we
have

sV @1y = |g1) (e1] ® (1g2) (g2] + e2) (ea) = |g1g2) (ergol + |gre) (erea] ~ [grga) (erga| = 61, (3.40)

where we made the approximation that the double excited state is not present in our system. This

approximation is done because in the protocol where we will apply the model, only very few photons
(2) ~ (1)

are present at a time, so double excitations are negligible [4]. Similarly for 77, we get

6PN @1, =52 © 6,1 = |g1g2) (g1ea] — 1) (erea] = |g1g2) (gres] = -2 (3.41)
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3.5 Solution 3 QUANTUM MODEL

Applying this to equation 3.42 we finally get an equation that can be solved:

(11) (12)
21Y A T (1) =T =(2)
H (Z;f _ +2) FO ( S i - Q(_12))) 5@ (3.42)

For the second dipole, the same derivation can be made to achieve

(22) (21)
29\ A r % (2) I = (1)
HO (_i = 5) 52 (; +i(QP) - Q?”)) " (3.43)

We see that this system of equations is equivalent to the one we had in the classical case, and so the
solution must be similar.

3.5 Solution

Before stating the solution, we would like to have an expression for all the 2 and I' constants in the
equations. For I' we have

(n)2
(nm) _ 2wy m ., @) n
Yy = heod? d™) -Im{G(rm,rn,wU )}~d( ) (3.44)

Starting with T(*1) and T'?2) they require the Green’s function to be evaluated at the origin, but the
Green’s function for a point charge has a singularity at the origin. Hence we would rather use another
method for calculating them. Luckily we can safely assume that this is the one dipole decay rate,
which we calculated in section 3.1. Stating the result we got there we have:

2, ,3
F(mm) _ d wo

 3meoc3h (345)

As for the non diagonal T' terms, they can be calculated if the Green’s function and the direction of
the dipole moments are specified. For this thesis we will be looking at the vacuum Green’s function,
as we did for the classical case. We will return to the non diagonal I' terms in shortly. To calculate
Q(Jru) — 0" we use the Kramers-Kronig relation [6], which for our case becomes:

1 P/‘X’ loﬂd(m) m{G(rp, rp;w}-d™ B w?d™ . Im{G(rp,, ry; w}-d™ do
wheoc® Jo (" +) (w5 —w) (3.46)
w(n)Q
0

— m . ) n
= heoczd( )-Re{G(rm,rn,wo }-d( )

which is the expression for Q$2) — Q(_IQ). We note that it is the same as 3.44 but with the real part
of the Green’s function instead. The total non diagonal coefficients are given by the sum of these
functions:

(12) (2)2
-I . w .
2+ + Z(QS}Z) — 992)) = ﬁd(l) . (— Im{G(rl,rg;w(()Q)} + zRe{G(rl,rg;w(()Q)}) -d®
60(;2 (3.47)
LW 2
zh€0062 dW . ((G(rl, rg;w(() )) .d®

We recognize this result as being very similar to the term Cs .1 we used for the classical case in
equation 2.22. The spatial and angular dependence are the same up to a constant. We define the
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4 APPLICATION TO THE PROTOCOL

quantum equivalent of the function Co_,1 as

(2)2

LW 2
Q2-1(r, 01,02, Ap) = ZheOOCQ d® - (G(r1,r2;wé )) -d®
,eikQledg . 9 . k‘% S A 1 ’ik‘g
= S |sin(01) sin(6) cos(A6) -2 + (3 cos(6h) cos(0r) — i - ) (73 - r2> ,
(3.48)
where o
d; - d2 = sin(6) sin(62) cos(A¢) + cos(61) cos(h2) , (3.49)

and we write the system of equations in matrix form:

51 [ -TO0/2 1682 Qu(r,601,60,A9)] [ 550
(,2) QlﬁQ(T, 91,92,A¢) —F(22)/2_i% 5(_2) . .

Qe Qe

Now it is evident that we have exactly the same system of equations as in the classical case (equation
2.43). The eigenvalues are obtained by replacing C' by @ and v by I' in the classical ones (eq 2.44),
and the solution is obtained by replacing A by 6_ in the classical solution (eq 2.47). As the spacial
dependence of C' and (@ is the same, the plots seen in figures 3, 4 and 5 also apply for the quantum
mechanical system.

The eigenvalues of the system have a greater physical significance for the quantum system than
they have for the classical system. As the equation of motion is diagonalized, we move into the
dressed states basis, rendering the equation of motion for the dressed states. Thus the real part of the
eigenvalues tells us the decay rate of the dressed states, and the absolute value of the difference of the
imaginary parts tells us the energy difference between the dressed states.

Ty 4 ) \ Re(VF(Aw, Ay,1,61,05, A0))

FS = Re()\+) = — 9 2 )
(11) 4 1(22)
Ty = Re(A) = T —;—F B Re(\/F(Aw,A;,r, 01,02, Ap)) 7 (3.51)

Stotat = | Tm(As — A)| = |Tm \/F(Aw, Ay, 7,61, 62, Ad)|

where F is defined as in the classical model:
_ 2
F(AUJ, A’y, T, 91, 02, Agf)) = <—2’Aw + ’}/1272) + 4@1%2(7‘, 91, 02, A¢)Q2H1(r, 91, 92, Agb) . (352)

We have now successfully developed a model that describes two dipoles interacting with each other
in quantum mechanics. We can see that the behavior in the Heisenberg picture of the operators is the
same as the behavior of the dipoles in the classical picture. The Heisenberg picture usually renders
results that are similar to their classical analogous, which is what we achieved here. Therefore we can
be confident that our results are correct.

4 Application to the protocol

Now that we have developed a model that describes the energy difference and decay rate of the dressed
states, we would like to see what it can tell us about the photon-qubit entanglement protocol described
in the introduction. We now have a superconducting qubit interacting with the system of dipoles.
The superconducting qubit at hand has an oscillation frequency of about 5GH z, and we estimate the
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4 APPLICATION TO THE PROTOCOL

single atom decay rate of the dipoles as being about 20M H z. The atomic oscillation frequency wg has
to be in the range of the incoming photons, which are optical photons, so we estimate to be 5T H z.

The plots shown in the preceding chapters assumed a ratio between wg and « in the order of
magnitude 107, because for this ratio one can fully appreciate the dynamics of the system. For the
problem at hand we have a ratio in the order of 10°, and a suitable plot for this case can be seen in
figure 6. The resonance condition implies that d;otq; = wq, Where w, is the oscillation frequency of
the superconducting qubit. In practice, when applying the protocol, the only parameter that can be
directly controlled is Aw, so this one must be tuned so that the resonance condition is fulfilled. The
value of the energy shifting as a function of distance, angles and Aw has been calculated in this thesis,
and is given by §spq; in eq 3.51. In this thesis we will not derive a written expression for the required
Aw value to achieve resonance. Instead we have done numerical calculations for which value of Aw is
required for given values of r, 61,02, A¢ to achieve resonance. The result for 61 = 6 = 5, A¢ = 0 can
be seen in figure 7.

1200
Plot for Aw=0- 300 F———
Plot for 4.=100- equired Ao
1000 Plot for A.=250- w=2507
w, =250 250
800
- 200
-
£ -
T 600 <
3 3 150
=] <
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100
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50 |
i
:
:
0 )
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0
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Figure 6: Energy difference of the
dressed states as a function of the
distance between the molecules. We

use the assumptions mentioned in the
main text, §1 = 0y = 7/2 and A¢p =0

Figure 7: Plot of the required Aw for
the energy difference of the dressed
states to be equal to the qubit energy
91:02:77/28,11(1 A(;S:O

After achieving resonance, we would like to know the probability for the Raman process. This is
given by the equation:

p_ (D *Tyl's G2 41
- 2 12712 ) ( . )
Y Y 55+ G2

which was obtained by private conversation with the authors of the protocol, its derivation will not be
covered in this thesis. This equation assumes that the qubit and the dressed states are in resonance,
which means d;5tq; = wq. We can calculate the decay rates I's and I'y by using equation 3.51. The

quantity (%TDY is a correction factor to the fact that the scattering happens in a one dimensional
waveguide, not in tree dimensions as we calculated for this thesis. The term G is the transition rates
between the state |S—) to |A+). We will now find an expression for this transition rate. So far we have
only looked at the problem of the two dipoles ignoring the superconducting qubit. The interaction

Hamiltonian of the qubit and the molecules is given by

2

fig; |
Hiy=> "t 060 +1), (4.2)
j=1
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4 APPLICATION TO THE PROTOCOL

where g; is the coupling constant for the qubit with the dipoles [11], its value will not be calculated
in this thesis. For simplicity we will approximate go = 0, assuming that the qubit only couples to
one of the molecules. If this term is added to the original Hamiltonian, the new system of Heisenberg
equations of motion becomes

SO it m E g ] [
5O T gy jae 2| T of |50 (4.3)

where we defined Q") = Qfm) — Q(_nm). The expression for this quantity can be seen in equation
3.46. For later use, we rewrite equation 4.3 in the following way:

_ran rt Aw 012)
. . . |9a 0
o= ( [_ F(El) _1?(;2) +1 9(221) _% + Ty 8 0] ) o. (4.4)

We wish to find the transition rate from the dressed state |S—) to |A+). By bringing equation 4.3
into the eigenbasis of its first matrix (which we will denote as M matrix), we get the dynamics of the
dressed states. In this basis the first matrix becomes a diagonal matrix, and the second becomes a
matrix with four different terms that couple the dressed states by interacting with the qubit. The
diagonalization of the M matrix can be seen in section 2.4. A problem arises though because the M
matrix is not hermitian, so when moving to its eigenbasis, the terms that couple |S—) to |A+) are
unclear. As we soon will see, this problem does not arise if we move to the eigenbasis of a hermitian
matrix. Therefore we make the following approximation: instead of transforming to eigenbasis of
the M matrix, we transform into the eigenbasis of the second matrix in 4.4 (which we denote by Q
matrix), which is hermitian under the approximation 012 = 0CY = . Bringing the system into the
eigenbasis of the 2 matrix we write

A0 _rw o g1 0
Uh'y:z’(lo )\]—UTLF%D _F%;Z)]U—T;UT[S 01U>UTO', (4.5)

where U and U' are the unitary transformation matrices. The coupling terms we are interested in is
then given by the cross entrances of UTGU, which we now calculate. First we wish to calculate the
eigenvalues and the eigenvectors of the 2 matrix. It has the eigenvalues

A 2
Ai:i\/TerQ?. (4.6)

—£2  the normed eigenvectors become

Defining the function Ly = -
2

1 L 1 L_
VF[ ] v ] @
NIZESE R NIEESE S

Which compose the unitary matrix U'. The g matrix in the eigenbasis becomes

L3 Ly
= L24+1 L2 +41
UtgU = ga | 310 57 (4.8)

2 2
Li+1  Li+1

The non diagonal entries of this matrix couple the dressed states |A) and |S) through an interaction
with the qubit. It is still unclear which one specifically couples |S—) to |A+), but because both non
diagonal terms are the same, by symmetry the coupling term must be:

(4.9)
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4 APPLICATION TO THE PROTOCOL

This quantity tells us the rate for the transition between the states |S—) and |A+). Now we have all
the functions that describe the Raman transition probability in equation 4.1. In figures 8 and 9 we
show plots of of this probability for different angle configurations and different distances between the
dipoles. For every set of angles and distances it is assumed that the quantity Aw is tuned so that the
dipoles are in resonance with the qubit.
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Figure 8: Scattering probability for
the Raman process for different values
of the difference in azimuthal angles
A¢, the polar angles are 8 = 65 =
/2. We assumed the qubit coupling
to be g1 = 4. The regions in the
left before the lines begin are regions
where resonance cannot be achieved
due to a too strong dipole-dipole in-
teraction.

Figure 9: Scattering probability for
the Raman process for different values
of the polar angle 6. The other angles
are A¢ = 0 and 6; = 0. We assumed
the qubit coupling to be gy = 4. The
regions in the left before the lines be-
gin are regions where resonance cannot
be achieved due to a too strong dipole-
dipole interaction.

We will finish with a brief discussion of the results presented in figures 8 and 9. We can see that
for every set of angles there is an optimum value of r that maximizes the probability. The maximum
probability is about 20% and falls quickly around both sides of the peak. There is also a minimum
value of r required for the transition to be possible. Every distance below this minimum, results in a
dipole-dipole interaction that is too strong, making resonance impossible.

We can see that in the angle configurations where there is no dipole interaction, ie. (61,02, A¢) =
(5,5, 5) and (01,02, A¢) = (0, F,0), the scattering probability is zero, which can be expected, as the
coupling parameter becomes zero. On the other hand, the best probabilities are not achieved for the
configurations where the dipole-dipole interaction is strongest. The reason is that even though they

have the biggest coupling parameter, they also have the fastest decay rates, lowering the probabilities.
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5 Conclusion

In this thesis we have seen a possible protocol that allows coupling of light to superconducting qubits
without direct interaction, and we achieved a better understanding of the physics in the problem. We
have derived a suitable model of the dipole-dipole interaction present in the protocol, and we have
calculated its probability of success under different conditions.

We derived explicit expressions for the decay rates, frequency shifting and equations of motion of
two oscillating dipoles interacting with each other by the electromagnetic field. We found that the
decay rates of the two dipoles go towards 2 and 0 times the single dipole decay rate respectively as
the distance between them goes to zero. On the other hand, as their distance goes towards infinity,
the decay rate goes towards the original decay rate for both dipoles. They also create a shift in their
oscillation frequency, which goes towards infinity for the distance going to zero, and towards their
frequency difference as the distance goes to infinity. We found that the dynamics obtained by looking
at the classical dynamics of two dipoles are very similar to the dynamics obtained by doing the same
calculations with quantum mechanics when looking at the Heisenberg picture.

We applied the results to the given photon-qubit entanglement protocol. Using our model we
could calculate numerically what frequency difference for the oscillation of the dipoles was necessary
to achieve resonance condition. We found that Raman scattering is possible if the distance between
the dipoles is in the range from 0.2\ to about 0.7\, depending on the orientation of the dipoles. We
also calculated the success probability once the resonance condition is achieved. Against expectations
we found that angle configurations where the dipoles do not interact strongly give better probability
curves that configurations with strong interactions. We also found that for an optimal configuration,
approximately one of every five photons will undergo a Raman scattering that entangles them with
the qubit. We can therefore conclude that from a theoretical perspective, this protocol is a feasible
way to entangle photons and superconducting qubits, which might in the future open the possibility
of communication between quantum computers.
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