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ABSTRACT

Quantum computers have the potential to solve certain problems with a significant reduc-
tion in resources from their classical counterparts. For this reason, quantum information
science has grown into an extremely active field of physics with constant theoretical and
experimental development. Superconducting devices provide the functionality necessary to
store and process quantum information in a large-scale quantum computer. In this disser-
tation, a survey of existing and proposed superconducting quantum bits (qubits) is given
while demonstrating the mathematical formalism that is necessary to treat superconducting
circuits quantum mechanically.

High fidelity demonstration of universal gates is one of the current focuses of both the-
oretical and experimental work in quantum computation. Of the established universal two
qubit logic gates, the most well-known and useful in algorithm design is the controlled-NOT
(CNOT). Protocols for performing the CNOT gate are surveyed here and generalized to a
protocol that applies to any configuration of weakly coupled two-level system. In this context,
a technique for quantum gate design is described.

A certain superconducting quantum computing architecture is focused on, that of a large-
area, current-biased Josephson-junction phase qubit coupled to the dilatational mode of a

nanomechanical resonator. While the Josephson phase qubit has proven repeatedly to have



the functionality to store and process quantum information, certain other quantum devices,
like mechanical or LC' oscillators, can store information longer with less interaction from the
environment. However, quantum state prepared in a superconducting qubit can be stored
and later retrieved from an attached high-Q resonator. Here the memory capabilities of a
such a qubit-resonator system are studied.

Quantum logic gates are the building blocks of quantum algorithms, an important class
of which are quantum simulation algorithms. Here, we introduce an alternative approach to
quantum simulation that does not involve logic gate decomposition. Alternatively, a direct
mapping is given between the control parameters of a tunable quantum computer and the
matrix element of H(t), an arbitrary, real, time-dependent n x n dimensional Hamiltonian
that is simulated in the n-dimensional ‘single excitation’ subspace of the quantum computer.
Simulation of a molecular collision with three Josephson phase qubits is demonstrated and
the fidelity of the simulation is studied.

INDEX WORDS: Superconducting qubits, CNOT, quantum logic gate, quantum
simulation
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CHAPTER 1

INTRODUCTION

Quantum computers promise to solve many important problems more efficiently than cur-
rently thought possible with classical computers. These problems include searching [47],
factoring [106], approximating Jones Polynomials [2], and other problems of interest in
mathematics and computer science. Furthermore, quantum computers are inherently able
to simulate certain other quantum systems efficiently [32]. If implemented, quantum compu-
tation could impact many branches of physics where systems of many interacting particles
are studied.

While many of these algorithms have been demonstrated on small scale quantum com-
puters [118, [72, [66, 93] 27], it is not clear if and how quantum computers will scale to 100’s
or more quantum bits (qubits). Qubits are the basic unit of quantum information, two level
quantum systems that can be prepared in an arbitrary superposition. To accommodate a
large scale quantum computation, one must be able to prepare qubits in arbitrary super-
positions, perform arbitrary single qubit state transformations, entangle pairs of qubit on
demand, and accurately measure the state of the qubit. Despite this high level of outside
control, qubits must also remain decoupled from their environment to preserve the coherent
quantum superpositions that they store.

There are many quantum systems that are currently considered as qubits that meet all of
these requirements to varying degrees. The qubit architectures described in this dissertation
are constructing from superconducting electrical circuits, the study of which has become an

extremely active theoretical and experimental subfield of solid state physics. With the goal



of eventually implementing large scale, coherent superconducting networks, researchers cur-
rently tackle the problems of decoherence, quantum logic gate implementation, and accurate
measurement for systems of fewer than ten superconducting qubits.

This dissertation is divided into three parts: devices (Chs. 2-4), gate design (Chs. 5-6),
and quantum simulation (Ch. 7). These units represent areas of my research, not in any
way the basic subfields of superconducting quantum computation. Many interesting topics
relating to superconducting quantum computation, such as decoherence and measurement,
will not be addressed here.

Chapter 2 surveys the broader categories of superconducting qubits while introducing the
basic physics of superconducting devices. There is a short introduction to quantum circuits,
superconductivity, and the Josephson effect, all of which are necessary background for the
study of superconducting qubits. The broad categories of phase, charge, and flux qubits are
described while reporting experimental progress toward implementing each.

Superconducting circuits are a uniquely scalable implementation of quantum bits as many
can be fabricated on the same chip and coupled through electronic circuitry that is itself
in the quantum regime. However, exactly what type of circuitry should be used to best
couple superconducting qubits is still an answered question. A few approaches to coupling
superconducting qubits are discussed in Chapter 3.

Chapter 4 focuses on a particular architecture, a superconducting phase qubit capacitively
coupled to a nanomechanical resonator, and shows how the natural evolution of the system
in a certain regime generates useful operations such as quantum state storage and transfer.
The fidelity of the ‘memory’ operation is studied as a function of qubit-resonator coupling
strength and the actual state that is being transferred. This chapter is a stand alone journal
article, reprinted with permission of Physical Review A.

In Ch. 5, a short mathematical digression allows us to generalize all the superconducting
devices covered so far with a surprisingly simple Hamiltonian. These generalization allows

us to develop the theory of gate design and quantum simulation in the following chapters



in a platform independent way. After making some connection with the physical systems
discussed in Chs. 2-4, the direction of this dissertation will become fairly independent of the
details of the superconducting circuits its directed towards. This keeps theoretical results
from become obsolete in an environment where superconducting architectures are constantly
evolving and improving.

Using the generalized Hamiltonian derived in Ch. 5, the basic principles of gate design
are discussed in Ch. 6. We have developed a very general algorithmic approach to two
qubit logic gate design that applies to any of the circuits described above, based on the
notation of ‘local equivalence’ and Lie algebra theory. In this chapter, our procedure for
gate design is described using as a target gate the controlled-NOT (CNOT), a universal
two qubit gate that is very useful in many quantum computation algorithms and thus has
become an experimental benchmark for any system being considered as a candidate for a
quantum computer.

Ch. 7 moves away from discussions of universal gate design whereby superconducting cir-
cuits are analyzed within the standard quantum computation regime and asks how the unique
features of superconducting circuits can add to the standard quantum computation regime.
In particular, we show that the possibility of complex connectedness and tunable couplings
offered by superconducting circuits opens up a new class of quantum simulation, one in which
the Hamiltonian of different quantum systems can be directly embed into the Hamiltonian of
the superconducting circuit. The Hamiltonian is simulated as Schrodinger evolution propels
the superconducting circuit forward in time. If the coupling between qubits is tunable, real
but otherwise arbitrary nxn-dimensional Hamiltonians can be simulated on n-qubit quantum
circuits in this way. This final chapter contains a stand alone journal article that has been
recently submitted for peer review, reprinted with permission of Physical Review Letters.

If there is one theme pervasive throughout this dissertation, it is the accurate modeling,
prediction, and control of Schrodinger dynamics. In the first few chapters, the basic principles

of classical Lagrangian and Hamiltonian mechanics are reviewed as well as the procedure



of first quantization so that superconducting circuit Hamiltonians, and consequently their
quantum evolution, can be predicted accurately. In Chs. 5-6, we are less concerned with
whether the accuracy of these Hamiltonians, but rather assume they are correct and ask
what interesting quantum logic gates they can generate. In the final chapter, we demand
some control over the Hamiltonian of a superconducting circuit, and use that control to

emulate the Schrodinger dynamics of other quantum systems.



CHAPTER 2

SUPERCONDUCTING DEVICES AS QUBITS

Superconducting circuits are one of the leading candidates for quantum bits (qubits) as they
exhibit robust, macroscopic quantum behavior and the external controllability necessary for
quantum computation. This chapter presents a basic description and survey of supercon-
ducting qubits.

To understand the quantum limit of electrical circuits, we first study a simple example:
a quantum limited LC circuit. In this discussion, the theory of modeling a circuit in the
quantum regime is developed by reviewing basic principles of quantum mechanics and first
quantization.

An LC circuit does not, however, have the functionality required of qubits. All currently
accepted superconducting qubit architectures have a common feature that makes them spec-
troscopically controllable: a Josephson junction. The second section of this chapter introduces
the Josephson effect and explains how Josephson junctions affect the Schrodinger dynamics
of a superconducting circuit.

In a superconducting circuit containing a Josephson junction, a tunnel barrier is placed
between two superconducting electrodes. The canonically conjugate quantum variables that
describe circuits with Josephson junctions are related to the number of Cooper pairs charging
the junction, N, and the phase differenceof the superconducting wave functions across the
barrier, ¢.

All superconducting qubit architectures can be organized into three broad categories
based on which of these quantum variables is localized while the other experiences large

variations according to the uncertainty principle of quantum mechanics. Circuits containing a



Josephson junction where the phase ¢ is localized are called phase qubits. Energy quantization
in a current-biased Josephson junction, which would later become the phase qubit, was one
of the first experimental demonstrations of macroscopic quantum coherence [80]. The third
section of the chapter discusses the basic features of the phase qubit.

In many superconducting qubits, a Josephson junction isolates a small branch of circuit,
referred to as an ‘island’ or a ‘Cooper-pair box.” The amount of charge () trapped on the
island is localized while ¢ fluctuates, hence the name charge qubit. The energy levels between
qubit states are externally controlled by changing the gate voltage across the junction. Charge
qubits are discussed in the fourth section of this chapter.

Complete superconducting loops broken by one ore more Josephson junctions are called
flux qubits. Typically neither ¢ nor N, is more localized, but rather the flux is localized and
qubit states are superpositions of persistent supercurrents in the clockwise and counterclock-
wise directions. Flux qubits are discussed in the fifth section of this chapter.

This chapter and the next follows the discussion in our review article Ref. [41], updating

experimental results since its publication and elaborating where appropriate.

2.1 THE QUANTUM LIMITED LC' CIRCUIT

The quantum limited LC-oscillator forms the perfect introduction into superconducting
devices as it bridges a well known classical electronic circuit to a well known quantum system,
the quantum harmonic oscillator. This section explains what is meant by the quantum limit
of an electrical circuit while developing the mathematical tools necessary to analyze more
complex superconducting circuits.

The time evolution of any closed, nonrelativistic system in the quantum regime can be

described by a time evolution operator U(¢) acting on initial state |¢(0)):

(1)) = U®)[¥(0)). (2.1)



The time evolution operator U(t) is determined by Schrodinger’s equation,

_dU(t)
ih—= = HU (), (2.2)

the solution of which is

U(t) = Te o T (2.3)
where T is the time-ordering operator. As long as the system is closed (i.e. there are no
outside systems interacting with it), U(¢) completely describes the dynamical behavior of
the quantum system.

When describing a quantum computer, this time evolution operator is the quantum
computation; therefore, understanding how to control U(t) of a superconducting circuit is
the fundamental problem faced by both theoretical and experimental researchers aspiring
to build a superconducting quantum computer. When interaction with the environment is
negligible, U(t) depends only on H(t). Therefore, accurately modeling the Hamiltonian of a
superconducting circuit is the first step toward understanding its functionality as a qubit.

To derive the Hamiltonian of a given circuit, we can first establish the classical equations
of motion governing that circuit. These should depend on a set of generalized coordinates,
Q15 - Gn, and their corresponding velocities, ¢, ...,Go, and/or accelerations ¢, ...,Go. The

equations of motion can be expressed as

FO(qu, ..qn; G1oey G2; G1ooy Go) = O. (2.4)

for some set of functions F(, ..., F™_ There should be as many equations of motion (and
thus F¥) as there are independent coordinates in order for the motion of the system to
be determined classically. We seek a Lagrangian L(qi,...qn;G1.--, ¢2) that has as its Euler-

Lagrange equation of motions

@) _iaL _ oL B
Cdtdq;  Oq

(2.5)
Once established, the Lagrangian can be Legendre transformed to a Hamiltonian

H(G1, ooy @3 Py Do) = D) Pastli = L (2.6)



where p,, = 0L/0q; is the momentum conjugate to the generalized coordinate ¢; [65]. The
system is ‘quantized’ by introducing an uncertainty relation between the generalized coordi-

nates and momenta:

(6i, pg;] = i (2.7)

(a) (b)
L C—— 2 FMLCI

“
<7 I

Figure 2.1: (a) A circuit with inductance L and capacitance C. (b) A quantum limited LC
circuit behaves like a fictitious particle with mass My¢ in potential U = %L[ 2 drawn here in
arbitrary units. The energy eigenstates of the quantum limited LC circuit are equally spaced
with En+1 — En = thc.

This procedure of first quantization is followed for a simple closed LC' circuit with induc-
tance L and capacitance C, as shown in Fig. [2.1| (a). The characteristic equations for current
and voltage drop across the inductor and capacitor separately, Vi, = LI, and Ic = CVg,
together with Kirchoft’s voltage and current laws applied to the loop, Vi, = =V = V and

Ic = I, = I, give the familiar harmonic oscillator equation of motion for the current:
I+AI=0. (2.8)

Because the equation of motion depends on I and I , we take I to be the generalized coor-
dinate describing the circuit. There is only one classical degree of freedom in this system.

We can always change the generalized coordinate by a coordinate transform; for example,



the LC circuit Hamiltonian is written in terms of generalized coordinate ® = I'L below. A
generalized coordinate should be chosen for convenience as long as its equation of motion can
be derived from a valid Lagrangian. [ is chosen here only for the familiarity of the classical
equation of motion Eqn. (2.§).

The Lagrangian producing Eqn. (2.8]) as its Euler-Lagrange equation of motion is
' Lo 17 p
Lic(I,1) = éCL I" — 5LI7, (2.9)
so the conjugate momentum to generalized coordinate I is

pr = ag;c — CIL*] = Myl (2.10)

where My = CL? is the effective ‘mass’ of the circuit with current I, which actually has

units of kg - m? - s/C. The corresponding Hamiltonian is

H(I,p;) = ICL*I — Lic(I,1)

2

b; 1
LI

2Mi,c + 2 ’

which is completely analogous to that of a mass on a spring with current replacing position
and inductance replacing spring constant.
So far our treatment of the LC' circuit has been purely classical; however, this circuit can

be ‘quantized’ by introducing a commutation relation
[I,p;] = ih. (2.11)

Whether or not the circuit should be quantized depends on its thermal energy k7' compared
to the energy level spacing, hwyc where wic = (LC)_l/ 2. The state of an electrical circuit
in the quantum limit can no longer be described by a single value for current; instead, it is
better described as a wave function in the current representation, ¥ (I,t). |1(I,t)]* tells us
the probability of finding the circuit with current I at time ¢ upon measurement; however,

before measurement, the circuit may be in a superposition of different currents, even those



10

going in opposite directions. The wave function v (I,t) obeys Schrodinger’s equation with

the Hamiltonian derived above,

Ldy(It) R* ou(I,t) 1.,
ih i - oM. or +2LI. (2.12)

Stationary states will have energies E, = hwic(n + 3) for n = 1, .., 00, forming a ladder of
allowed energy levels hwyc as shown in Fig. [2.1] (b) [99].

In some cases it is more more convenient to choose the flux through the inductor ® = I'L
as the generalized coordinate of the circuit, in which case the charge ) on the capacitor is

the generalized momentum. When quantized,
(@, Q] =ih (2.13)
and the Hamiltonian is
H(®,Q) = ! Q° + L g2 (2.14)
’ - 2C 2L '

which has the same eigenstate energies as Eqn. (2.12)). The wave function can be expressed

in many representation, e.g. I, ®, @, .., depending on what is convenient.

2.1.1 THE JOSEPHSON EFFECT

While it is certainly possible to observe an LC' circuit in the quantum limit [I07, [54], an LC
circuit itself cannot be used a qubit. Because the energy levels are linear with n, i.e. they are
equally spaced, transitions cannot be selectively driven between only two energy states of an
LC circuit. This makes preparing an arbitrary superposition of exactly two energy states of
an LC' oscillator impossible without the assistance of a nonlinear circuit device.

Here we introduce a circuit element that, when placed in a circuit like the one described
above, causes the energy levels to become unequally spaced by adding nonquadratic terms to
the potential of the quantum variable of interest. This device is called a Josephson junction,

based on the Josephson effect described below. In order to observe the Josephson effect we
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need our circuit to be superconducting, but up until now, none of the properties described
for the LC' circuit in the quantum limit required superconductivity.

Here we briefly review some of the main results of superconductivity theory. Phenomeno-
logically, a superconducting material becomes a perfect conductor exhibiting perfect dia-
magnetism (the Meissner effect) when cooled below its critical temperature T¢. In 1950,
Ginzburg and Landau proposed a theory of superconductivity that successfully described
these phenomenological properties by assigning to superconductors a complex-order param-
eter

Yar(r) = [y (r)]e ™). (2.15)
They argued based on thermodynamic considerations that this order parameter would obey
a differential equation similar to Schrodinger’s equation [IT14]. The modulus squared of the
order parameter represents the local density of superconducting electrons. In 1957, the micro-
scopic behavior of superconductors was described by the Bardeen, Cooper and Schrieffer
(BCS) theory of superconductivity [7]. According to this theory, at low temperatures, elec-
trons would become weakly attracted to each other and form ‘Cooper pairs.” These pairs
have Bosonic statistics and can condense into a macroscopic wave function like Eqn. (2.15)),
except that |pcs(r)|?> = nc(r) is interpreted as the local density of Cooper pairs instead of
superconducting electrons. Cooper pairs are considered the basic charge carriers in the super-
conductor, each having a charge of 2e where e is the charge of a single electron [7, 101, [1T4].

In 1962, Brian Josephson described the low energy dynamics of two superconductors
separated by a barrier in terms of the complex phases of the two superconductor’s BCS wave
function. He predicted that the dynamical behavior of supercurrent through the insulating

barrier would depend on the difference in complex phases of the two superconductors,

O = g2 — P1, (2.16)

according to what are now called the Josephson’s equations:

de
osing and V a
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= C ><Io

Figure 2.2: The symbol for Josephson junction with intrinsic capacitance C' is box with an
X inside. It is equivalent to a circuit containing in parallel a capacitor C' and a circuit device
marked by X that strictly obeys Josephson’s equations (2.17)).

I is the superconducting current through the insulating barrier, I is the critical current of
the system above which the tunneling effect breaks down, V' is the voltage change across the
barrier, and a = h/2e.

Josephson junctions are added to superconducting circuits to add nonlinearity to the
circuit’s energy levels. Adding a Josephson junction to a superconducting circuit not only
forces the circuit to obey Josephson’s equation at the junction, but also introduces an intrinsic
capacitance at the junction. In circuit diagrams, a Josephson junction is often represented
by an X inside a box, as shown in Fig. This is equivalent to a circuit containing the
intrinsic capacitance C' of the junction in parallel to a circuit element that strictly obeys

Josephson’s equations, denoted by the symbol X.
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Consider a ‘current-biased Josephson junction’ through which the current bias I is exter-
nally controlled. Some of this current, denoted I may pass through the effective capacitor C,
and the rest of the current, denoted Iy, must pass through the element obeying Josephson’s
equation’s. These currents are controlled by the characteristic equations of the circuit ele-

ments through which they pass,

Iy = Iysingp

Ic = Qc=0CVe. (2.17)

Kirchoft’s laws for the circuit, I = Iy + Ic and Vi = Vj, connect these equation giving an

overall equation of motion in ¢:
Ic=1-1;=CV;

= Cap+ lysing — 1 =0. (2.18)

It is common to define two energy scales, one that is proportional to Iy and describes the

strength of coupling across the junction,
By =" (2.19)

and another that gives the energy stored in the effective capacitor when charged by a Cooper

pair,

e (2.20)

(e is the charge of an electron). Written in terms of these energies and an effective ‘mass’

M = h?/2E, (which actually has dimensions of massxlength?), the equations of motion for

the Josephson junction are

I
Mo + By (singp - I_> = 0. (2.21)
0

The Lagrangian that gives Eq. (2.21)) as its Euler-Lagrange equation of motion is

1 I
Lyy = =M¢?*+ Ej( cos(p) — —
2 Iy

= M@ - U(y) (2.22)
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where
1
U(p) = —E; (cosgp + I—cp) : (2.23)
0
U(y) is the characteristic washboard potential of a current-biased Josephson junction. The
overall slope of the potential, and consequently the depth of its wells, is determined by

the current bias I. The effect of applying a current I depends on the critical current of a

particular Josephson junction, so we define a dimensionless bias current

(2.24)

V)
1l
S|~

so that U(p, s)/Ey = —(cos(p) + sp) is independent of specific junction parameters. A plot
of U(y)/FEj is given in Fig. for a particular s-value.

4

¥ (radians)

Figure 2.3: The characteristic washboard potential (over Ej) of a current-biased Josephson
junction with s = 0.5.

The momentum conjugate to the generalized coordinate ¢ is

0Ly ._@.
Py = ag0_ 90—267

(2.25)
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therefore, the Hamiltonian describing a Josephson junction is

Hy5(o,ps) = ¢pp — Lyy
2

= =+ U(p). (2.26)
The Josephson junction is quantized by introducing the commutation relation,

[p. py] = ih. (2.27)

Note that p, = N, where N, = ()/2e is the number of Cooper pairs charging the junction’s

effective capacitor. Often the Hamiltonian is written as a function of N, and ¢:

Hyy(, No) = ENZ +Ul(yp), (2.28)
and ([2.27)) becomes
(o, N =i (2:29)

2.2 SUPERCONDUCTING QUBITS

In order for a superconducting circuit to be considered a qubit, it must have two energy
levels that can be prepared in an arbitrary superposition, the state of the circuit must be
measurable, and the circuit must be well isolated from its environment so that it decoheres
slowly.

While all of the superconducting qubits described below satisfy these basic properties,
improving coherence times, state preparation and readout accuracies are all ongoing direc-
tions of research. Here the phase, fluz, and charge qubits are defined without addressing all
of these points in detail.

With knowledge of the basic Hamiltonian , the basic categories of qubits can be
identified by thir relative energy scales. The phase qubit, for which ¢ is the localized quantum
variable, is in the regime Ej > E.. E. > Fj for the charge qubit, for which N, is the
localized quantum variable. The flux qubit, for which neither ¢ or N. is highly localized, is

in the regime Ej ~ E..
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-2 0 2 4
@ — @0 (radians)

Figure 2.4: Dimensionless potential U/ Ej plotted near the minima at ¢ = sin™'(s) for s = 0.5
(black curve). In the harmonic approximation, the phase qubit potential is approximated as
quadratic (red curve).

2.2.1 JOSEPHSON PHASE QUBITS

In the regime that Ej > E,., quasibound states of the potential U will be stationary states of
the superconducting circuit. As shown in Fig. 2.4 the wells of the washboard potential are
approximately quadratic near their minimum. By solving dU/dp = 0, one finds the minima

of U are located at phase ¢ where
©o = sin"(s). (2.30)

The Josephson potential U shown in Fig. is approximately quadratic in regions close to

minima, as shown in Fig. [2.4] with curvature (effective spring constant)

U (p)
0p?

N[

= Ejcos(sin '(s)) = Ej(1 — s%)2. (2.31)

%0
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The energy level spacing of the phase qubit is therefore approximately

IS

huw, = \/EJ(l — §2)2 - 2B, = hwyo(1 — 5°) (2.32)

where hwyy = 2E;E.. However, it is corrections to this harmonic approximation of order
~ ¢* and higher that allow the individual levels of the phase qubit to be addressed spec-
troscopically. Quasibound states trapped in the well become more closely spaced the larger
their excitation energy above the ground state. The qubit states |0> and |1> are defined to
be the two quasibound states lowest in energy.

It was in a current-biased Josephson junction that quantized energy levels for a macro-
scopic variable were first observed in the research group of John Clarke at UC Berkeley
in 1985 [80, 26]. In 2002, the group of John Martinis began to explore the suitability of a
current-biased Josephson junction as a superconducting qubit by demonstrating Rabi oscilla-
tions between the |0) and |1) state of what would become the phase qubit [81]. Shortly after,
it was shown that the phase qubit could be prepare in an arbitrary superposition of the |O>
and |1) state [112]. Decoherence [103} 61} 1], measurement [57, 58], and state preparation

[73] are all actively researched and continuously improved for phase qubits.

2.2.2 CHARGE QUBITS

In the regime that E. > Ej, the number N, of Cooper pairs charging the Josephson junction
is well determined, while the phase ¢ across the superconductors experiences large fluctua-
tions. Note that E. is inversely proportional to C' and Ejy is proportional to Iy, so this limit
can be obtained by having a small junction so that both Iy and C are very small. This is
often achieved by separating a small ‘Cooper-pair box’ or ‘island’ from the rest of the cir-
cuit. A charge qubit is normally voltage-biased, not current-biased like the phase qubit, as
shown by the circuit in Fig. 2.5 It is typically constructed from a small Cooper pair island
separated by two Josephson junctions from a larger superconducting reservoir. The beige

material forms electrodes that are used to produce a gate voltage V, across the junction.
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Cg__ Eﬂ p

V

Figure 2.5: A circuit equivalent to a superconducting charge qubit.

The equation of motion for the charge qubit is the same as for the current-biased
Josephson junction derived above, except that the current into the qubit I is not controlled

directly. This current, which passes over the capacitor Cy, is controlled indirectly by the gate

voltage V;:
. d )
I = Qg:oga(vg_&@
= OV, — aCyp (2.33)

Combing this with Eqn. (2.18)), the equation of motion for the charge qubit is
?(C 4 Cy)¢ + Iysing = C,V, (2.34)
which corresponds to Lagrangian

1
Log = 50%(C + C)¢* + Eycos o — aCyVig, (2:35)
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The conjugate momentum to the generalized coordinate ¢ is

oL
8(.3Q =p, = *(C+Cyp—aCyV,
2
= a[CV = Cy(Vg = V)]
h
= 5 Q — Qg
= hN (2.36)

where Nj is defined as the total number of Cooper pairs on the island, the portion of the
circuit between the Josephson junction and C,. The Hamiltonian describing a charge qubit
is typically written as

H(p,N) = E. (N — N,)* — Eycos ¢ (2.37)

where E. = (2¢)?/2(C + Cy) and Ny = CyV,/(2¢). The charge qubit is quantized by intro-
ducing

[p, Ni] = 1. (2.38)

Macroscopic quantum states were first shown spectroscopically in a charge qubit in 1997
by Nakamura et al. [86]. The charge qubit was the first superconducting circuits considered
as a qubit in 1999 when Rabi oscillations were driven between the state where no excess
Cooper pair are on the island, labeled |0>, and the state where one excess pair is on the
island, labeled |1) [87]. Decoherence [6, 88, BI], measurement [37], and state preparation
[20] are all actively researched and continuously improved for charge qubits. Researchers at
Yale University have implemented a charge qubit that is remarkably immune to decoherence

which they refer to as the transmon qubit [63, 100, 51, 52].

2.2.3 FLUX QUBITS

If a superconducting circuit containing one or more Josephson junctions is closed, the mag-
netic flux through the superconducting loop becomes quantized to maintain the single-
valuedness of the superconducting wave function. Flux qubits are formed from superposi-

tions of persistent currents in the clockwise and counterclockwise directions. Typicallly, lux
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qubits are in the regime that the charging energy E- and Josephson Energy Ej are of similar
magnitude,

Ej/E. ~1—10° (2.39)
A diagram of a simple flux qubit containing only one Josephson junction is shown in Fig.
2.6] (a), which can be compared to the SEM of a flux qubit with four junctions in Fig.

(a) coupled to a RF-SQUID, which is also superconducting loop with two larger Josephson

junctions.

Figure 2.6: (a) A cartoon of a superconducting loop broken by one Josephson junction. (b)
An equivalent circuit.

A superconducting loop without a direct current source or potential change can be con-
trolled by applying flux through the loop. A loop with steady current I has a self-induced
flux ®;,q = ¢l L opposed to that of the applied flux ®.,; so that the total flux through the
superconducting loop is

q)(t) = Py — Ping (2.40)

The current through the inductor I, will obey the characteristic equation Vi, = L%, but

with only one Josephson junction in the loop, Vi, =V = a¢, so

L = E/t V(t)dt

S0 (2.41)
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where p(—00) is assumed to be zero. When passing through the Josephson junction, current
from the inductor will branch into a current passing over the capacitor I and a current
governed by Josephson’s equation I. This gives the equation of motion

I, =1c+1

= Cap+ lysingp — c%gp =0 (2.42)
There is a relationship between the phase variable ¢ and the total flux through the loop,

©
Z ¥ hodi1 9.43
o, 27 OC© (2.43)

that is a consequence of the order parameter of the superconducting loop being single-valued.
by = — (2.44)

is the fundamental quanta of magnetic flux. Using Eqn. (2.43) to express ¢ in terms of the
externally applied flux ®. = & — ®;,q, the Lagrangian producing equation of motion in Eq.

@2.42) is

1 h2w? 2Dy \
LFQ:§a2C'gb2+EJCOSg0— 4:720 <<,0— z t) : (2.45)

The generalized coordinate ¢ has conjugate momentum p, = @, the charge on C, like the
flux of an LC' circuit. However, the Hamiltonian of a flux qubit has a more complicated

potential than the LC' circuit:

H=EN?—-FE fiwic 2.4
= E. JCos @ + © (2.46)

27-(_(I)ext ?
4E,

Do

Macroscopic persistent-current states were first demonstrated experimentally in 2000 by
van der Wal et al. [116] and Friedman et al. [34]. Decoherence [10] and measurement [43] are
actively researched for flux qubits. It should be noted that modern phase qubits are actually
a hybrid of the flux qubit and the original current-biased phase qubit described above. While
still in the regime that ¢ is localized and E; ~ 10*E,, phase qubits are now fabricated in loops

with large inductances where the persistent current is controlled inductively. This makes
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Hamiltonian (2.46|) the appropriate description of the modern phase qubit, the distinguishing
factor between the phase and flux qubit being their relative energy scales [112} [103] 61], [OT],
b7, 58, [73].



CHAPTER 3

COUPLING SUPERCONDUCTING QUBITS

All of the superconducting circuits surveyed in the last chapter exhibit robust macro-
scopic quantum behavior and externally controllability that make them good candidates
for quantum bits. However, the most attractive feature of superconducting qubits will be
discussed in this chapter: namely, the ease with which superconducting qubits are coupled
together in a larger circuit to form a scalable quantum computer.

In the first two sections of this chapter, we describe how superconducting qubits can be
coupled together using a fixed capacitor. This successful method of coupling superconducting
qubits was the first to be realized experimentally. We derive the Hamiltonian for capacitively
coupled phase qubits, followed by the Hamiltonian for capacitively coupled charge qubits.

While straightforward to describe mathematically and implement experimentally, fixed
capacitive coupling has the disadvantage that it can never be turned off. This produces errors
during portions of a quantum computation when entanglement is undesirable, such as state
preparation and read out. One approach to this problem is to separate the qubits by adding
an intermediate circuit element. The additional circuit element may be an LC oscillator, a
mechanical resonator, or a another superconducting circuit containing a Josephson junction.
In the third section we discuss how qubits can couple to an LC' oscillator.

Not only does an intermediate resonator turn off the interaction between qubits more
effectively, but resonators may be used in tandem with the qubits as memory devices. Res-
onators are typically more stable and less affected by environmental interaction than qubits.
Furthermore, there is a whole direction of experimental research whereby people explore the

quantum properties of resonators using coupled Josephson junction to aid in state storage

23
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and preparation. In the following chapter, which is a stand alone journal article, nanome-
chanical resonators coupled to superconducting qubits are studied as memory (state storage)
devices.

Throughout this chapter we build on the mathematical framework developed in the
last chapter to accurately model the Hamiltonians of systems with multiple qubits cou-
pled together. For each coupled superconducting circuit that is considered, the equation of

motion and Hamiltonians are derived.

3.1 CAPACITIVE COUPLING

The most experimentally tested method of coupling two superconducting qubits involves
placing a fixed capacitor in a circuit branch connecting the two qubits. In the next section
we discuss the circuit design for such a two qubit system in detail, and compare it to similar

models in following sections.

Cint

1 2] 15)) 12

Y

Figure 3.1: A circuit model describing the capacitively coupled phase qubits.
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3.1.1 CAPACITIVELY COUPLED PHASE QUBITS

Two phase qubits coupled capacitively as in Fig. [3.1] are controlled independently by external
current sources I; and I,. The equations of motions for each of the qubits are the same as
in Eqn. except that the current passing through the 7th junction is no longer just
the external bias current I;, but also has a contribution from the connecting branch with
coupling capacitor Ciy. Assuming that the current I, flows from right to left across Ciy,

the equations of motion for the qubit on the left are:

L+ 1Lw = Ic+1;
=L+Qum = Qo+ ](()1) sin @
= L+ CoiViw = GV + IV sing

=0 = oC,+ Cint)P1 + Egl)(sin 01 — 51) — &2 Chne P2 (3.1)
where Vi = Vo — V4. Similarly,
062(02 + Cint)()bg + E§1) (sin Y2 — 82) — 052Cint¢1 = 0. (32)

The corresponding two qubit Lagrangian is

2
. . (67 . i ..
Leepg(e1, @1, 902, $2) = E [_2 (Ci + Cing)p? + E§ ) (cos@; + sips) | — @®Cingp192. (3.3)

i

The conjugate momentum to the generalized coordinate ¢ is

Ppy = 052014,51 + OZQCim(Sﬁ — ¢9)
- Oé(Q - Qint)

= hNp (3.4)

where Np; is the number of excess Cooper pairs charging the ‘island’ between the junction

on the left and the coupling capacitor. Similarly,

Per = MQ2 + Qint) = AN (3.5)
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where Njp is the number of excess Cooper pairs charging the ‘island’ between the second
junction and the coupling capacitor. Because the momenta p,, and p,, mix the generalized

coordinates ¢; and s, it is not obvious how to write the Hamiltonian

H(<,01,p<p1, 9027p£,02) = Sblptpl + QO'Qpipz - L(Sob @17 P2, @2)
1 . 1 ) . . .
= §a2019012 + 504202<P§ + OéQCint((P% — 20102 + 903)
_E§l) (COS V1 + 31901) — E§2) (COS ©2 + 32@2) (36)

explicitly in terms of p,, and p,,. Note that p/a® = C - & where

~ C+Cin _Cin - /
i= ("), ¢ L ) adg=| 7). (3.7)

ptpz _Cint CZ + Cint @2

By inverting C we can express the velocites ¢; in terms of the generalized momenta p,:

01 R . (Co + Cing)py, + CintP
= Ve T 102 (C1C + Cing(C1 + C)).
D2 (C1 + Cint)Pypy + CintDpr
(3.8)
After some algebra we find,
P, ey
H(01, D015 92, Py) = =— — Ey’(cospy+ s1¢1)
20(201
2
Dy, (2 D1 Pipo
+ ——=— — E(cospy + s + == 3.9
2020, J ( P2 2902> a2C ( )
where
C, = G+ (Cl+oah7!
Cy, = Co+(Cl+0rH7!
Coe = C1C(CTH+ Oy + 0. hH71 (3.10)

The two-qubit Hamiltonian is quantized by introducing the commutation relations

01, Nn| = i

[p2, N1a] = . (3.11)
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Capacitively coupled phase qubits were one of the first two-qubit superconducting circuits
considered, both theoretically [13], 55 [113] and experimentally [9, 82, 111, [124]. Moreover,
the two-qubit Hamiltonian is easily scalable to an n-qubit Hamiltonian. Each qubit
contributes to the Hamiltonian a kinetic and potential energy term uncoupled to the other

qubits,
P,
20[201'

and every pair of qubits that is interacting via a fixed capacitive coupling contributes an

Héi) = — Egi) (cos @; + sipi), (3.12)

interaction term to the Hamiltonian of the form
(3.13)

For example, in a recent experiment [89], maximally entangled GHZ states were created
between three of the four superconducting phase qubits on a chip. Each qubit couples capac-
itively to each other qubit. The total Hamiltonian is modeled as Hyq = Ho + Hiny where

4
Hy = Y HY

=1

SN HE (3.14)

=1 j=1

Hint -

N | —

and the factor of 1/2 in the interaction Hamiltonian prevents double counting.

3.1.2 CApPACITIVELY COUPLED CHARGE QUBITS

In this section the Hamiltonian is derived for two capacitively coupled charge qubits. The
circuit description of this system is given in Fig. 3.2

Each of the charge qubits are controlled independently by gate voltages Vg and Vo, and
there are two independent generalized coordinates ; and ¢s. The equations of motion are
like that of a single charge qubit, the current modified by a small addition from the coupling

capacitor:

o (Cy + Co1 + Cint)P1 + E§1) sin 1 — &?CinePo — aC’ng'/:gl =0

062<02 + ng + Cint)QbQ + E§2) sin Yo — O./QCint(,bl — Oéogg“/gg =0. (315)
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Figure 3.2: A circuit description of capacitively coupled phase qubits.

The corresponding Lagrangian is

. . o? o, a? ,
L1, 1,02, ¢2) = > (C1 + Cgy + Cig) 97 + -5 (Cy + Cga + Cint) 95 + E§” cos 1 + E§2) COS 2

— aCy Vi1 — aCgp Vs — o Cinypr12, (3.16)
and the phase variables ¢; and s have conjugate momenta

II} = py, + aCs1 Vi

Hg = Dyy + Oéng‘/gz

where p,, and p,, are the conjugate momenta of capacitively coupled phase qubits in Eqn.
(3.4). Following the same analysis that was applied to phase qubits, the Hamiltonian of two

capacitively coupled charge qubits can be written as

12 112 II411
H = L4 2_ _pW CoS (] — E? COoS (g + 12 3.17
20(201 2&202 J 71 ! 72 QZCint ( )
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where

-1)

int

_ (
Cr = Ci+Cy+ O +(Cat Ca) )|
-1)

int

_ (
Cy = Oy+Cyp+ [(J( (e Cgl)(—”}

C'int = Cl + Cgl + C2 + Cg2 + (Cl + Cg1>(02 + ng)Cfl (318)

int *

The first superconducting qubit coupling scheme to be successfully implemented experimen-

tally was that of two charge qubits coupled capacitively [92), [125].

3.2 COUPLING QUBITS TO RESONATORS

Coupling qubits to resonators has become a popular way to build a scalable superconducting
quantum computer [74, 107, 54, 3], 0] 49, 120, 102, 119, [77, 105 [76, ’4, 126, 127, 13|, 96,
131, 18, 12, 96, [119], 23], 39, 133, [78, 132, 04]. In this section, the Hamiltonian is derived for
a phase qubit coupled to an intermediate superconducting LC' circuit, as shown in Fig. [3.3]
using the techniques developed in this and the previous chapter. In the following section,
several other qubit-resonator models are surveyed, with emphasis on the phase qubit coupled

to a NEMS resonator model of Refs.[39, 23] that will be used in the following chapter.

3.2.1 A PHASE QuUBIT COUPLED TO AN LC CIRCUIT

Here we derive the Hamiltonian of the circuit in Fig. |3.3] The generalized coordinate of the
Josephson junction is ¢ while we take the generalized coordinate for the LC' circuit to be

® = 15 Lres- The equation of motion for ¢ will be a slight modification of Eqn. (3.1)):
o?(C + Cing) 1 + E§1)(Singp —8) — Q?Ci @ = 0. (3.19)

The equation of motion for the LC' oscillator is

Q

a(Cres + C'int>(.I.) + L

® — Al = 0. (3.20)
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A

Figure 3.3: A circuit description of a phase qubit coupled capacitively to an LC-circuit

The Lagrangian giving these equations of motion is

2
. : «Q .
L<907 ' (I)7 q)) - 7(0 + Oint)@Q + EJ(COS w + SSO)
a’ £ 2 a® 2 »
+ T(Cres + C(int)(I) - 2L CI) —«Q Cintq)(pa (321)

therefore the canonical momenta are

ptp = OéQ(O + Cint)Sb - a2Cintci)
P = a2<cres + C(int)(i) - Oézcintgb (322)

(3.23)

Following the procedure for capacitively coupled phase qubits,

2
p
H(p,p,, @, = 2 _ _ Ey(cosp+ s
(0, P, @, pa) 202C" 1(cos ¢ + sp)
2 2@2
4 P @ L Pebe (3.24)

20(2 éres 2Lres OZQCjnt ’
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where

C+ (Col +Coo) ™!

int res

D
@
Il

Cres +(CL+C™H7E

int

2
g
Il

CCes(C™M+ Crd + O (3.25)

res

An experiment at NIST in Boulder in the group of Raymond Simmonds has shown that
energy quanta can be transferred between two phase qubits coupled via an intermediate
LC oscillator [I07]. A similar experiment has also been performed in a quantum circuit

containing a flux qubit and an LC' oscillator [54].

3.2.2 OTHER QUBIT-RESONATOR MODELS

Recall that the Hamiltonian of a resonator in the quantum limit with energies F,, = hwes(n+
$) can be written as

H,os = hwresa'a (3.26)

where a and a' are creation and annihilation operators of the resonator’s energy quanta
(phonons for a mechanical resonator, photons for a transmission line). This second quan-
tization notation is more natural to describe resonators other than the LC' oscillator. To

transform between the notations, recall that the quantum variable and coordinate of the

h
R e
1 2MresWres (a"+a)
- hMyestres |,
Dg = 1 T(a —a) (3.27)

In all three of the examples given in this chapter so far, the final coupling between qubits,

oscillator can be written as

where m,es 1S its effective mass.

or qubit and resonator, has been very similar. In particular, it is of the form ‘momentum-
momentum’, where the exact form of the momentum depends on the system that is being

considered.
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Figure 3.4: A circuit description of two charge qubits coupled capacitively, from Ref. [39]

In the following chapter, we consider a qubit-resonator model whereby a superconducting
phase qubit is coupled capacitively to a high-@) nanoelectromechanical (NEMS) resonator.
This architecture, first proposed by Michael Geller and Andrew Cleland in Refs. [39, 23], is
shown in the circuit diagram of Fig. |3.4] The resonator should be made of a piezoelectric
material, such as AIN, so that its mechanical oscillations produce an oscillating electric field
that can couple to the current of capacitively coupled Josephson junctions. The Hamiltonian
derived from Refs. [39, 23] to describe a single resonator coupled to n phase qubits is

H= Z H((]i) + hwresa'a — ig(a — al) Z ©; (3.28)

i=1 i=1
where H, éi) is the uncoupled phase qubit Hamiltonian given above and ¢ is a coupling constant
of dimensions of energy that depends on the fabrication of the resonator and the coupling
circuit. This interaction Hamiltonian is seemingly different from those derived earlier, in

particular, it is of the form ‘momentum-position,” and it is not symmetric with respect to
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circuit devices. It is for these types of variations in superconducting circuits that we derive
a more general model of interaction in Ch. 5 and implement quantum logic in Ch. 6.

Several experimental demonstrations of the usefulness of coupling phase qubits to res-
onators have come from the combined efforts of John Martinis and Andrew Cleland at
UCSB. Bell’s inequality was violated for entangled superconducting phase qubits separated
by a stripline resonator [3], which can be modeled as a quantum harmonic oscillator with
photonic excitations. Phase qubits have been used to prepare pure photon Fock states [50],
arbitrary superpositions of Fock states [49], and study the decoherence of photons [120].
Using the qubit-resonator model, oscillations between phase qubits and microscopic spu-
rious resonances in their Josephson junction tunnel junction materials have been measured
[24].

At Yale University, the experimental groups of Rob Schoelkopf and Michele Deverot,
consider charge qubits coupled to microwave transmission lines. They have demonstrated
coherent coupling between the qubit and resonator [74], strong coupling of single photons to

charge qubits [119], and also prepared photon fock states in the resonator [102].



CHAPTER 4

QUANTUM MEMORY FOR SUPERCONDUCTING QUBITS

U Pritchett, E. J. and M. R. Geller, Physical Review A T2, 010301(R), 2010.] | Copyrighted
material reprinted here with permission of publisher.
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4.1 INTRODUCTION

The macroscopic quantum properties of superconductors make Josephson junctions strong
candidates for large-scale quantum information processing [77]. Several proposed architec-
tures involve coupling Josephson-junction (JJ) flux, phase, or charge qubits together with LC
resonators [77, 105, [76], 84] 126, 127, 13| 6], 131], superconducting cavities [18, 12, 96l 119],
mechanical resonators [23], 39, 133], or other types of oscillators [78], 132, 94]. Such resonator-
based coupling schemes have the advantage of additional functionality resulting from the
ability to tune the qubits relative to the resonator frequency, as well as to each other.
Although the lowest pair of levels in a harmonic oscillator cannot be frequency selected by
an external driving field, resonators are quite desirable as coupling elements because of their
potential for having extremely high quality factors.

In JJ-resonator architectures, the resonators store qubits states, transfer states from one
JJ to another, entangle two or more JJs, and mediate two-qubit quantum logic. In this paper
we discuss the speed and accuracy with which a qubit state can be stored in a resonator
and later retrieved, which depends on both the JJ-resonator coupling strength and the loca-
tion of the state on the Bloch sphere. The specific architecture we consider is a large-area,
current-biased JJ phase qubit coupled to a nanoelectromechanical resonator [23 [39]. The
Hamiltonian is similar to that of a tunable few-level atom in a single-mode electromagnetic
cavity, and many of our results will apply to other qubit-oscillator models. However, the
precise tradeoff between memory speed and fidelity depends on the detailed form of the
JJ-resonator interaction Hamiltonian, which varies from architecture to architecture.

Transfer of simple qubit states from a JJ to a weakly coupled resonator has been con-
sidered previously in Refs. [23], 39]. Here we study a complete memory operation, where the
qubit is stored in the resonator and then transferred back to the JJ, for a large range of JJ-
resonator coupling strengths and for a variety of qubit states. Furthermore, we show that a
dramatic improvement in memory performance can be obtained by a numerical optimization

procedure where the resonant interaction times and off-resonant detunings are varied to max-
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imize the overall gate fidelity. This allows larger JJ-resonator couplings to be used, leading
to faster gates and therefore more operations carried out within the available coherence time.
Our results suggest that it should be possible to demonstrate a fast quantum memory using
existing superconducting circuits, which would be a significant accomplishment in solid-state
quantum computation.

In addition to its relevance for quantum information processing, our paper builds on
recent interesting proposals to entangle a nanomechanical resonator with a Cooper-pair box
[4, 53]. There is considerable interest in pushing a variety of nanoelectromechanical systems
(NEMS) to the quantum limit [4, 53] 62] 64, [14], and the memory operation described here

would provide a particularly clean demonstration of quantum effects.

4.2 PuASE QUBIT COUPLED TO NEMS RESONATOR

The low-energy dynamics of a JJ is determined by the phase difference ¢ between the phases
of the spatially uniform order parameters in the superconductors forming the junction. The
Hamiltonian for the system we consider is H = Hy + H,es + 0 H, where Hy = —FE.(d*/d¢?) +
U(p) is the Hamiltonian for the JJ with current bias I,,, with U = —Ej(cos ¢ + s¢) and s =
I,/1y. E. = (2¢)?/2C is the charging energy, and Ej = hly/2e is the Josephson energy, with
C' the junction capacitance and Iy the critical current. In the large-area JJ of interest here,
Ej > E.. wy = /2E.Ej/h is the zero-bias plasma frequency. The lowest two eigenstates, \O>
and |1>, are used to make a qubit. H,es = hwpa’a is the Hamiltonian for the resonator, with
a' and a the creation and annihilation operators for dilatational-mode phonons of frequency
wo < wpo. The resonator is a piezoelectric disk sandwiched between two capacitor plates.
Finally, the interaction term is dH = —ig(a — a')p, where g is a coupling constant with
dimensions of energy that depends on the geometric and material properties of the resonator
[23,139]. A similar interaction Hamiltonian applies to a current-biased JJ capacitively coupled

to an LC circuit.
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The junction Hamiltonian Hj depends on the dimensionless bias current s, which is
time dependent. We expand the state of the coupled system in a basis of instantaneous
eigenstates ]mn>s of Hy = Hj+ H,es, defined by Ho(s)\mn>s = Emn(s)\mn>s, where ]mn>s =
Im) ;® In)_.. Here |m) ; and In)__ are the eigenstates of the uncoupled JJ and resonator,
respectively. The wave function is expanded as [¢(¢)) = >, cmn(t)ef(i/ " Jig dt/Em“(S)|mn>s.
The probability amplitudes in the instantaneous interaction representation then satisfy

thep, = Z <mn|(5H — ih8t|m’n’>se_(i/h) Jio dt,[E’""(S)_Em'”’(S)]cm/n/. (4.1)

"
All effects of dissipation and decoherence are assumed to be negligible over the time scales
studied here. We will also assume that the JJ states are well approximated by harmonic
oscillator eigenfunctions, which is an excellent approximation unless s is very close to unity.
Transitions between instantaneous eigenstates caused by a nonadiabatic variation of s are
described by the term <mn|8/8t|m’n’>s = <mn|8/8s|m’n’>sé, which can be evaluated ana-

lytically in the harmonic limit [39].

4.3 NEMS RESONATOR AS A QUANTUM MEMORY ELEMENT

An arbitrary qubit state,
), = al0), + BI1),, (4.2)

prepared in the JJ can be stored in the ground and one-phonon states of the resonator’s
dilatational mode as follows: Assuming the resonator is initially in the ground state |O>res
and the JJ is detuned from the resonator, the coupled system is prepared in the initial state
(al0), + BI1),) ®[0) = @|00) + 5]10), with |a|* 4+ |3]* = 1. The bias current s is then
adiabatically varied to tune the JJ level spacing Ae = huwpyo(l — s2)1/4 to hwy, reaching the
resonant value s* = /1 — (wo/wy)* at time ¢ = 0. Neglecting any nonadiabatic corrections,

the probability amplitudes in the instantaneous interaction representation at this time are

Cmn(o) - (a5m0 + ﬁéml)éno



38

If the interaction strength ¢ is small compared with hAwg, the subsequent dynamics is
well described by the rotating-wave approximation (RWA) of quantum optics [104]. In this

approximation, and on resonance, we can write (4.1)) as

é()n = %ﬂ$0161,n—1 (43)
éln = —%vnﬁlechnH, (44)

where zo1 = (0]¢|1), = I*/v/2 is an effective dipole moment. Here I* = (2E,/E;)"/*[1 —
(5*)2)71/8 is the characteristic width in ¢ of the JJ eigenfunctions, when tuned to the res-

onator. Then we obtain, for t > 0,

Coo (t) =

it = san ()
-

cu(t) = 0, (4.5)

and all ¢,,,,(t) with n > 1 equal to zero. 2 = 2gx¢; /h is the resonant vacuum Rabi frequency.
After a time At = 7/, a 7 pulse, the nonvanishing probability amplitudes are coo(t) = «

+[BI1),0)-
The qubit state (4.2)) has been stored in the resonator’s vacuum and one-phonon states. The

and coy(t) = 8, corresponding to the interaction-representation state |0) J®(04|O>

res

JJ is now adiabatically detuned from the resonator. To retrieve the stored state, we again
bring the systems into resonance at time ¢;. Using the stored amplitudes as initial conditions,

the RWA equations now lead to (for ¢ > t;)

Coo(t) =

con(t) = PBeos [%(t—tl)}
co(t) = —PBsin [%(t—tl)} (4.6)

the others vanishing. This time the systems are held in resonance for an interval At = 37 /<,

a 37 pulse, after which the original state (a|0>J + B|1>J) ® |0>res is recovered.
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The above analysis, which is based on the adiabatic approximation and the RWA | suggests
that perfect memory performance can be obtained with arbitrarily fast gate times (arbitrarily
large g/hwy). This is incorrect, of course, because the actual quantum memory performance
is controlled by the corrections to these approximations, which become significant if g/hwq

i1s not small.

4.4 QUANTUM MEMORY FIDELITY

The accuracy of a storage and retrieval operations can be characterized by the absolute
value of the overlap between the intended and achieved final states, or the fidelity F' of the
memory operation. Accounting for the fact that the intended and actual final state have the
same phase factors resulting from the time evolution of the instantaneous eigenstates, F' is
given by the absolute value of the inner product of the intended and achieved interaction-

representation probability amplitudes. We actually report the fidelity squared,
F? = |a”co(te) + B ero(tr) |, (4.7)

which is the probability that the memory device operates correctly. The fidelity is measured
at a time t¢, 1 ns after the qubit has been transferred back to the JJ. The ¢,,, in are
obtained by numerically integrating the exact equation of motion (4.1J).

Dissipation and decoherence are not included in our model and do not affect the F
we calculate. Thus, any loss of fidelity we find is a consequence of the breakdown of the
rotating-wave and adiabatic approximations. An alternative approach would be to intro-
duce phenomenological dissipation and decoherence rates for the qubit and resonator, and
calculate the fidelity from the density matrix equation of motion. However, the resulting
fidelity versus gate speed curve would then depend sensitively on the assumed dissipation
and decoherence rates, which vary considerably from system to system. By including only
the pure “gate error” contributation to R, one can immediately apply our results to a given
experimental system by focusing on gate times short compared with the relevant energy and

phase relaxation times.
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When the JJ is weakly coupled to the resonator, with g/hwy below a few percent, the
RWA memory protocol of Sec. 4.3 works well, and qubits are stored and retrieved with high
fidelity. However, such gates are slow. As g/hwy is increased, making the gate faster, the
fidelity becomes very poor, and it becomes necessary to deviate from the RWA protocol by
numerically searching for optimum values of the resonant interaction times and off-resonant
detunings. By performing this optimization for a variety of coupling strengths, we find that
the m and 37 pulse times should be shortened to At = [1 — 0.8(g/hwo)|Atrwa, where Atgwa
is the RWA values.

In Fig. 4.1 we show the result of simulating the storage and retrieval of the qubit state
271/2(]0) + |1)), which is on the equator of the Bloch sphere. The JJ is that of Ref. [81],
with parameters £y = 43.05 meV and E. = 53.33 neV, and the resonator has a dilatational-
mode frequency wy/2m of 15 GHz. The JJ and resonator are somewhat strongly coupled,
with ¢ = 0.20 hwy. The dimensionless bias current on resonance is s* = 0.545, and the
off-resonant values were determined by optimization. Trapezoidal bias profiles with 1 ns
ramps and optimized interaction times were used. The gate takes about 10 ns to complete,
disregarding times during which the system is detuned, and a squared fidelity of about
91% is achieved. As stated above, the loss of fidelity comes entirely from corrections to the

rotating-wave and adiabatic approximations.

4.4.1 MEMORY FIDELITY VERSUS COUPLING STRENGTH

In the upper panel of Fig. We plot the memory fidelity for the same qubit state 2=/ 2(|0> +
|1>) as a function of g/hwy. As expected, the fidelity gradually decreases with increasing g.
The small deviations from a strictly monotonic dependence on g are caused by oscillations
in the probability amplitudes occurring when the JJ is detuned from the resonator, as in the
final nanoseconds of Fig. 4.1} (These could be eliminated by choosing an optimal ¢; for each
g.) The lower panel of Fig. m gives the gate time as a function of g/hwy, again disregarding

nonresonant evolution. These results suggest that memory fidelities better than 90% can be
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Figure 4.1: Storage and retrieval of the state 27/2(|0) 4 |1)). The solid curve is the overlap
squared with the initial state. After about 19 ns the qubit is successfully retrieved with a
squared fidelity of 91%. The dotted curve gives the occupation of the state 27*/2(|00) +[01)),
in which the qubit is stored in the resonator. g/hwy is 20%. The dashed curve is s.

achieved using phase qubits and resonators with coherence times longer than a few tens of

nanoseconds.

4.4.2 STATE DEPENDENCE OF MEMORY FIDELITY

The memory fidelity depends not only on the strength of the JJ-resonator interaction, but
also on the qubit state itself. This is because the fidelity is determined by the corrections to
the adiabatic and rotating-wave approximations, and these corrections are state dependent.
Using a Bloch sphere representation cos(6/2)[0) + sin(6/2)e*|1) for the stored qubit, we
show in Fig. . the memory fidelity along two great circles, from |0> to |1> along ¢ = 0
(left) and around the equator (right) starting and finishing at 27/2(|0) +|1)).

The dependence of F' on # can be understood as follows: When # = 0, the initial state

of the coupled system is |00>, because the resonator always starts in the ground state. For a
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Figure 4.2: (Upper panel) Memory fidelity for the equator state 2*1/2(|0> + |1>) as a function
of g/hwy, using both the RWA (unfilled circles) and optimized (solid circles) pulse times.
(Lower panel) The time needed to store and retrieve the state, using both the RWA (dashed
curve) and optimized (solid curve) pulse times.

weakly coupled system, |OO> is close to the exact ground state for any s, because there are no
other |mn> states degenerate with |00> In the adiabatic ds/dt — 0 limit, the large component
of \OO> in the exact instantaneous ground state will remain there with unit probability, a
consequence of the adiabatic theorem, leading to a high memory fidelity for the qubit state
|0>. The |1> state, by contrast, derives no protection from the adiabatic theorem and is
subject to errors caused by the corrections to the RWA. The weaker ¢ dependence is a
consequence of the form of §H, which favors equator states pointing in the 27/2(]0) + [1))

or “positive x” direction.
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Figure 4.3: State dependence of memory fidelity, for the same JJ-resonator system studied
in Fig. 1, with g/hwy = 20%. (Left) Fidelity as a function of , along the arc ¢ = 0 on the
Bloch sphere. (Right) Fidelity around the equator.

4.5 DISCUSSION

We have explored the speed and accuracy with which a NEMS resonator can be used to
store qubit states prepared in a current-biased JJ. We find that a simple optimization of
resonant interaction times and off-resonant detuning leads to a tremendous improvement in
gate performance compared with that resulting from the primitive RWA protocol. Finding
the right balance between gate fidelity and operation time will be essential in the design
of large-scale superconducting quantum computers. Overall, our simulation suggests that
generic states on the Bloch sphere can be stored and retrieved in a few tens of nanoseconds
with accuracies better than 90%. We expect that many of the results presented here will

apply to other qubit-oscillator systems as well.



CHAPTER 5

GENERALIZING SUPERCONDUCTING QUBIT HAMILTONIANS

In the previous chapters, many superconducting circuits were considered as possible building
blocks of a quantum computer. In the following chapters we discuss how to implement
quantum logic and simulate other systems with these superconducting circuits. This chapter
serves as a bridge between the physically motivated discussions in the previous chapters to
the more mathematical discussions in the following chapters.

A very general model of weakly coupled qubits is described, one that has a wide range
of applicability including all of the superconducting qubit circuits described previously, and
some architectures not described, such as NMR and ion traps. Assumptions are placed on
this model only when the benefits of simplicity outweigh the cost of generality.

This purpose of defining such a general and abstract model is efficiency and longevity.
With a model that encompasses any system of weakly coupled qubits, we can perform a
calculation abstractly that applies to many different physical systems simultaneously. Also, as
superconducting qubit architectures rapidly evolve, results tailored to a specific architecture
become quickly obsolete.

Theory development using a general model of weakly coupled qubits also has experimental
benefit. We show that certain types of interactions between qubits have no benefit to gate
design or quantum simulation and are therefore expendable, while others prove crucial for
effective qubit-qubit coupling. These considerations can affect circuit design and fabrication.

In the first section of this chapter, a general model Hamiltonian for weakly coupled

qubits is established. This model is time dependent, and contains large energy discrepancies
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between the diagonal and off-diagonal terms. This makes calculating the time evolution of
the physical systems described by the Hamiltonian difficult analytically.

In the second section, we transform the general Hamiltonian into a rotating frame. In
the final section we approximate the rotating frame Hamiltonian as a time-independent
Hamiltonian that is used as a substitution for the more general Hamiltonian for the purposes
of gate design.

Inaccuracies based on these approximations are small when qubits are coupled weakly.
Gate design and simulation techniques that use these approximate Hamiltonian solutions
should be considered as guidelines about which more process architecture-dependent opti-

mizations can be performed.

5.1 PROJECTING SUPERCONDUCTING QUBIT HAMILTONIANS INTO THE COMPUTA-

TIONAL BASIS

In chapters 2-4 the Hamiltonians describing superconducting circuits were written in terms
of continuous quantum variables, e.g. ;, @, p,, etc., in infinite dimensional Hilbert spaces.
While this is necessary to identify the energy eigenstates of the quantum circuit, only two
of the infinite number of energy levels in the quantum circuit will be used for quantum
computation. The two eigenstates lowest in energy are usually defined as the qubit states of
the circuit, and they are labelled |O> and |1> The ‘computational subspace’ of an n-qubit
quantum computer is the 2"-dimensional Hilbert space spanned by only the qubit states of
each superconducting qubit.

Circuit Hamiltonians are projected into the computational basis state to simplify the
process of gate design. For example, in the case of capacitively coupled phase qubits, the

Hamiltonian can be written as H = Hy + Hj,, where

n 2
Py, (i) 1 PP
Hy = Z [ = Ey7(cos@; + s;0;)| and Hiy = —Z = (5.1)
— [2aC; 24 O
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Projecting into the computational basis involves first finding energy eigenstates (or localized

0

79

el

7

quasibound states) of Hy for each qubit. For the ith qubit, suppose the energies are €
€2, etc. The states lowest in energy are defined to be the qubit states represented by |O> and

|1>, so if all other states are ignored,
€
Ho=)_ —50) (5.2)

where €; = €] — ¢! and an additive constant has been dropped. The following notation is used

for the Pauli matrices:

0 1 0 —: 1 0
o¥ = , oY= , and o° = (5.3)
10 10 0 —1

The sign of Hy in Eqn. comes from the convention of using the computational basis
states in the order |0), [1). The projected interaction Hamiltonian is of the form
Hiny = g » ot @o! (5.4)
1#]
where ¢ is a coupling constant of dimensions of energy that depends on the properties of
the junctions and their interaction capacitance. All of the ‘momentum-momentum’ couplings
derived in Ch. 3 will be of this forms with differing g values. A ‘position-position’ coupling

is of the form

g z x
Hine = 3 Y ot ®ol, (5.5)
i#£]
and so forth.

Leakage out of the computational subspace is an important concern to gate design. How-
ever, the details of how the computational basis states couple to higher lying energy levels
are architecture specific. We do not include any states outside of the computational subspace
here, but note that techniques to reduce leakage out of the computational basis do exist and
can be used in combination with theory developed in the computational subspace [85]. It
is also interesting to consider the possibilty of generalizing the theory presented here in the

computational subspace to allow three (or more) states per qubit.
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5.2 A GENERAL MODEL HAMILTONIAN OF n WEAKLY COUPLED QUBITS

The Hamiltonian of a quantum computer of n weakly coupled qubits can be written as the
sum of three terms,

H = Hy+ He + Hi, (5.6)

where Hy in Eqn. describes n noninteracting qubits, H¢ describes external control on
the qubits, and H;,; describes qubit-qubit interaction. The Pauli matrices together with the
2 x 2 identity o° form a basis for any operator acting on a single two level system, and will be
used to describe Hy and Hg. Control Hamiltonians can vary in detail between architectures,

but we assume
Hc = Z Q; cos(wi't + ¢;)o?, (5.7)
i=1

which has a wide range of applicability in superconducting qubit architectures. Oscillations
between qubit energy levels are driven by external sources of flux and/or current described
with magnitude €, driving frequency wy¢, and phase ¢. Note that = Q(¢) and ¢ = ¢(t) are
in general time dependent.

Interactions occur between pairs of qubits, and can therefore be written in a basis of

tensor products of two Pauli matrices: o707, o707, etc. Interactions can cause one qubit to

i 9i%5
rotate while the other remains unchanged, so terms of the form o7 ® O’?, etc. appear in the

most general description of interaction:

1 v
Hing(t) = 2 E gij(t)JWUf ®oj, (5.8)
i#]
where p,v € {0,2,y,2} are summed over. g;;(t) = g;(t) are pairwise qubit interaction

strengths which have dimensions of energy and may in general be time-dependent. J,, is
a 4 x 4 dimensionless tensor that describes the time-independent structure of the qubit

interaction and is determined by the computer’s architecture. The coefficient of a particular
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tensor product oj' ® ¢} is determined by the element .J,,,:

Juwoi @] = Jool + J010} + J02032- + J030§-)
+ Jioo} + Ji10; @ a} + Ji120} @ 0]2- + Ji30} @ aj-’
+ Jy0? + Jnol ® 0]1 + Jpo? ® 032- + J307 @ a?
+ Jsoéff + J310S’ & 0} + Jggaf’ ® 0]2- + J330'§ ® a?. (5.9)
J,w can be generalized to describe systems of nonidentical two level systems where each pair
of two level systems may have a different interaction, requiring Jffy to have four indices. The

interaction between each pair of qubits is more often identical; therefore, these additional

indices will be suppressed. Furthermore, when describing identical qubits, J,,, is symmetric:

T = Juy (5.10)

5.3 RoTATING FRAME

The time evolution generated by the quantum computer’s Hamiltonian H = H(¢) is
. t / ’
U — e—z/hfto H(t")dt (5.11)

according to Schrodinger’s Equation. The state of the quantum computer measured after
evolving by time evolution operator U will be identical to the state measured after operation
U-U , so long as the operation U commutes with measurement. One such operation is a

rotation of each of the qubits about the o} ‘direction’,
U= e iXic 3oit, (5.12)

since o7 is diagonal in the basis of energy eigenstates (which is the basis of measurement).
We calculate the Hamiltonian that generates the product of operators U - U, which we denote
as H. This Hamiltonian, commonly referred to as the Hamiltonian in the ‘rotating frame’ |

will generate a time evolution that is indistinguishable from the actual time evolution of the
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computer as generated by H, not because the lab is rotating, but because U commutes with
measurement.

Since ihd,U(t) = H(t)U(t),

ihd[U(t) - U(t)] = ih[d,U]- U + ihU - [9,U]
= Zh;”iafu?ﬂ(t)ﬁl U-U, (5.13)

i

and the rotating frame Hamiltonian H that generates U - U is

. Pwsi o o
H = Z 5 ol +UH)U™!

1 — ~ ~ ~ ~
= 3 > hw; — ei(t))o] + UHU ™ + UHi U™ (5.14)
i=1
since Hy and U commute. For convenience, define ﬁc =U HCU —1 and lflint =U Hintf] -1
Note that
UofU™t = cos(wit) of + sin (wt) 0!

Uo?U™' = cos(wit)o! — sin (wit) of (5.15)

and Uo?U~! = 0%, so

N
~ h
He = 3 D [cos(wit + ¢ + wit) + cos(wi't + ¢; — wit)] oF
i=1
B
+ B ; Q, [sin(wft + ¢y + wit) — sin(wWi't + ¢; — wit)] o¥
] ]- z z
Hint = §Zgij<t){<]00]l+JOZO';—FJZQO';—FJZZO'?; ®0'j
1#£]

(5.16)

+  [cos(w;t) + sin(w;t)] - [ngaf- + J.207 ® 0}”] + [cos(w;t) + sin(w;t)] - [Jxoaf + Jp0f ® Uﬂ

+  [cos(w;t) — sin(w,t)] - [Joya? + Jyo7 ® 0?] + [cos(w;t) — sin(w;t)] - [Jyoaf + Jy.0! ® Jﬂ

1
+ g [cos(wit + wjt) + cos(wit — w;it)] - [Jea0] ® 0F + Jyyo! @ 0¥ + Joyo} @ 0¥ + Jyeo! @ 0]

1
+ = [eos(wit — wjt) — cos(wit + wjt)] - [Jow0? @ o) + Jyyoi @ 0F — Joyo! @ 07 — Jye0f @ 0]

2

1
+ 5 [sin(wit + w;t) — sin(wit — wjt)] - [Joe0] @ 0F — Jyyo! @ 07 = Juyof @ 0 + Jye0! @ 0]

1
+ g [sin(w;t + w;t) + sin(wit — wjt)] - [Jue0} @ 0F = Jyyo7 @ 08 + Joyo! @ 0¥ — Jyeof @ 07 }
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5.4 THE ROTATING WAVE APPROXIMATION

At first glance, going into a rotating frame does not seem to help simplify H(t) as Hc and

H,,; are much more complicated than Hc and Hj, respectively. However, by choosing the

frequencies w; cleverly, certain terms in He and Hiy, are made time independent while others

rf

70

oscillate very quickly with time. For example, by taking w; = w =w

He = g Zl Q; [cos(¢; + 2wt) + cos(d;)] o (5.17)

N
+ g ZZI Q; [sin(¢; + 2wt) — sin(¢;)] of

~ 1
Hy = 5 Z gij(t){Joo]I + Jo.0j + J0] + J.07 @ 0
i#]j
+  [cos(wt) +sin(wt)] - [Jow0F + Jow0] @ 07 + Juoo? + Jpo07 @ 07F]

+  [eos(wt) — sin(wt)] - [Joyo? + Joyoi @ 0¥ + Jyool + Jy.0! ® 0F]

1
* 2 [(Jm + Jyy) (Uf ®oj + ‘7? ®U§‘/) + (ny - Jym) (Uf ® U;u'l N UEJ ® U;C)}
+ %cos(th) [(Jew = Jyy) (07 @ 0f — 0¥ @ 0Y) + (Juy + Jy) (0F @ 0F + 0! ® 07) ]
+ %sin(2wt) [(Jex = Jyy) (07 @ 0¥ 4+ 0} @ 0F) + (Joy + Jya) (07 ® 05 — 0f @ 0¥)] }

Using a standard and very accurate approximation from quantum optics called the
Rotating Wave Approximation (RWA) [104], terms that change quickly with time are aver-

aged. leaving

5
12

h n
B ; Q;(cos p;07 + sin ¢;0?) (5.18)
~ 1
Hiy =~ B Zgij (t){Jooﬂ + Jo.0j + Jo00] + J.20] ® 0
7]

+ J(of@af—i—af@o?)+J’(0f®a§-’—0f®o§)}

where J = (Jpp + Jyy)/2 and J' = (Jpy — Jye)/2. The RWA is improved for He and Hiy, as

Q/w — 0 and g||J,||/w — O respectively.
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Evolution by H (t) is indistinguishable from evolution from H (t), which to a good approx-

z
Ui}

H = %Zgz-j(t) [J (0cf @0t + 0! @0Y) +J (07 @0Y — 0! ® 0%) + J,07 ® 0]
i#j

imation is equivalent to evolution generated by Hrwa = Hc + H, where

2

1 - T . JzO
He = 3 Zl {hQi(COS ;o7 +singo)) + | hw — (1)) + ;gij (t)
i= jF#i

Note that the parameters Q(t), ¢(t), and €(t) give complete control over H¢(t). In particular,
Hc can be set to zero, even with J,¢ and Jy, are nonzero. H is much simpler than the original

H,y, as can be seen by its matrix form:

(5.19)

where (t) = 2¢;;(t)(J + iJ") = |y(t)|e". Note that since J,, is assumed time independent,
only the magnitude of v changes with time. In this approximation, which is extremely accu-
rate in the weak coupling limit, all qubit-qubit interactions can be characterized by three
parameters: J, J', and J,,, or alternatively, |v|, 8, and J,,. These parameters depend only
on 5 of the original 16 elements of the original coupling tensor Jy,: Jua, Jyy, Jay, Jye, and

. : . .
J.». Terms involving one o7, namely o]

® 03, 0] ® 0}, 07 @ 0f, and o7 ® 07, have no effect
on qubit-qubit interaction in the RWA. This result will be used in the next chapter on gate

design.



CHAPTER 6

QUANTUM GATE DESIGN FOR WEAKLY COUPLED (QUBITS

One of the first and most important discoveries in quantum information science was that any
2" x 2" dimensional time evolution operator U can be decomposed into a universal set of one-
and two-qubit logic gates on an n-qubit register [8 [90]. One of most important long term
challenges to the physical implementation of a quantum computer is the fast and accurate
implementation of such a universal set of gates on a physically realizable quantum system.
This chapter explores gate design for weakly coupled qubits, using figures from our paper

[40] unless otherwise noted.

6.1 THE PROBLEM OF GATE DESIGN

Recall that any computation performed by a quantum computer is that computer’s time

evolution U(t) generated by its Hamiltonian H (t) according to Schrodinger’s equation:
U(t) = Te # o HEOW, (6.1)

In order for a physical system to be considered as a possible quantum computer, it must offer
time dependent control over its Hamiltonian so that a universal set of gates can be performed
on demand. Therefore, the Hamiltonian of a quantum computer must be a function of several

control parameters &, &, .., &

H(t) = H(&(1),&2(t), &k (t)). (6.2)
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The problem of gate design can be stated as finding the time-dependent profiles of these
parameters that will cause the computer to evolve the desired target gate Ur. Given H (t), cal-
culating U(t) according to Eqn. is straightforward numerically and sometimes straight-
forward analytically when H (t) has certain properties. However, inverting this equation, e.g.
finding H(t) given the target gate Ur, is much more difficult. This is precisely what makes
the process of gate design challenging. In this chapter, we focus on two qubit gate design,

taking the CNOT gate

Ur = Ucnor =

—_
o o O
@)

o O O
e}

as an example target gate when required.

In general, two-qubit gate design is a control problem in the continuous Lie group U(N) of
unitary transformations on an N dimensional quantum system where N > 4. In this chapter,
N = 4 is considered. This restriction seems reasonable since the two-qubit computational
subspace is four dimensional; however, there is an important class of two-qubit gate protocols
excluded by this approach that is mentioned briefly here.

Specifically, when a two-qubit system evolves a CNOT, its time evolution operator U(t)
may leave the computational subspace and return during the course of a gate’s implemen-
tation. This technique has proven very powerful for CNOT gate design. For example, if the
|11> state performs a 27 rotation with an auxiliary state, like the |02> or |20> states of a
superconducting circuit, while the other computational basis states only evolve an overall
phase, the computational subspace will evolve the Controlled-Z(CZ) gate (up to an overall

phase), where

100 O
010 0

UCZ = . (64)
001 O
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The CZ gate is itself universal for quantum computation; however, the canonical CNOT in
Eqn. (6.3]) is useful for algorithm implementation and may be obtained from the CZ by only

single qubit (non-entangling) transformations [90]:
Ucnor = Hy - Ucy - Hy (6.5)

where Hs is the Hadamard gate on the second qubit, which can be constructed from single

qubit rotations:

Hi=2% = iRy (7)i R, (f) (6.6)
2/
0 -1/
The notation for single qubit rotations is defined as follows:
Ri(0); = e 2™ (6.7)

where 7 is any three dimensional unit vector and &; = o¥i + 0!y + 07 2.

This CNOT protocol was first proposed in 1995 by Cirac, et al. [21] for an ion trap
quantum computer, then in 2003 by Strauch et al. for two capacitively coupled phase qubits
[T13]. It has been implemented experimentally for phase qubits [124) 89], transmon qubits
[27, 28], and trapped ions [83]. While this chapter only considers evolution in the two-
qubit computational subspace, it is possible that the approaches described here may be

generalizable to U(N) for N > 5 so that the results just mentioned may be included.

6.2 THE ENTANGLING GATES GENERATED BY WEAKLY COUPLED QUBITS

Along with the many approaches to physically realizing a quantum computer come a variety
of approaches to implementing universal logic. Often these approaches use details about the
physical system being considered, or require the Hamiltonian to obey certain symmetries. For
example, an exact CNOT gate construction is known when the qubits interact via an Ising
interaction (H ~ of ® o) [90], as well as when qubits interact via a Heisenberg interaction

(H ~ 01" 0'2) [7]_, 19]
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The goal of this chapter is to develop an algorithmic approach to gate design that applies
to any two-qubit gate and any interaction Hamiltonian. The model Hamiltonian derived in
the last chapter is used, which only assumes a system of weakly coupled qubits. We also
assume that Hc = 0, which implies that the qubits are tuned in energy, ¢; = €5, unless
Jyo = Jo, is nonzero.

The interaction part of the two-qubit RWA Hamiltonian is rewritten here for convenience:

H = g(t)[J(of ® 05 + 0] ®o03) + J' (0] ® 05 — 0] ® 03) + Ju0] @ 03]
Joe 0 0 0

0 —J,. v
= g(t)

0
0 ~ —J. 0
o 0 0 J

zZz

where v(t) = 2¢;;(t)(J+iJ") = |y(t)|e"¢. It is straightforward to show that the time evolution

generated by H(t) is

U = Tl
1 0 0 0
0 e®DcosD(t) PO =2)sinT(t) 0
(6.9)
0

0 e@O-e=DginD(t) €290 cosT(¢)

0 0 0 1

where ['(t) = fti y(@)|dt', o(t) = Ty ftto g(t)dt', and h = 1. Clearly, H will not naturally
evolve the target CNOT gate in Eqn. (6.3]) after any time ¢.

6.3 LocAL EQUIVALENCE

H(t) cannot generate a CNOT directly; however, the single qubit control term in the RWA
Hamiltonian adds three controls per qubit, €(t), (t) and ¢(t), that have not yet been
considered. There are (at least) two ways one can add single qubit control to this problem.

One is by simply adding H¢ to H and using the single qubit rotation terms to ‘steer’ the
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time evolution to the desired gate. This approach, as formulated by Zhang et al. in 2003
[129, [130], has been studied in detail by another member of our group Andrei Galiautdinov
[35], 136].

Here a different approach is taken, namely, single qubit control is not added to H, but
arbitrary single qubit transformations are allowed before and after the time evolution U (t)

generated by H. The target gate is decomposed as
Up = €¥R?  Ugy - R (6.10)

where Uy, is the entangling part of the gate, ¢ is an overall phase, and R>? are pre- and post-
single qubit rotations of the form in Eqn. . For most experimental implementations of
a quantum computer, it is known how to perform an arbitrary single qubit rotation quickly
and accurately.

Because the problem of implementing arbitrary single qubit rotations is so much easier
than that of implementing arbitrary two-qubit gates, we will be satisfied if our interaction
Hamiltonian H has evolved a gate equivalent to the target gate up to single qubit rotations
and an overall phase. When the relationship between U,y and Ur holds for some R'? and

p, we say that Uy and Ur are ‘locally equivalent,” denoted as
Ut ~ Ugpt. (6.11)

Both Ut and Uy, are in U(4), a 16 dimensional Lie group (generated by, for example, the
basis vectors of the J,, tensor). Single qubit rotations R' and R? are in the 6 dimensional
Lie group SU(2) ® SU(2), which can be generated by two copies of the three Pauli matrices:
o, o, of, 0%, 0y, 0. The overall phase €' is in the 1-dimensional group U(1). This suggests
that

dim. of U(4) — 2 x (dim. of SU(2) ® SU(2)) — dim. of U(1) = 3 (6.12)

degrees of freedom are required to specify an operator’s ‘local equivalence class.” In the next
two subsections, two existing approaches to establishing an operators equivalence class are

reviewed.
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6.3.1 MAKHLIN INVARIANTS

Yuriy Mahklin derived the condition for local equivalence in 2003 by proving that two quan-
tities, G1(U) and G5(U), will be unchanged if local rotations are performed on U [75]. G}
is in general complex while G is always real, so this amounts to three real variables that
determine a gate’s local equivalence. G1(U) and G5(U) are calculated as follows:

Define Ug = QTUQ to be the transformation of U into the Bell basis, defined as

10 0 ¢
0= 1 07 1 O (6.13)
V210 i -1 0
10 0 —1
Let u = U3 Ug. Then
Gi(U) = tr’u detU'/16
Go(U) = [tr®u — tr(u?)]detU" /4. (6.14)

G and G5 are referred to as ‘Makhlin Invariants.” This result makes it convenient to
numerical check whether the time evolution of any particular Hamiltonian will ever be locally

equivalent to the desired target gate. For example, in the case of Ur = Ugsnor,

Gi(Ur) = 0

Gi(Ur) = L (6.15)

It is straightforward to show that for U(t) in Eqn. (6.9),

2

GHU) = 740 [1 4490 cos (20(1)]
Go(U(t)) = cos(4¢(t)t) + 2cos (2I()) (6.16)

This means that U(t) is locally equivalent to a CNOT when

1, /
Ze—4z¢<t> (1+ €% cos (20 ()1))" = 0

cos (4p(t)t) +2cos (2I'(t)) = 1 (6.17)
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Both equations in (6.17]) are satisfied only when both

I't) = 0 modm

o(t) = w/4 mod 7/2. (6.18)
This requires that
J, 14+2m
= 6.19
Al = an (019

for integers m and n, or that v = 0, in which case H = J..0703 and a gate locally equivalent
to Ucnor evolves when ¢(t) = /4, a well-known result [90]. For superconducting qubits,
the relative sizes of the coupling constants in .J,, depend on the physical architecture of
the quantum circuit as well as details of circuit fabrication. Obtaining the exact ratio in
Eqn. is very restrictive and not satisfying as a general approach to gate design. It
does, however, give us some useful information: A general interaction Hamiltonian H only
generates a U(t) locally equivalent to a CNOT in special cases.

An alternate approach to evolving the target gate will be required. So far we have only
explored the possibility of performing a ‘single shot” CNOT, by which only one entangling

pulse is applied. Instead, we can look for ‘two shot solutions’, by which
UT ~ Uent . R . Uent (620)

where Ugy is the time evolution generated by U(t) after some time ¢. Makhlin’s result does
not help us with this problem besides giving a numerical way to search over all possible times
t and single qubit rotations R for solutions to Eqn. (6.20]). In the next section, we explore a

more intuitive, geometric approach.

6.3.2 CARTAN DEOMPOSITION

To gain geometric insight into the theory of two qubit gates, we turn to Lie algebra theory to
better describe the group SU(4), a subgroup of U(4) in which all elements have determinant

1. Any element of U(4) can be transformed to an element in SU(4) by multiplication of an
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overall phase, so we do not lose any of the physically observable behavior of U(4) by making
this simplification. A convenient representation of the Lie algebra su(4) that generates the
Lie group SU(4) is the set of 15 tensor products of Pauli matrices that form a basis for .J,,
(the identity is excluded).

As introduced to the field of quantum computation by Khaneja and Glaser in 2001

[60, 59], the Lie algebra su(4) can be written as the direct some of two subalgebras,
su(d) = (@ p (6.21)
where
[=su(2) @ su(2) = span{of,ol, o0f,05,05, 05} (6.22)
p=su(4)/su(2) @ su(2) = span{o] ® 03,07 ® 05,07 ® 05,
o} ® 03,0! ®dy, 0} @ 03,
0} Q05,07 0y, 07 @05, }. (6.23)

The subalgebra [ generates single qubit rotations, while the subalgebra p generates entan-
glement between the qubits. Because the subalgebras [ and p obey certain commutation

relations,

LgCL [pCp, [pp]Cl (6.24)

any maximal abelian (commuting) subalgebra of p is a Cartan subalgebra of su(4). Suppose
a C p is a Cartan subalgebra. For our purposes, a particularly useful property of Cartan

subalgebras is that any U € SU(4) can be written as
U=R"-A-R? (6.25)

where RY? are generated by [ and A is generated by a [48].
There are several 3-element Cartan subalgebras in p. We choose one that contains gen-

erators most often found in physical Hamiltonians,

a = span{o] ® 05,0} ® 05,07 ® 05 }. (6.26)
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In this case, the Cartan decomposition of Eqn. (6.25) translates to every U € SU(4) being

locally equivalent to an A of the form

Afz,y, 2) = e artortuoteat4soion) (6.27)

This is a very powerful statement, as it says that only three entangling generators are needed
to describe an arbitrary U, even though there are a total of 9 entangling generators in su(4).
Furthermore, every U can be mapped to a point in a 3-dimensional space by assigning to
it the point (z,y, 2) of its corresponding A(z,y, z). This mapping from U to the 3d ‘space
of entanglers’ is not unique, however. Not only do the variables x, y, and z have the 27
periodicity in x, y and z that we may expect, but there are several other ways that one can

change A non-trivially by single qubit rotations. For example,
R.(—m)A(z,y, z) Ry (1) = Az, —y, —2); (6.28)

therefore,

A(I, Y, Z) ~ A(l’, -Y, —Z), (629)

and any gate locally equivalent to A(zx,y, z) will also be locally equivalent to A(z, —y, —z).
This means that a given U is locally equivalent to many A(z,y, z). For a full discussion
of the geometry of the group generated by a, see Refs. [129, 130]. There is a continuous
subspace of the full space of entanglers, called the Weyl chamber, that does have a one-
to-one correspondence with the local equivalence classes of SU(4). While this is a beautiful

result, allowing U(t) to evolve outside of this subspace is more useful for gate design.

6.4 'THE SPACE OF ENTANGLERS

The theories of Makhlin invariance combined with Cartan decomposition give us powerful
intuition toward gate design. Given a target gate Ur, it is not often easy to identify which
A(z,y, z) to which it corresponds. In [129], a very useful relationship is given between the

Makhlin invariants, which can be calculated directly from Uy, and the arguments z, y, and
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z of an equivalent A:

G = cos?(27) cos?(2y) cos®(2z) — sin?(2x) sin®(2y) sin®(22)
—i—% sin(4x) sin(4y) sin(4z)
Gy = 4cos?(2z) cos?(2y) cos?(22) — 4sin’(2z) sin®(2z) sin®(22)

— cos(4x) cos(4y) cos(4z) (6.30)

For example, if Ur is the CNOT gate, then it is straightforward to calculate the Makhlin

invariants G; = 0 and G5 = 1. By inspection of Eqn. (6.30)), it can be seen that

Uenor ~ A (i% 0, o) ~ A (o, i%, 0) ~ A <o, 0, i%) . (6.31)

These A values correspond to the green dots in the space of entanglers shown in Fig. [6.1] In

the following sections, gate design is outlined for differing conditions on J, J’ and J,,.

CaAse 1: J =0# J:

In this case,

H = g;;(t) [J(of ® 03 + 0] @ 03) + Jp0] ® 03], (6.32)
which is in the Cartan subalgebra a. Because each of the terms in H commute,

U(t) _ 7_6_% ftto gij(t)[J(Uf@a%+a%®ag),+Jzzaf®U§)]dt (633)

corresponds to the trajectory r(t) = (z(t), y(t), z(t)) where

)=o) = [ g1 = GO0

to

2(t) = / Gii(T) Jpdr = J,, - G(2). (6.34)

to
G(t) = fti g:;(t")dt" is the area swept out by the coupling strength. In the common situation
where ¢ is time independent, G(t) = gt. r(t) traces the black line in Fig. 6.1, which starts from

the origin (the identity) and naturally follows the line z = y = 2 tan 6 where § = tan='(J/.J,,)
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Figure 6.1: The ‘space of entanglers.” Green points correspond to entanglers that are locally
equivalent to a CNOT. The blue stars are locally equivalent to the swap gate, and the purple
squares are locally equivalent to SWAP xCNOT. The black curve represents a possible tra-

jectory corresponding to Schrodinger evolution with J' = 0. A m-puse is applied at A (%, % z)

to ‘refocus‘ the trajectory back the z-axis.

is the angle taken from the z-axis. In order for r(¢) to intersect a green dot (indicating U ()

is locally equivalent to a CNOT), the special condition given in Eqn. is required.
Alternatively, the path of U(t) can be turned by inserting a single qubit rotation. Recall

that a ‘r-pulse’ applied one of the qubits before and after the entangler A(z,y, z) produces

the entangler A(x, —y, —z), as shown in Eqn. (6.28]). Suppose a time evolution operator U (t)
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sweeps out a line r(¢) in the space of entanglers, indicated by the correspondence

U(t) & £(t) = (2(t), y(t), 2(1)): (6.35)

If a m-pulse is applied on one of the qubits before and after evolution by U(t), the resulting

path in the space of entanglers is the reflection of r(t) over the z-axis:
R =m)iU (R (m); ¥ (8) = (2(t), (1), —=(1)). (6.36)

The combined effect of evolution by U(t) followed by Ry (7);U(t)R.(7); is to reach a point

exactly on the z-axis:
Ry(—m);U(t)Re(m):U(t) <> 1'(t) + r(t) = (22(¢),0,0). (6.37)

By this sequence with G(t) = 7/8J, the trajectory in the space of entanglers ends exactly
at the point (%, 0, 0), which corresponds to a net time evolution that is locally equivalent to
the CNOT.

Note that if the angle 6 had been less that 7/4, in other words J,, > J, then G(t,) =
7 /8J,, for at, < t.In other words, a gate locally equivalent to a CNOT could be implemented
faster by applying the m-pulses about the z-axis and turning the trajectory toward the point

(07 0, %), which is also locally equivalent to a CNOT.
CASE 2: J=J =0:
When J = J' =0, H = g;;(t) J,0] ® 03, so
U(t) — e_%Jzz ftto gij(t,)dt, AN (O7 0’ %) (638)
after G(t) = m/4.J,,. This is the well known Ising case, mentioned before.
CASE 3: J=0#J"

Note that of ® 03,0 ® 03,07 ® 05 also form a Cartan subalgebra where (6.31)) holds. The
result from Case 1 is therefore applicable, with the modification that G(t) = 7/8J" when

J > J,,.
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CASE 4: J#0 AND J' #0

In this case, the phase of v, ¢ = arg(J + i.J), is nonzero. The identity

R.(=@)2U(t)R.(p)2 = A(L(2), T'(2), 6(1)) (6.39)

tells us that the following gate sequence

Ro(—)o Ry (=) U () R ()1 U (1) Ro(0)s <3 (%,0,0) (6.40)

produces a gate locally equivalent to a CNOT when I'(¢) = |y| - G(t) = 7/8-.

6.5 A GENERAL CNOT

The procedure for gate design applied to Usnor described in the last section can be sum-

marized as follows: Define t so that G(t) = 7/8|7y|. Execute the gate sequence

Uent = Rz(_SD)QRI(_TF)lU(t)Rx<7T)1U(t)RZ<SO)2

~ A (%,0,0) (6.41)

which produces a gate that is locally equivalent to a CNOT. The canonical CNOT can be

obtained exactly with the following pre- and post- single qubit rotations and overall phase:

Ucnor = €% [Ry (—g)l R R, <—g)2] Uent - R, (g)l : (6.42)

This generalization includes all but the second case above, the Ising limit. In this case, after a
time ¢ defined so that G(t) = 7/4.J,,, the system evolves A (0, 0, %) exactly, which is related

to the CNOT gate according to

Uosor ="M [R. (~5) @R (=7) |-4(0,0.F) - Ha (6.43)

Another member of our group, Joydip Ghosh, has investigated the numerical accuracy of

this general approach with differing J, J’, and J,, values in Ref. [42]
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6.6 AN ALTERNATIVE TO CNOT

Local equivalence simplifies the analysis of two qubit gates by removing the effect of single
qubit rotations which are straightforward to perform experimentally. There is a two qubit
operation that is simple to perform at the level of compiling a gate sequence, namely, the
action of swapping two qubits. This is implemented simply by swapping the labels of the

qubits. The action of swapping qubits is equivalent to the unitary transformation

e}
e}
—_

Uswap

0
0

(6.44)
0

00 01

When searching for an implementation of a particular Ur, one may also search for that target

gate before and after swapping. For the case of CNOT, the points corresponding to

CNOT x SWAP

SWAP x CNOT (6.45)

(which are locally equivalent to each other) are indicated by purple squares in Fig. . In

the case that J' = J,, =0,

T

T.7:0) ~ SWAP x CNOT ~ CNOT x SWAP (6.46)

U(t):A(

after G(t) = w/4-J. The canonical SWAP x CNOT can be obtained by the following sequence

of pre- and post- single qubit rotations:

warcenor =[x (3), e (3] [ (5), o2 (5) ] ),

x A(Z,Z,O) ‘R, (-5)2. (6.47)

The canonical CNOT can be obtained by from the SWAP x CNOT by simply relabeling the

qubits.
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Quantum simulation algorithms can significantly reduce the resources necessary to sim-
ulate quantum mechanical systems [32]. Typically, these algorithms construct the simu-
lated system’s time evolution operator, energies and/or eigenstates from a universal set of
gates [70], 29, 121, 128, 16 1, 123, 17, 109, 56, B, 67, B0]. Alternatively, ultracold atoms,
trapped ions, and liquid-state NMR have directly emulated the time evolution of certain
other quantum systems [44], [1T5] 68, 33], 108]. Recent experimental progress suggests that
quantum simulation will be one of the first practical applications of quantum computation
[677, B0, [44) 115] 68, 33, 108, [15].

In principle, an n-qubit quantum computer can store the state of any N = 2" dimen-
sional quantum system, an exponential reduction in the resources necessary to store quantum
information on a classical computer. However, simulation may require ~ N? = 22" ele-
mentary gates per time step unless the simulated Hamiltonian has special properties, e.g.
locality [8,[70,29]. Even for these special Hamiltonians, fully digital quantum simulation often
requires an excessive number of gates for current quantum computing technology [17, 56, 5].

In this Letter, we show that a subspace of a tunable n-qubit quantum computer can
emulate an arbitrary n-dimensional quantum system, trading an exponential reduction in
resources for simulations of a wider variety of Hamiltonians. This subspace simulates other
quantum systems very different from the computer itself in an amount of time that is indepen-
dent of n. By comparison, classical simulation of an n-dimensional quantum system requires
~ n3 elementary operations per time step. While the most efficient quantum simulation algo-
rithms offer an exponential reduction in both qubits and elementary operations, they typi-
cally apply to specific, fundamental time-independent Hamiltonians, or those already similar
to that of the computer itself. We show that with a more modest polynomial reduction in
resources, a subspace of a tunable quantum computer can simulate any real, time-dependent
Hamiltonian.

We begin by outlining the theory behind our approach to simulation. To this effect, we

identify an n-dimensional invariant subspace suitable for quantum simulation. Then we define
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a time dependent energy/time rescaling that maximizes the speed of the simulation within
the constraints of the quantum computer. Finally, we explicitly give the control parameters
of the quantum computer as a function of the matrix elements of H(t).

This theory is tested by performing a simulation of a molecular collision with a cir-
cuit of tunably coupled Josephson phase qubits. Molecular collisions and electronic struc-
ture calculations are widely studied as important applications of quantum simulation tech-
niques [56}, 5 30]. We show in detail how a superconducting circuit of three tunably coupled
Josephson phase qubits simulates a three channel Na-He collision. Finally, we discuss the
relationship between simulation fidelity and total simulation time for this particular example.

An n-Dimensional Subspace of the full quantum computer’s Hilbert space, H, can emulate
another quantum system at all times only if it is invariant to the time evolution generated
by the computer’s Hamiltonian H. (so that the subspace is well-isolated from the rest of H

and evolves unitarily). We model H. as

n

€; t 2 1 v
Hqc(t> :Z—%Ui +§Zgij(t)Jﬂyaf®aj, (71)

i=1 i#j
where p, v € {0,1,2,3} are summed over. ¢;(t) are the uncoupled qubit energies and g;;(t) =
g;i(t) are the pairwise qubit interaction strengths, both of which may in general be time-
dependent. J,, is a 4 x 4 tensor that describes the time-independent structure of the qubit
interaction which is determined by the computer’s architecture, as explained in detail in
Chapter

In the weak coupling limit, |g;;|||/..||/€; < 1, subspaces of H are invariant to time evolu-
tion generated by H if spanned by computational basis states having the same number of
excited (tunable) qubits. The ‘single excitation subspace’, denoted as H,,, is an n-dimensional
invariant subspace spanned by |2>n = |00..012-..0n> for all i = 1,2...,n.

The control parameters €;(t) and g;;(t) directly control the Hamiltonian that H,, simu-

lates. We define H,, as H projected into the single excitation subspace,

H,(t) = PHy(t)P' (7.2)



69

where P is an n x 2" dimensional operator that projects H onto H,. Up to an additive

energy shift, H, has matrix elements

g 6(t) —ad . gi(t), i=7
Hi(t) = i (7.3)
9ij(t), i #j
with a = 2(J., + J..). We assume J,, + J,, # 0 and normalize J,,, so that J,, + J,, = 1. In

the weak coupling limit, H,, is approximately invariant and generated by H,,:

Un(t) = PUg(t)P!

12

TeitJo )t (7.4)

where T is the time-ordering operator. H,, generates U,, exactly when no matrix elements of
H,. mix H, with the rest of H (i.e. Jo, = Jo, = Jow = Joy = 0). The (n? 4+ n)/2 parameters
ei(t) and g¢;;(¢) independently control each of the (n* + n)/2 matrix elements of the real H,
and can therefore be used to simulate any arbitrary, real Hamiltonian in H,,.

While we can simulate H, in #,, by choosing €;(t) and g;;(¢) so that H,(t) = Hy(t) for all
t, a direct mapping between Hamiltonians limits the computer to simulating other quantum
systems with similar energy scales over lengths of time within the computer’s coherence time.
Fortunately, simulation of Hg only requires equality up to an overall phase between U,, and

the time evolution operator generated by Hg:

U() = Tekhme

= €i¢(t)Un(tqc(t))- (7.5)

The time elapsed on the quantum computer, t..(t), is a strictly increasing function of simu-

lated time ¢, admitting a much less restrictive relationship between Hamiltonians:
H(t) + c(t) = ANt)Hn(te(t))- (7.6)

c(t) is a time-dependent, additive energy shift giving the overall phase difference ¢(t) =

% ftt c(t)dt', and we have introduced a positive, time-dependent energy/time scaling

A(t) = dtye/dt. (7.7)
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The energy/time scaling \(t) determines the speed of the simulation. By carefully mini-
mizing A\(t), we reduce the total simulation time and, consequently, the error due to decoher-
ence. \(t) is bounded from below by experimental constraints on the allowed values of control
parameters ¢;(t) and g;;(t) as well as their maximum rates of change. Suppose qubit inter-
action strengths can vary in a range ¢;;(t) € [—Gmax, gmax), and the uncoupled qubit energies
can vary in a range €;(t) € [€min, €max]- For convenience, we define a simulated energy F;(t)
analogous to ¢;(t) when diagonal contributions from qubit interactions are anticipated:

E(t) = HI(t)+a) HI). (7.8)
J#i
Using this definition together with equations (3) and (6), we relate the control parameters

of the quantum computer to the simulated energies in Hy(t):

gi(t) = HI(t)/A\1)

e(t) = [Ei(t) — c@)l/ A1), (7.9)

By choosing ¢(t) = Epax(t) — A(t)émax Where Ep..(t) is the largest value obtained by the

E.

;(t) at a particular ¢, we force each ¢; to be as large as possible and therefore minimize

leakage out of H,,.
Each of the computer’s control parameters remains within its allowed range when A(¢) is

larger than (n® + n)/2 energy ratios at all times:

|HY )]/ gmax, @ # J

AEZ (t)/AEmax

(7.10)

where AE;(t) = FEyax(t) — Ei(t) and A€ = €pax — €min- A(t) is also bounded by constraints on

the speeds with which control parameters can change. Suppose v{(tq) = de;(tqc)/dtq. and

vi;(tqe) = dgij(tqc)/dtqe can never be larger in magnitude than vg,, and vg, . respectively.
Then for all ¢,
1 |dHY(t)  H9(t)d\
J > — . e — 7.11
fmax = 32 | N di (7.11)
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€

(and similarly for v¢, ).

To simulate Hy(t) in H,, we first choose A(¢) as small as both inequalities (10) and (11)
allow, guaranteeing a fast simulation within the experimental constraints of the quantum
computer. We integrate over A(¢) to calculate ¢, as a function of ¢:

t
tae(t) = /t At )dt + toe(ts). (7.12)
With both A(t) and t.(t) known, we can explicitly map the matrix elements of Hy to the

control parameters of the quantum computer:

€i(tqe(t)) = €max + AE;(t)/A(2)
9ii(tec(t)) = HI(t)/A(). (7.13)
To demonstrate our theory in detail, we describe three Josephson phase qubits simulating

a three-channel collision between a sodium and a helium atom. For three phase qubits with

tunable inductive coupling,

3

at) . 1 LG

He(t) = Y - > ai+§zgﬁ(t>¢>i®<pj (7.14)
i=1 i#]

where CiDZ is defined in terms of the matrix elements ¢, = < j|(,5z|k3> of the local Josephson

phase operator in the computational basis of the ¢th qubit:

(i)i — o7 oo — 901101,.z n Y11+ 90000(‘)‘
201 201

(7.15)

(2

Both the ¢; and the ¢j;; depend on ®,, the externally applied flux through the supercon-
ducting circuit. External flux bias is quantified by a dimensionless parameter s;(t) = ®, /%
where @ is the qubit’s critical flux bias, or alternatively, by the dimensionless well depth
AU/hw, [22], [79]. We consider external bias values for which s € [.89,.90] and AU/hw, €
[13.7,15.5]. In this range, Ae/h = 190MHz while ®; ~ o} + 1169 varies little. A tun-
able mutual inductance independently controls the couplings g¢;;(t) between each pair of
qubits. We have assumed Josephson junction parameters Iy = 2.93 pA, C' = 1.52 pF, and
L =808 pH.
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An n-dimensional subspace can simulate a molecular collision only after we project the
full, many-body Hamiltonian of the interacting electrons and nuclei into an n-dimensional
basis. We construct the collision Hamiltonian from Born-Oppenheimer energies and nonadia-
batic couplings calculated previously for three molecular channels: Na(3s) + He(1s?) [1 2X7]
and Na(3p) + He(1s%)[1 *II; 2 %] [69], labeled as [1)_, |2)_ and [3)_ respectively. The
energies are stored for fixed values of the internuclear distance R, which we assume takes
straight-line trajectories in a standard semiclassical approximation: R(t) = v/b2 + v%t2 where
v is the incoming particle’s velocity and b is the impact parameter of the collision.

Figure outlines our simulation protocol for H(t) describing a three-channel Na-He
collision. The matrix elements of Hy(t) are displayed in Fig. [7.1|(a) for a given semiclassical
trajectory R(t). Directly below, we plot the energy/time scaling parameter A(t) as a black
curve enveloping the six energy ratios given in Eq. (10). A small A(¢) speeds the quantum
computer through times when the internuclear distance R is large, but as R decreases (t — 0),
a relatively small g, value constrains the growing couplings. A(t) increases over two orders
of magnitude, creating a highly nonlinear relationship between ¢, and ¢, as shown in Fig.
7.1)(c). This effectively stretches the portion of the collision when internuclear distance is
small over the entire simulation, as can be seen in the plot of the quantum computer’s
control parameters as a function of ¢, in Fig. [7.1(d).

To study the fidelity of the simulation, we compare the exact and simulated time evolution
operators, U(t) and U, (t(t)) respectively, by plotting (in Fig. transition probabilities
out of |1):

Pu(t) = |l (7.16)

Because the exact transition probabilities evolve differently with ¢ than the simulated evolve

with ¢4, we define a time-dependent transition fidelity which accounts for time scaling,

F(t) = | (LU () Un(tee(t)]1), I, (7.17)
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Figure 7.1: (color online) H(t) describes a three channel Na-He collision with b = 0.5 and
v = 1.0. (a) Diagonal energy differences H — H3? and couplings H¥ (i # j) are plotted
as a function of time in atomic units. (b) The dimensionless time scaling parameter A(¢)
envelopes the six energy ratios AE;/Ae¢ and |HY|/gmax (AE3 = 0 for all t). We assume
Gmax/h = 2.0 MHz and Ae€yax/h = 190 MHz. (c¢) to(t) plotted when ¢ (i) = 0, t; =
—40 a.u.. (d) Control parameters g;;/h and (€; — €max)/h that simulate Hy(t) are plotted as
a function of ¢y (€3 = €max for all ty.).
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Figure 7.2: (upper) Exact transition probabilities generated by H(t) plotted in Fig. [7.1](a).
(lower) Transition probabilities simulated with parameter profiles given in Fig. [7.1(d). Final
simulation fidelity is .998.

and a time-dependent leakage out of H,,,

L(t) = 32, |(ilUqe(tac())]1), (7.18)

where ) | is the sum over all computational basis states \z> | orthogonal to H,. In the upper
part of Fig. fidelity and leakage are plotted together for four different g,., values.
Minimizing gmax||/uw||/€min, €ither by decreasing gmax or by increasing emi, reduces
leakage and thus improves simulation fidelity. In this example, we find simulation fidelity
more sensitive to the cutoff in g, because leakage is most prominent when the interatomic
distances are small (¢ — 0) and the diabatic couplings between channels are the dominant
terms. By reducing gmax we also increase A(t) and thus the total simulation time, as studied
in the lower plot of Fig. [7.3] To increase fidelity from .9990 to .9999 we need to increase

the simulation time by a factor of ~ 3, a relationship that is independent of n. While
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not introducing specific models of decoherence, we note that high fidelity simulations are
possible on superconducting qubits with coherence times around 100 ns.

When applied to molecular collisions, our approach to quantum simulation requires
classical overhead to project the fundamental, time-independent, many-body Hamiltonian
into an R-dependent, n-channel Hg. The quantities of physical interest, cross sections, are
obtained by integrating the final transition probabilities over many semiclassical trajectories
with different impact parameters, which requires no further classical overhead. A classical
simulation of transition probabilities requires ~ n® elementary operations per time step for
a single impact parameter, thus cross section calculations are computationally intensive for
large n. Alternatively, simulation time is independent of n using our protocol, so once the
R-dependent H, has been calculated, cross sections can be obtained quickly.

In summary, we present a straightforward protocol for quantum simulation that can
be implemented with currently available superconducting quantum computing technology.
While a promising application of quantum computation, current quantum simulation pro-
tocols require a threshold number of gates and qubits that prohibits fully digital quantum
simulations from being demonstrated on available quantum computers. However, we have
shown how quantum computers of only a few qubits can simulate arbitrary quantum sys-
tems accurately and quickly even before they reach the regime of fault tolerant quantum

computation.
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