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Abstract

This thesis deals with the generation, estimation and preservation of novel quantum
states of two and three qubits on an NMR quantum information processor. Using the
maximum likelihood ansatz, a method has been developed for state estimation such that
the reconstructed density matrix does not have negative eigenvalues and the errors are
within the space of valid density operators. Due to interactions with the environment,
unwanted changes occur in the system, leading to decoherence. Controlling decoher-
ence is one of the biggest challenges to be overcome to build quantum computers. To
decouple the quantum system from its environment, several experimental strategies
have been used. These strategies are based on our knowledge of system-environment
interaction and states that need to be preserved. Considering the first case, where the
system state is known but there is no knowledge about its interaction with the envi-
ronment. To tackle decoherence in this case, the super-Zeno scheme is used and its
efficacy to preserve quantum states is demonstrated. The next situation considered is
that where only the subspace to which the system state belongs is known. To address
such a situation, the nested Uhrig dynamical decoupling scheme has been used. The
later part of the thesis deals with situations where the state of the system as well as its
interaction with the environment is known. In such situations, since the noise model
is known, decoupling strategies can be explicitly designed to cancel this noise. Using
these decoupling strategies, the lifetime of time-invariant discord of two-qubit Bell-
diagonal states has been experimentally extended. The decay of three-qubit entangled
states namely the GHZ state, the W state and the WW state are studied, and the noise
model is constructed for the spin system. The experimentally observed and theoretical
expected entanglement decay rates of these states are compared. Then, the dynamical
decoupling scheme is applied to these states and remarkable protection is observed in
the case of the GHZ state and the WV state.

The contents of the thesis have been divided into seven chapters whose brief ac-
count is sketched below:
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0. Abstract

Chapter 1

This chapter provides an introduction to the field of NMR quantum computation and
quantum information as well as the motivation for the present thesis. In addition to the
basics of NMR and quantum computation, recent developments in the field of quantum
computation and quantum information are discussed.

Chapter 2

This chapter describes the utility of the maximum likelihood (ML) estimation scheme
to estimate quantum states on an NMR quantum information processor. Various sep-
arable and entangled states of two and three qubits are experimentally prepared, and
the density matrices are reconstructed using both the ML estimation scheme as well
as standard quantum state tomography (QST). Further, an entanglement parameter is
defined to quantify multiqubit entanglement and entanglement is estimated using both
the QST and the ML estimation schemes.

Chapter 3

This chapter experimentally demonstrates the freezing of evolution of quantum states
in one- and two-dimensional subspaces of two qubits on an NMR quantum informa-
tion processor. The state evolution is frozen and leakage of the state from its subspace
to an orthogonal subspace is successfully prevented using super-Zeno sequences. The
super-Zeno scheme comprises a set of radio frequency (1f) pulses, punctuated by pre-
selected time intervals. The efficacy of the scheme is demonstrated by preserving
different types of states, including separable and maximally entangled states in one-
and two-dimensional subspaces of a two-qubit system. The changes in the experi-
mental density matrices are tracked by carrying out full state tomography at several
time points. For the one-dimensional case, the fidelity measure is used and for the
two-dimensional case, the leakage (fraction) into the orthogonal subspace is used as a
qualitative indicator to estimate the resemblance of the density matrix at a later time
to the initially prepared density matrix. For the case of entangled states, an entangle-
ment parameter is computed additionally to indicate the presence of entanglement in
the state at different times. The experiments demonstrate that the super-Zeno scheme
is able to successfully confine state evolution to the one- or two-dimensional subspace
being protected.
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Chapter 4

In this chapter, the efficacy of a three-layer nested Uhrig dynamical decoupling (NUDD)
sequence to preserve arbitrary quantum states in a two-dimensional subspace of the
four-dimensional two-qubit Hilbert space is experimentally demonstrated on an NMR
quantum information processor. The effect of the state preservation is studied first
on four known states, including two product states and two maximally entangled Bell
states. Next, to evaluate the preservation capacity of the NUDD scheme, it is ap-
plied to eight randomly generated states in the subspace. Although, the preservation
of different states varies, the scheme on the average performs very well. The complete
tomographs of the states at different time points are used to compute fidelity. The state
fidelities using NUDD protection are compared with those obtained without using any
protection.

Chapter 5

The discovery of the intriguing phenomenon that certain kinds of quantum correlations
remain impervious to noise up to a specific point in time and then suddenly decay, has
generated immense recent interest. In this chapter, dynamical decoupling sequences
are exploited to prolong the persistence of time-invariant quantum discord in a system
of two NMR qubits decohering in independent dephasing environments. Noise chan-
nels affecting the considered spin system of the molecule are characterized and each
spin of the spin system is mainly affected by the independent phase damping channel.
Bell-diagonal quantum states are experimentally prepared on a two-qubit NMR pro-
cessor, and robust dynamical decoupling schemes are applied for state preservation.
It is demonstrated that these schemes are able to successfully extend the lifetime of
time-invariant quantum discord.

Chapter 6

This chapter demonstrates the experimental protection of different classes of tripartite
entangled states, namely the maximally entangled GHZ and W states and the WW
state, using dynamical decoupling. The states are created on a three-qubit NMR quan-
tum information processor and allowed to evolve in the naturally noisy NMR envi-
ronment. The tripartite entanglement is monitored at each time instant during state
evolution, using negativity as an entanglement measure. It is observed that the W state
is the most robust while the GHZ-type states are the most fragile against the natural de-
coherence present in the NMR system. The WW state which is in the GHZ-class, yet
stores entanglement in a manner akin to the W state, surprisingly turns out to be more
robust than the GHZ state. The experimental data are best modeled by considering the
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0. Abstract

main noise channel to be an uncorrelated phase damping channel acting independently
on each qubit, along with a generalized amplitude damping channel. Using dynam-
ical decoupling, a significant protection of entanglement for GHZ state is achieved.
There is a marginal improvement in the state fidelity for the W state (which is already
robust against natural system decoherence), while the WW state shows a significant
improvement in fidelity and protection against decoherence.

Chapter 7

This chapter provides some general remarks on the problems covered in the thesis.
Possible future applications of the state protection techniques used in this thesis and
the new avenues of research they open up are described. The overall contribution of
this thesis in the context of the study of decoherence and state preservation techniques
in quantum information processing, is summarized.
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Chapter 1
Introduction

Quantum computing and quantum information is an area which has grown tremen-
dously over the past two decades; it comprises the study and implementation of the in-
formation processing tasks that can be efficiently performed using a quantum mechan-
ical system. Quantum computers are able to accomplish computational tasks which
are not possible to carry out on classical computers. The encoding of n bits of classical
information requires at least n bits of classical resources. However, because of the
quantum superposition principle, quantum mechanical systems can in principle have
a better encoding efficiency than classical systems [1} 2]. In 1981, R. Feynman pro-
posed the idea of a ‘quantum computer’ and showed that a classical computer would
experience an exponential slowdown while simulating a quantum phenomenon, while
a quantum computer would not [3]]. In 1985, D. Deutsch, took Feynman’s ideas further
and defined two models of quantum computation; he also devised the first quantum
algorithm. One of Deutsch’s ideas is that quantum computers could take advantage
of the computational power present in many “parallel universes” and thus outperform
conventional classical algorithms [4]]. In 1994, P. Shor demonstrated two important
problems; the problem of finding the prime factors of an integer, and the so-called
‘discrete logarithm’ problem, both of which could be solved efficiently on a quantum
computer [1,5]. Shor’s results clearly indicate the power of quantum computers. Fur-
ther in 1996, L. Grover showed that a search algorithm for an unsorted database on a
quantum computer is quadratically faster then its classical counterpart [6]. The most
popular model of a quantum computer is based on qubits which are two-level quan-
tum systems, with a qubit being a basic unit of quantum information. In 2000, D. P.
DiVincenzo proposed a list of requirements for the realization of an actual quantum
computer [7]]: a scalable physical system, ability to initialize the system to any quan-
tum state, a universal set of quantum gates that can be implemented, qubit-specific
measurement and sufficiently long coherence times (relative to the gate implementa-



1. Introduction

tion times).

Till date, no quantum hardware completely fulfills these criteria. Several quantum
computing experiments have been performed using optical photons [8]], optical cav-
ity [9], ion traps[10], superconducting qubits [11] nitrogen-vacancy centers [12]] and
nuclear magnetic resonance (NMR) techniques [13)]. In an optical photon quantum
computer, the qubits are represented by the polarization of a photon. The initial state
is prepared by creating single photon states by attenuating light. Quantum gates are
applied using beam-splitters, phase shifters and nonlinear Kerr media. Measurement
is done by detecting single photons using a photomultiplier tube [1]. In an optical
cavity, qubits are represented by the polarizations of a photon and initial state prepa-
ration is similar to that of an optical photon quantum computer. Quantum gates are
applied using beam-splitters, phase shifters and a cavity QED system, comprised of a
Fabry-Perot cavity containing a few atoms, to which the field is coupled. In trapped
ion quantum computers, ions are allowed to be cooled down to the extent that their vi-
brational state is sufficiently close to having zero photons and a qubit is realized by the
hyperfine state of an atom and lowest level vibrational modes of the trapped atoms [14].
Quantum gates here are constructed by applying laser pulses. Measurement is done by
measuring populations of hyperfine states [15]]. In superconducting quantum comput-
ers, qubits are represented by the phase, charge and flux qubits. In the charge qubit,
different energy levels correspond to an integer number of Cooper pairs on a supercon-
ducting island [16]. In the flux qubit, the energy levels correspond to different integer
numbers of magnetic flux quanta trapped in a superconducting ring. In the case of a
phase qubit, the energy levels correspond to different quantum charge oscillation am-
plitudes across a Josephson junction, where the charge and the phase are analogous
to momentum and position correspondingly of a quantum harmonic oscillator [17]].
Quantum gates are implemented using microwave pulses. The nitrogen-vacancy cen-
ter is a point defect in a diamond which offers access to an isolated quantum system
that can be controlled at room temperature. A qubit here can be represented by the 13C
nuclear spin. Resonant microwave pulses allow full quantum control of the state of the
center. Measurement can be done using optical and electrical detection methods [[18]].

This thesis uses NMR as a tool for performing quantum information processing
tasks. NMR quantum computing has provided a good testbed for implementing var-
ious quantum information processing protocols. In NMR, the chemical shifts of dif-
ferent spins are used to address the spins individually in frequency space and external
radio frequency pulses are used for quantum control [19, 20]. For quantum informa-
tion processing we require pure quantum states. However, an NMR spin system at
room temperature is far from pure, since the separation between the spin energy levels
is fiw which much less than kzT'. Therefore the initial state of an ensemble of nuclear
spins is nearly random. However, for performing computational tasks we can initial-



ize the system into a pseudopure state [21] which mimics a pure state. Using radio
frequency pulses and the couplings between the spins any unitary operator can be im-
plemented. Further, the compensations of errors due to pulse imperfections and offset
error can be performed via numerically optimized pulses using GRAPE and genetic
algorithms [22} 23] 24} 25]] which make the NMR technique an excellent test bed for
the implementation of quantum algorithms [26, 27, 28, 29, 130, 31]], quantum simula-
tions [32), 33} 134, 35 136/, 137]], the study of decoherence [38, 39, 40] and many other
quantum information processing applications [41}, 142, 43| 44, 145] 46|47, 4849, 50].

In this thesis, we first tackle the problem of negative eigenvalues occurring during
the reconstruction of density matrix from the experimental data. We experimentally
prepared quantum states relevant for quantum information processing and reconstruct
valid state density matrices on an NMR quantum information processor of two and
three qubits. In NMR quantum information processing [1, 19], information is encoded
in the quantum state of an ensemble of nuclei. Theoretically, reconstruction of the
state density matrix is possible if we have infinite copies of the spin system. However,
only a finite but large number of copies of the spin system are available. Furthermore,
due to experimental errors such as detection pulse errors and temperature fluctuations,
copies of the spin system are slightly different [S1]]. If not properly handled, it can lead
to a situation where the standard state tomography may give rise to an unphysical state.
To tackle this problem, we use the maximum likelihood method [52, 153}, 154} 55] which
always gives a valid state density matrix close to the experimental data and resolves
this issue of unphysical states [56]. In the rest of the thesis, we focus on the different
strategies to cancel out system-environment interactions. First we deal with a situation
where we are aware of the system state but have no knowledge about its interaction
with the environment. It is then required to consider all the possible interactions by
which system in a given state can interact with the environment. We use the super-
Zeno scheme for state protection [S7, 58, 159} 160], In this scheme, we construct an
inverting pulse which has information about the state and use a train of these inverting
pulses punctuated by unequal intervals of time to protect the system state. Then we
consider a situation where only the subspace is known to which system state belongs
instead of the exact state and its interaction with the environment, and to resolve this
problem we use nested Uhrig dynamical decoupling (NUDD) schemes [61} (62} [63]].
The NUDD scheme consists of nesting of protection layers to cancel all the possible
interactions that the state can have with the environment. We next move on to situa-
tions where we have knowledge of the state of the system as well as its interaction with
the environment. We study the evolution of the state of the system in the presence of
intrinsic NMR noise and then fit its decay to a noise model to characterize the noise.
In the two- and three-qubit systems studied, each qubit of the system is modeled as be-
ing affected by an independent phase and amplitude damping noise channel [64]], with
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the noise being dominated by the phase damping channel. We use the Knill dynami-
cal decoupling (KDD,,, ) scheme and XY 16 [65,66] dynamical decoupling scheme to
tackle the dephasing noise. These pulse sequences are robust against pulse angle errors
and offsets errors. We apply KDD,,, and XY'16 sequences on experimentally prepared
two-qubit Bell-diagonal states and see the effect on the lifetime of time-invariant dis-
cord [67, 168]. We also apply these sequences on experimentally prepared three-qubit
GHZ, W and WW states and observe the decay of entanglement and its subsequent
suppressing using dynamical decoupling.

1.1 Quantum computing and quantum information pro-

cessing

Although computational algorithms are conceived mathematically, a computer which
executes these algorithms has to be a physical device. The most common model of
quantum computation is a generalization of the classical circuit model known as quan-
tum circuit model. A quantum circuit is an instruction for carrying out the preparation
of an input state, applying a set of quantum gates which cause a unitary evolution and
measuring the output state. The input state is prepared on a quantum register, which
is the quantum analog of the classical processor register. A classical register of size
of n comprises of n flip flops which can have 2" possible classical states. A quantum
register of size n comprises of n two-level quantum systems which are interacting with
each other and due to superposition can have infinite possible states.

1.1.1 Quantum bit

The basic unit of classical information is a bit. Classical digital computers process
information in a discrete form. It operates on data that are expressed in binary code i.e.
0 and 1. A bit can have two states either 0 or 1 and therefore it can be easily physically
realized on a two-state device. Quantum computing and quantum information are built
upon an analogous concept, the qubit i.e. quantum bit [1]. The two possible logical
states for a qubit can be |0) and |1) states. However, the most general qubit state is
given by:

) = af0) + B|1) (11)

The state of a qubit is a vector in a two-dimensional complex vector space; |0) and
|1) form the orthogonal basis for this vector space. The complex numbers « and /3 are
such that |a|*+|3]* = 1. We cannot determine the values of o and 3 by measurements
on a single qubit.
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We can rewrite Eq[I.1]as

) = e”(cosg|0> + eiqssing\l)) (1.2)

z

0)

1)

Figure 1.1: Bloch sphere representation of a qubit.

with new real variables 0, ¢, and . Global phase e can be ignored because it has no
observable effects and we can write

) = cosg|0) + ei¢sing|1> (1.3)

where ¢ and ¢ define a point on the unit three-dimensional sphere, known as the Bloch
sphere, as shown in Fig.[[[.T]]. Each of the infinite points on the surface of the sphere
corresponds to a state of the qubit.

1.1.2 N-qubit quantum register

A quantum register of size n comprises of n qubits which are interacting with each
other. The most general state of such a register is a superposition of 2" basis elements
which is given by,

)= ajleh) @8 @@ |¢]}) (1.4)
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where |¢") refers to ith qubit in jth term of the superposition, |¢}) € {|0),[1)} and a;
are the complex coefficients such that 3 |a;|* = 1. If a state [¢)) can be expressed as
|11) ®1he) ®- - -@|1hy,) where |10;) = a;|0)+5;]1), then the state is called separable and
if not then it is entangled. Entanglement is an intrinsically quantum mechanical phe-
nomenon and it plays a crucial role in various QIP protocols. Experimental realization
of quantum registers is one of the biggest challenges in building a quantum computer.
Up to now only a few qubit quantum registers have been physically realized. For in-
stance in linear optics ten qubits, in trapped ion fourteen qubits and in NMR twelve
qubits have been realized.

1.1.3 Density matrix representation

The state of the system can not be reconstructed if we have a single copy of a qubit. On
a measurement of a qubit with state |¢)) = «|0) 4 |1) possible outcomes will be 0 or 1
with probability |«|? and |3|?, respectively. To compute probabilities |«|? and |3|?, we
need either a large number of measurements on a qubit with repeated state preparation
as is done in single-photon quantum computing or a simultaneous measurement of
a large number of copies of the qubit as done in NMR quantum computing. In an
ensemble it may be possible that all the spins are in same state |¢) and this type of
ensemble is called pure ensemble. It may be possible that with p; probability spins are
in |1)1), with p, probability spins are in |t)5) and so on, this type of ensemble is called a
mixed ensemble. The density matrix formulation is very useful in describing the state
of an ensemble quantum system such as an ensemble of spins in NMR [69].

For an ensemble with the p; probability to be in |1);) state, the density operator is
given as

p= Zmlw»(wil (1.5)

where ) . p; = 1. If all the members of an ensemble are in the same state [¢)) or for a
pure ensemble, the density operator is given as

Ppure = |P) (Y| (1.6)
A density operator p has to satisfy three important properties: p is Hermitian, i.e.,
p = p', all the eigenvalues of the p is positive, and Tr[p] = 1. For a pure state

ensemble Tr[p?] = 1 and for a mixed state ensemble Tr[p?] < 1. The most general

state of a single qubit can be written as,

I+7.o
2

where [ is a identity matrix, 7 is a three-dimensional Bloch vector with |7] < 1, & =
0,4 + 0,y + 0,% and o;s are the Pauli matrices. All the pure states can be represented

p= (1.7)
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as points on the surface of the Bloch sphere and mixed states are represented by points
inside the Bloch sphere.

1.1.4 Quantum gates

The building block of a digital circuit of a classical computer are the logic gates for
e.g. NOT, OR, NOR and NAND. The analogous building blocks of a quantum circuit
are quantum gates. Quantum gates being unitary, are reversible, as opposed to the
classical logic gates which may be irreversible and hence dissipative. The action of
quantum gates can be realized by a unitary operator U (UUT = I). It has been shown
that a set of gates that consists of all one-qubit quantum gates [U(2)] and the two-qubit
exclusive-OR gate is universal in the sense that all unitary operations can be expressed
as compositions of such gates [70]. One such set of universal quantum gates is the
Hadamard gate (H), a phase rotation gate R(cos~!(2)) and a two-qubit controlled-
NOT gate. Once a basis is chosen, quantum gates are represented as matrices. The

5
following are some of the important quantum gates:

Hadamard gate
The Hadamard gate is a single-qubit gate and it maps the basis state |0) to |[4) = %

and [1) to |—) = %. It creates a superposition, which means that a measurement

will have equal probability to become either 1 or 0. The matrix representation of
Hadamard gate is:
1 1 1
H_ﬁ<1 _1> (1.8)
Pauli-X gate (NOT gate)
The Pauli-X gate maps the basis state |0) to |1) and |1) to |0). The matrix representation

of Pauli-X gate is:
X = 01 (1.9)
“\10 '
Pauli-Y gate

The Pauli-Y gate maps the basis state |0) to i|1) and |1) to —i|0). The matrix repre-
sentation of Pauli-Y gate is:
0 —1
Y = < i 0 ) (1.10)
Pauli-Z gate

The Pauli-Z gate leaves the basis state |0) unchanged and maps |1) to —|1). The matrix
representation of Pauli-Z gate is:

1 0
7= ( . _1) (1.11)
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Square root of NOT gate (v NOT)
The vVNOT gate maps the basis state [0) to 3 ((1+14)[0) + (1 —)|1)) and [1) to
2((1 = 4)|0) + (1 +4)|1)). The matrix representation of square root of NOT gate is:

\/NOT_1(1” 1_2') (1.12)

2\ 1—7 142

Phase shift gate
The phase shift gate leaves the basis state |0) unchanged and maps |1) to ¢?|1). The
matrix representation of the phase shift gate is:

1 0
R; = ( 0 ei¢ ) (1.13)
SWAP gate

The SWAP gate is a two-qubit gate which leaves the basis states |00) and |11) un-
changed. It maps |01) to |10) and |10) to |01). The matrix representation of the SWAP
gate is:

SWAP = (1.14)

o O O
o = O O
o O = O
_— o O O

Controlled NOT gate

The controlled NOT (CNOT) gate is two-qubit gate which leave the basis state |00)
and |01) unchanged. It maps |10) to |11) and |11) to |10). The matrix representation
of CNOT gate is:

100 0
0100

CNOT=1 4 4 o 1 (1.15)
0010

1.1.5 Quantum measurement

The standard measurement schemes in quantum information and quantum computation
use projective measurements which is described below. Later we will take up the issue
of ensemble measurements on an NMR quantum information processor, which are
non-projective in nature.

Consider a quantum system in a pure state specified by a vector [¢)) in an n-
dimensional Hilbert space. Let us suppose that one performs a projective measure-
ment of an observable M on it. In the formalism of quantum mechanics, associated
with the observable M is a Hermitian operator M, where |my), |ms), ..., |m,) denote
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the eigenvectors of the operator M with mq, mo,..., m, as the respective eigenvalues.
If the eigenvalue spectrum of the observable M is nondegenerate then

|0) = cilma) + calma) + -+ + colmy) with Y Je|* =1 (1.16)

where c;, ¢, ..., ¢, are complex numbers. Upon a projective measurement of the
observable M on such a system, an outcome m; is obtained with a probability |c;|? and
the state of the system collapses to the corresponding eigenvector |m;).

A projective measurement is described by a complete set of projectors {ﬂn} where
L, = |my)(m,| with 33 TIfTI, = 1. If the state of the quantum system is [¢))
immediately before the measurement then the probability that m occurs is given by

p(n) = (ST, ), (1.17)
and the state of the system after measurement is
IL,
- W} : (1.18)
(|, )

For instance, consider the measurement of a qubit with state |¢) = «|0) + 5|1)
in the computational basis. The measurement is defined by the two measurement op-
erators I, = |0)<0| and IT; = |1)(1|. The measurement operators are Hermitian i.e.
H = II; and H = II,. The probability of obtaining the measurement outcome 0 is

p(0) = (¢|TITIo|) = (#]0)(0]0)(0]¢) = |ax|? (1.19)

and the qubit state will collapse to |0). Similarly, the probability of obtaining the
measurement outcome 1 is p(1)=|/3|? and the qubit state will collapse to |1).

1.2 Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) describes a phenomenon wherein, an ensemble
of nuclear spins precessing in a static magnetic field, absorb and emit radiation in the
radiofrequency range in resonance with their Larmor frequencies [19]. In the quantum
mechanical formalism, the spin magnetization is a vector operator represented by A/
where [ is a dimensionless operator representing the total angular momentum of the
nuclear spin. Atomic nuclei with non-zero spin also possess a magnetic dipole moment
w1 which is given as

W= "yhi, (1.20)

where 7, is called the gyromagnetic ratio of the nucleus, which is a fundamental prop-
erty of the nucleus.
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(a) (b)

Figure 1.2: (a) NMR tube with sample oriented in a strong static magnetic field By along
the z-axis and time-dependent magnetic field B;(¢) along the z-axis. (b) The number
of spins precessing around the direction parallel to the field are more than the number

antiparallel to the field direction, which creates a bulk magnetization M.

A nuclear spin with I # 0 when placed in a magnetic field of strength B applied
along the z-axis precesses as shown in Fig. [I.2(a). The Hamiltonian of interaction
between the spin and the magnetic field is given by,

H = —p.By? = —nhBol, = —hw,I, (1.21)

The spins precess about the z-axis with a characteristic frequency called Larmor fre-
quency w, = —7,B (in rad s~') as shown in Fig. b). The magnetic field B is
applied along the z-direction and all the quantum operators act in the subspace spanned
by the magnetic quantum number |m) where m = —I, —I +1,...,1 — 1, 1. Under
the action of the Hamiltonian H, the expectation values of the angular momentum op-
erators in the plane perpendicular to the z-direction i.e. (/) and (/,) show oscillatory
behavior with time, with a frequency w,,, whereas (I,) is stationary. The eigenvalues
of the Hamiltonian / are given by:

E,, = —mhw, (1.22)

For a nucleus with spin /, there are (27+1) energy levels equally spaced by the amount
T, .

10
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For an ensemble of identical nuclei in thermal equilibrium, the population of each

energy level is given by the Boltzmann distribution. For a two-level system [ = %

with the population nn_ and n of the m = —% and m = % levels, respectively
n- _ o~ hen /kET (1.23)
ny

where kg is the Boltzmann constant and T is the absolute temperature of the ensemble.
The Boltzmann factor e~"“~/*57" for protons (* /) in a magnetic field of 14.1 Tesla at
room temperature is very close to unity. The fractional difference of populations is
about 1 part in 10°. This slight difference in the populations of m = —% and m = %
levels cause the net magnetization along the z-direction. For n spin-1/2 nuclei the

thermal equilibrium magnetization is given by:

_ pov2h? By

M
0 4kgT

(1.24)
Since the Larmor frequency depends on the gyromagnetic ratio v, each nucleus has
its own characteristic Larmor frequency. Nuclear spins in a molecule are surrounded
by the electronic environment, which leads to shielding of the magnetic field, the so
called “chemical shift”, with the effective magnetic field being given by

Bet = Bo(1 — ) (1.25)

where oy is the isotropic chemical shift tensor.

There are several terms in the nuclear spin Hamiltonian which encompass different

spin-spin interactions such as the scalar coupling term H ;, the dipolar coupling term
Hpp, and the quadrupolar coupling term H . The scalar coupling interaction H ; arise
from the hyperfine interactions between the nuclei and local electrons. A pair of nuclei
exhibit dipole-dipole interaction Hpp by inducing local magnetic fields at the site of
each other through space. In an isotropic liquid at room temperature, molecules tumble
very fast, thus averaging the intramolecular dipolar coupling to zero. The quadrupolar
coupling Hg, is exhibited by nuclei with spin > 1/2 which possess an asymmetric
charge distribution [71].
Radio frequency field interaction and the resonance phenomenon:- The Larmor
frequencies of the nuclear spins in a static magnetic field of a few Tesla are of the
order of MHz. The transition between the different spin states can be induced by a
radio frequency (rf) oscillating magnetic field [2]].

—

B, s = 2Bjcos(w, st + ¢)Z, (1.26)
where w, ¢ is the frequency of the magnetic field and ¢ is the phase.

H,; = —p.Bry = —yhl, (2Bicos(w, st + ¢)) (1.27)

11
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We can rewrite B, # as a superposition of two fields rotating in opposite directions.

—

By = Bi(cos(wyft + @) + sin(w, st + ¢)7) + Bi(cos(wrpt + @) T — sin(w, st + ¢)7),
(1.28)

For the simplicity, we assume ¢ = 0 and analyze Eq. [[.28]in a coordinate system that

rotates around the static magnetic field at the frequency w, ;. In this rotating frame

é:;t = B2 + By (cos(2w, )T — sin(2w,rt)7) (1.29)

We can observe that one of the two components is now static and the other is rotating
at twice the rf field frequency (which can be neglected) [72]. We can transform H,;
into rotating frame using the unitary operator

U(t) = e™nt/m, (1.30)
HI¢ = U H, U +ihU~'U = —h(w, — wyp) L — hwn I,
where w; = v, By. If the phase ¢ # 0 then
H!9' = —h(w, — wyp) I, — hwi {Tcos¢ + I, sing}. (1.31)

The evolution of the quantum ensemble under the effective field in the rotating frame
is described by
prot(t) = e g (0) (1.32)

where p,,;(0) is density matrix of state at time t.

1.3 NMR quantum computing

In 1997, D. G. Cory and I. L. Chuang independently proposed a NMR quantum com-
puter that can be programmed much like a quantum computer [73} [/4]]. Their compu-
tational model uses an ensemble quantum computer wherein the results of a measure-
ment are the expectation values of the observables. This computational model can be
realized by NMR spectroscopy on macroscopic ensembles of nuclear spins. Several
quantum algorithms have been implemented on an NMR quantum computer such as
the Grover search algorithm [27]], realization of Shor algorithm [75], implementation
of the Deutsch-Jozsa algorithm using noncommuting selective pulses [28] and many
more till date. A qubit in an NMR quantum computer is realized by a spin-1/2 nucleus.

The NMR spectrometer consists of a superconducting magnet which applies a high
magnetic field in the z-direction and rf coils for exciting the spins and receiving the
NMR signal from the relaxing spin ensemble. When the sample is placed in the mag-
netic field, the spins interact with the magnetic field, and energy levels split depending

12
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upon the size of the spin system. At room temperature, these energy levels are popu-
lated according to the Boltzmann distribution and thus the system is in a mixed state
at thermal equilibrium. This poses a difficult challenge for quantum computing, which
requires pure states as initial quantum states. This difficulty is circumvented in NMR
quantum computing by creating a “pseudopure” state as an initial state, which mimics
a pure state. Using the rf pulses and interaction between the spins, quantum gates are
implemented and as a result of the computation the NMR signal was recorded which is
an average magnetization the in z and y directions. This signal is directly proportional
to the expectation values of some elements of the basis set of the qubits. With the
application of rf pulses rotating individual spins, the expectation of all the elements in
the basis set can be calculated. From these expectation values, we can reconstruct the
density matrix. Further, recent developments in NMR in the area of control of spin dy-
namics via rf pulses makes it possible to implement quantum gates for NMR quantum
computing with high fidelities. A nuclear spin is well separated from its environment
due to which it exhibits long coherence times. Even with all these merits, one ma-
jor limitation of liquid state NMR quantum computers is scalability. The realization
of quantum register with a large number of qubits is difficult. In the following sec-
tions, state initialization, implementation of quantum gates and measurement in NMR
quantum computing are discussed.

1.3.1 NMR qubits

Consider an ensemble of N spin-1/2 nuclei tumbling in a liquid and placed in a mag-
netic field By. The Hamiltonian H of this system is given as

H=—wl (1.33)

where I, = 0. /2. The eigenstate and eigenvalues of H are {|0), |1)} and {wq/2, —wy/2}
respectively. The energy difference between the two levels is given by AE = hwy
Hence such a two-level system acts as a single NMR qubit. For a system of n interact-
ing spins-1/2 in a magnetic field the Hamiltonian is given by:

Hy= )Y wli+2ry JI'T (1.34)
=1

1<j

where J;; is the scalar coupling between the spins and w; is the Larmor frequency. If
lw; —w;| >> 2m|j;;| then the NMR qubits are weakly coupled and the Hamiltonian
for such a system is

Hy=Y wli+2rY JIL.I) (1.35)
i=1

1<j

13
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1.3.2 Initialization

Any QIP task begins by initializing the system into a pure state. In NMR QIP, an V-
qubit ensemble of spins at room temperature has a population distribution of energy
levels given by the Boltzmann distribution [1]]. All the energy levels are almost equally
populated and the initial state is mixed. Under the high temperature approximation the
initial state of the system is given by:

1
o (1 eApeg) (1.36)

where [ is an identity matrix of 2V x 2N, ¢(~ 107°) is a purity factor and Ap,, is a
deviation density matrix. The problem of pure states in NMR can be overcome by
preparing a pseudopure state which is isomorphic to a pure state [73]. An ensemble
of a pure state is given by p,..e = |1)(1| and the corresponding pseudopure state is
given by

Peq =

Peq = (V| (1.37)

VA ANV
|01 \ / |10 |01>\ / |10

_ee0e0 (TYYY %
|00) 100)

Figure 1.3: Populations of energy levels of a two-qubit system of a (a) thermal equilibrium

state and (b) a pseudopure state.

A pseudopure state in NMR can be prepared by several methods such as spatial averag-
ing, temporal averaging and logical labelling; all based on the idea of preparing 2~ — 1
energy levels with equal population and with one energy level being more populated
than the other energy levels as shown for two qubits in Fig[I.3]

Temporal averaging technique is based on the fact that quantum operations are linear
and the observables measured in NMR are traceless. Experimentally, the temporal av-
eraging scheme relies on adding the computational results of multiple experiments,
where each experiment starts off with a different state preparation pulse sequence
which permutes the populations [19]. For a two-spin system this technique begins
with the density matrix

14



1.3 NMR quantum computing

pr 0 0 0

[ 0o p oo o0
PL=1 0 0 p3 0
0 0 0 ps

where pi, p2, p3s and p4 are populations of the normalized density operator p;, with
Zf‘zl p; = 1. U; and U, are operators constructed from controlled-NOT gates to
obtain a state with the permuted populations:

D1 0 0 0

_ t 0 p3 0 O

0 0 0 p

and

p 0 0 0

_ t 0 ps 0O O

pP3 = Ug.pl.U2 = 0 0 D 0

0 0 0 ps

Since the readout is linear with respect to the initial state, all three permuted density
matrices are added to realize the pseudopure state p = p; + p2 + po.

3p1 0 0 0
_ | 0 p2tpstps 0 0
p 0 0 P2 + 3+ pa 0
0 0 0 P2 + p3 + pa
Rewriting p
4p;1—1 0 0 O
0 0 0O
__ p2+tp3+ps 1
p="5 0 00 0
0 0 0 0
1
p= 3 {(1 = p1)I + (4p1 — 1)]|00)(00|} (1.38)

where p is the effective pure state corresponding to |00).

Spatial averaging technique uses rf pulses and pulsed field gradients (PFG) to pre-
pare pseudopure states. The PFG kills the magnetization in the plane perpendicular
to its applied direction by randomizing the spin magnetization in that plane and spin
magnetization is retained only in the direction along which the PFGs are applied. For
a two-qubit homonuclear system (homonuclear meaning spins belonging to the same
species) the pseudopure state pyy can be prepared from an initial thermal state using
the following steps:

15
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where [} = %ai @I, I? = %I ® 0, 0; with ¢ = x,y, z are Pauli matrices, J;5 is the
scalar coupling constant between two spins and G, is a PFG along the z-axis which
kills all the magnetization in the zy-plane.

Logical labeling technique uses one qubit of n-qubits to label the state while the
other n — 1 qubits are placed in a pseudopure configuration [74)]. To illustrate the
logical labeling technique, let us consider a homonuclear three-qubit system at thermal

equilibrium with its deviation density matrix

300 0 0O O O O
co10 0 0 0 0 O
coo1 0 0 0 0 O
Ape, = o000 -10 0 0 O
“d oo0oo0o 0 1 0 0 O
coo0oo0o 0 0-1 0 0
coo0oo0 0 0 0 -1 0
ooo0o 0 0o 0 0 =3
The relative population of the eigenstates are:
State |000) [001) |010) |011) |100) |101) |110) |111)

Relative population 6 4 4 2 4 2 2 0

Assuming the first qubit as a label, the first four eigenstates can be perceived as a two-
qubit system with the label qubit in the state |0) and the other four eigenstates can be
considered as a two-qubit system with the label qubit in the state |1). First a CNOTy;
gate is applied (the second qubit being a control qubit and the first qubit being the
target qubit) and then a CNO'T'3; gate is applied (the third qubit being the control qubit
and the first qubit as the target qubit). The action of these two gates results in a final
relative state population:

State |000) [001) [010) |011) |100) |101) |110) |111)
Relative population 6 2 2 2 4 4 4 0

The deviation part of the pseudopure state density matrix of the two qubits corre-
sponding to label 0 is Ap® = 4]|00)(00| — I and corresponding to label 1 is Ap! =
I — 4]11)(11]. In this thesis we will use the spatial averaging technique throughout for
pseudopure state preparation.
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1.3.3 Quantum gate implementation in NMR

Section [I.1.4] dealt with the mathematical description of quantum gates. This section
will explain the physical implementation of unitary gates on an NMR quantum com-
puter. In traditional NMR techniques, spin states are manipulated by using rf pulses
or by free evolution under the internal nuclear spin interactions. It was shown in Sec-
tion [1.2] that a spin which satisfies the resonance condition can be rotated about the
gb axis by applying an rf pulse along the gb axis with high precession. Due to this,
any quantum gate can be implemented in NMR with high fidelity using rf excitation
pulses and interaction between the spins. The action of an on-resonance rf pulse with
arbitrary phase é and duration ¢, is given by

(0)}, = exp(—iwityly) = exp(—ibl,) (1.39)

where [, = I,cos(¢) + I,sin(¢) and = wit,. The rf excitation pulse rotates a
spin on-resonance with an angle 6 along the qg axis. A single-qubit gate can hence be
implemented using this set of rotations. Some examples of NMR implementations of
single-qubit gates are:

e Hadamard gate (H) can be implemented by a spin-selective pulse 7 pulse along
the z-axis and a § pulse along the y-axis.

bo[

v

n— L

yx

e Pauli-X gate (NOT gate) can be implemented by a single spin-selective 7 pulse
along the z-axis.

v

— L
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ro]
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e Phase shift gate (Ry4) can be implemented by a single spin-selective ¢ pulse along
the z-axis. However in NMR we can only apply rf pulses along an axis in the xy
plane, so a ¢ rotation along the z-axis is typically decomposed as a pulse cascade

(3)a(0)y(5) -

For the implementation of multi-qubit gates, we use the spin-spin interaction term in
the Hamiltonian along with single-qubit gates. An NMR pulse sequence for the two-
qubit CNOT gate is (g)zy(ﬂ)fﬁ(w)ML (m),(%5)ys Where 5 denotes an evolu-

2 Y 4J19 Yy
T
Y

tion period under the coupling Hamiltonian.
Y

g
Control J
—z

Target b

ok

1/4;

<

1.3.4 Numerical techniques for quantum gate optimization

NMR quantum gates can be realized by the application of rf pulses and interactions
between the spins. For heteronuclear coupled spins (where the spins under considera-
tion belong to different nuclear species), due to the large Larmor frequency difference
between the spins and the availability of multi-channel rf coils in the spectrometer
hardware, it is easy to experimentally implement individual spin-selective rotations.
However, for homonuclear spins (where the spins under consideration belong to the
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same nuclear species), it is difficult to selectively manipulate an individual spin, due
to much smaller differences in the chemical shifts of the spins. The traditional way
of exciting individual spins in NMR is by using a shaped pulse which is usually of
long duration and results in a low experimental gate fidelity. To tackle this problem,
one possible solution is optimization of quantum gates using numerical techniques.
The most commonly used numerical optimization techniques are strongly modulated
pulses, genetic algorithms and the gradient ascent pulse engineering (GRAPE) algo-
rithm. This thesis mainly uses the GRAPE algorithm for gate optimization so it is
discussed in detail, while the other techniques are discussed briefly.

Strongly modulated pulses (SMPs) is a procedure for finding high-power pulses that
strongly modulate the dynamics of the system to precisely craft a desired unitary op-
eration [76]. It uses the knowledge of the internal Hamiltonian and the form of the
external Hamiltonian to generate the parameter values to determine the desired gate.
SMPs make use of the Nelder-Mead Simplex algorithm [77] to minimize the quality
factor by searching through the mathematical parameter space. It generates a control
sequence as a cascade of rf pulses with fixed power, transmitter frequency, initial phase
and pulse duration.

Genetic algorithms (GAs): These are stochastic search algorithms based on the con-
cept of natural selection, a process which drives the biological evolution [78]. GAs
modify the population of the individual solution at each step using the biological in-
spired operations such as selection, mutation, crossover etc. to evolve towards an
optimal solution. At each step, the algorithm calculates the fitness of every individual
solution and the algorithm runs until the desired fitness is achieved. In quantum infor-
mation processing, GAs have been used to optimize quantum algorithms [79, 80, 81]],
for quantum entanglement [82] and for optical dynamical decoupling [83]. GAs have
also been used to optimize the pulse sequences for unitary transformations on an NMR
quantum information processor [24, 25].

Gradient ascent pulse engineering: To construct the desired unitary quantum gate
Utg+ using the GRAPE algorithm [[84], we assume a closed system, with the propagator
U evolving under the Hamiltonian H according to

d
—U = —iHU. 1.40
7 i (1.40)
Solving this equation leads to
N
U = [ [ U (1.41)
j=1

and

U, = exp {—z’At (Ho + Zuk(])Hk> } (1.42)

k=1
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where H is the system Hamiltonian, Hy, is the rf control Hamiltonian and the control
amplitudes u,, are constant, i.e., during the jth step the amplitude wuy(j) of the kth
control Hamiltonian is given by wy(j). If T is the total pulse duration of the unitary
gate then for simplicity the total time 7" is discretized in N equal steps and At = T'/N.
So, the problem is to find the optimal amplitudes u(j) of the rf fields. The actual
propagator U,,, is identical to the desired operator Up when ||U,p: — Uy, | |> = 0 and
in an optimization we will search for its minimum. Expanding further

U — UDH2 = Tr{(Uppt — Utgt)T(Uopt - Utgt)T}
= 2Tr{I} — 2Re{Tr{U},Uspi}}, (1.43)

Hence our task is equivalent to maximization of
® = Re{Tr{U} Usn}}. (1.44)

Further it is not necessary to exactly reproduce U, 4. It serves equally well to reproduce
the target operator up to a global phase factor ¢*’U, ;. Thus the task is equivalent to
the maximization of

®o = |Tr{UlyyUopi} (1.45)
This performance function increases if we choose

ur(7) > u(5) + € 5oy

where 280 — 2AHM{Tr{Uf, Uy ... Upi HyUy ... Uy} Tr{U},Ui}} and € is a

small step size.
The basic GRAPE algorithm consist of the following steps:

1. Guess initial controls wu (7).

2. Evaluate ®,.

6Pg

5u, (7 and update the mm x N control amplitudes uy, (7)-

3. Evaluate

4. With these as the new controls, iterate to step 2.

The algorithm is terminated if the change in the performance index ® is smaller than
a chosen threshold value.

In Fig. [1.4] plot of rf pulse amplitude and phase with time for GRAPE optimized
CSWAP gate is shown with fidelity 0.9995. We used the three °F spins of the trifluo-
roiodoethylene (CyF3I) molecule as NMR sample. With GRAPE we can tackle errors
due to rf inhomogeneity, off-set and flip angle by optimization.
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Figure 1.4: Plot of rf pulse amplitude and phase with time, optimized with GRAPE for
CSWAP gate.

1.3.5 Measurement in NMR

A conventional detection of the NMR signal is a so-called ensemble weak measure-
ment, as the weak interaction of spins with radio-frequency coil does not change sig-
nificantly the quantum states of the spins in the process of measuring the total spin
magnetization. A direct projective measurement is not possible on NMR quantum
computer. However, some experiments have been done to simulate projective mea-
surements in NMR [85, [86].

. , FID Signal NMR Spectrum
90°,
FT l
y y > =
W
t
X X

Figure 1.5: Rotation of Bulk magnetization using resonance. B (t) applied in -x-direction

for duration such that total rotation is 90°

As described in Section 1.2}, when the nuclear spins are placed in the magnetic field B
along the z-axis, the average of the the magnetic moments p of the nuclei at thermal
equilibrium produces a bulk magnetization. With the application of rf pulses, this bulk
magnetization is rotated from the z-axis to the zy plane, where this rotated bulk mag-
netization precesses about the z-axis with a Larmor frequency wy. The precessing bulk
magnetization causes a change in magnetic flux in the rf coil which in turn produces
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a signal voltage as shown in Fig. [I.5] The recorded signal is proportional to the time
rate of change of the magnetic flux linking an inductor that is a part of a tuned circuit.
Due to relaxation processes with time the magnetization in the xy plane decays and
the resultant signal also decays with time (called free induction decay (FID)) as shown
in Fig[1.5] If the quality factor of the coil is not too high, the recorded signal may be
regarded as a time record of the instantaneous bulk magnetization that is transverse (in
the zy-plane ) to the applied static field (which is in the z-axis). This rf signal is mixed
down with a phase-sensitive detector, and the signal has both real (x) and imaginary
(y) components. The time-domain signal of the transverse magnetization is given as

S(t) o Tr {p(t) > (o + iaky)} (1.46)

k

where ), (o), — ioy, is the detection operator, oy, and oy, are Pauli spin operators
proportional to the 2 and y components of the magnetization due to k" spin and p(t) is
areduced density operator which represents the average state of a single molecule [87].
The Fourier transform of Eq[I.46] gives the signal in the frequency domain which rep-
resent spectral lines at well-defined frequencies. These spectral lines are characteristic
of the spin system used.

The state density matrix p, at any instant ¢, can be reconstructed by systematically
measuring the NMR signal. This process of state reconstruction is called quantum state
tomography (QST) [87,88]]. Any general normalized state state density matrix can be

written as
. aq as + iag
P a9 — ia3 1— ay

The NMR signal is proportional to p12 = a2 + ta3 and can be measured by measuring
the intensity of the peaks from the real and imaginary parts of the spectra. The real
intensity is proportional to a» and the imaginary intensity is proportional to az. For
measuring aj, a w/2 pulse along the y axis is applied and the real intensity of the peak
of spectra is proportional to a; [88]. The reconstruction of density matrix is discussed
in detail in Chapter 2]

1.4 Evolution of quantum systems

Quantum systems which do not interact with the outside world are called closed sys-
tems. In reality however, no physical system is an entirely closed system, except per-
haps the universe as a whole. Real systems suffer from unwanted interactions with
their environment. These adverse interactions show up as noise in the quantum sys-
tem. So, it is important to understand and control such a noise process in order to build
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realistic quantum information processors. The tools traditionally used by physicists for
the description of open quantum systems are master equations, Langevin equations and
stochastic differential equations. Another potent tool, which simultaneously addresses
a broad range of physical scenarios is the mathematical formalism of quantum opera-
tions. With this formalism not only nearly closed systems which are weakly coupled
to their environments but also the systems which are strongly coupled to their envi-
ronments can be modeled. Quantum operations formalism is well adapted to describe
discrete state change, that is, transformations between an initial state p to final state p’,
without explicit reference to the passage of time [[1]].

Closed Open
o " N
f System 1
Yo a?
Environment Environment

Figure 1.6: (a) Representation of a closed system; the circle around the system depicts no
interaction between the system and environment. (b) Representation of an open system;

the dashed circle around the system shows that the system and environment are interacting.

1.4.1 Closed quantum systems

The dynamics of a closed quantum system in a pure state is governed by the Schrodinger
equation

0
where ¢ (x,t) is the wave function, H,,s the Hamiltonian, and £ is Planck’s constant.
In NMR closed systems, unitary evolution is governed by the Liouville-von Neumann

equation
?

p(0) = =5 Hoyo,p(0) (1.48)

The solution to Eq. and Eq. (1.48) is given by
(@) = U@)[v(0)) (1.49)
p(t) = U@Bp(O)UQ) (1.50)
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where [¢(0)) and p(0) is a state of the system at time t=0 and

St
U(t) = Texp {—% / Hsysdt] (1.51)
0

is a unitary operator. The dynamics of a closed quantum system can be described by a
unitary transformation.

p—— U —— Ut

Figure 1.7: Model of closed quantum systems.

A model of a closed system is presented in Fig. where the unitary transforma-
tion is represented as a box into which the input state p enters and from which the
output state p’ = U.p.UT exits.

1.4.2 Open systems

The standard approach for deriving the equations of motion for a system interacting
with its environment is to expand the scope of the system to include the environment.
The combined quantum system is then closed, and its evolution is governed by the Von
Neumann equation. .
) 1
ptot(t) = _ﬁ[ Htot7 pmt(t)] (1.52)
Here, we assume that the initial state of the total system can be written as a separable
state Prot = Psys @ Peny and Hyop = Hgys + Hepyy + Hyyyy 18 the total Hamiltonian, which
includes the original system Hy,,, the environment H.,,, and interaction between the
system and its environment Hamiltonian H;,,;. The solution to Eq.(1.52)) is given by

prot(t) = U () pror(0)U (£)' (1.53)

Since we are interested in the dynamics of the principal system pj,,, we can extract the
information about the system by taking the partial trace over the environment

psys = TTens U (1) (psys @ pevn)U (1)) (1.54)

The most general trace-preserving and completely positive form of this evolution Eq.(1.52)
is the Lindblad master equation for the reduced density matrix pg,s = TTeny| ptot] - The
Lindblad equation is the most general form for a Markovian master equation, and it is
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1.4 Evolution of quantum systems

Psys

— E(Psys)
U
Penv

Figure 1.8: Model of open quantum system consisting of two parts: the principal system

and its environment.

very important for the treatment of irreversible and non-unitary processes, from dissi-
pation and decoherence to the quantum measurement process.
1

) 1
PsyS(t) = _ﬁ[ Hgys, Prot(t)] + Z(Li,apLj,a + §{L;'f,aLi,a> r}) (1.55)

where the Lindblad operator L;, = \/@a&i ) acts on the ith qubit and describes
decoherence, and ag ) denotes the Pauli matrix of the ith qubit with a= x, y, z. The
constant £; ,, is approximately equal to the inverse of decoherence time.

If we consider only the first term on the right hand side of Eq.(I.55]), we obtain
the Liouville-von Neumann equation. This term is the Liouvillian and describes the
unitary evolution of the density operator. The second term on the right hand side of
the Eq.(1.59) is the Lindbladian and it emerges when we take the partial trace (a non-
unitary operation) over the degrees of freedom of the environment. The Lindbladian
describes the non-unitary evolution of the density operator and the Lindblad opera-
tors can be understood to represent the system contribution to the system-environment
interaction.

In Fig. @ we have a system in state p,,; and environment in state p.,, which together
form a closed system and sent into a box which represents the unitary operator on total
system with the final state exiting the box being £(p). It is to be noted that £(p) may
not be related by unitary transformation to the initial system state p,,,. The reduced
state of the system alone can be obtained by taking a partial trace over the environment

a(psys) - T/revn[U(psys ® pevn)UT] (156)
Now, let us consider {|e;)} to be an orthonormal basis for the state space of the en-
vironment and the initial state of the environment can be written as pe,, = |eo){€o|-
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Using Eq.(I.56)), we get
E(p) = Y (exlUlp @ leo)eol]UT |ex)

k
= Y EwE], (1.57)
k

where Ey = (ex|U|eg) is the Kraus operator. Eq.(1.57) is known as the operator-
sum representation of €. The operators { £} are known as operation elements for the
quantum operation €, which satisfy

Y ElE, =1 (1.58)
k

1.4.3 Quantum noise channels
Quantum channels are convex-linear and completely positive trace preserving maps &
which transform the initial state p of a quantum system to another state &(p).
E:p — &(p)
E(p) = > EwEl (1.59)
k

where F)’s are the Kraus operators. Quantum channels can be used to describe the
transformation occurring in the state of a system due to the system-environment inter-
action. The interaction of a single qubit with its environment can be described by three
quantum noise channels which are: phase damping, generalized amplitude damping
and depolarizing channel.

1.4.3.1 Generalized amplitude damping channel

The generalized amplitude damping channel describes the dissipative interactions be-
tween the system and its environment which cause interconversions of populations
from ground state to excited states and vice versa at finite temperature [1/]. For a single
qubit, the Kraus operators for this channel are given by:

E = @(é \/10_—a> (1.60)

B, — \/5(8 \65) (1.61)
By = \/1—p( Vlo_“ (1)) (1.62)
B, = \/1—p(\95 8) (1.63)
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1.4 Evolution of quantum systems

where E; and F, operators are responsible for the process by which the population
from its excited state will decay to its ground state, F5 and F, operators are responsi-
ble for the reverse process in which populations convert from the ground state to the
excited state, p is the probability of finding population in the ground state at thermal
equilibrium and @ = 1 — ¢~ where ‘y’ is the decay constant. The action of these
Kraus operators on the density matrix p is given by:

E(p) = EipEl + EypEl,
p — &p),
<P11 ,012) N (P:n P:12)7
P21 P22 P21 P22
(1.64)
where

p = e 4 p(l—e)pi+p(l—e7)pa,

Py = (L=p)(L—e")p1 +pe " py,

pra = € 7"pp,

py = e "7py.
(1.65)

The Lindblad operator corresponding to the generalized amplitude damping chan-

nel is given as
_ ]2 0 VP
Lep = \/;( i=p 0 ) (1.66)

In NMR, v=1/T; where T is longitudinal relaxation time (explained in Section [[.4.5).
The calculation becomes simple by assuming a high temperature approximation where

p=1/2.

1.4.3.2 Phase damping channel

Phase damping (PD) channel is a non-dissipative channel, which mainly describes the
loss of coherence without loss of energy. In this channel, the relative phase between
|0) and |1) remains unchanged with some probability p or is inverted (¢ — ¢ + )
with probability 1 — p. If the system is in state |0) or |1), it will be unaffected by this
channel. However, if it is in |¢)) = «|0) + [|1) it gets entangled with the environment
which destroys all the coherences but the probability of finding the qubit in state |0) or
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|1) does not change. The Kraus operators are given by:

E, = \/;9((1) ?) (1.67)
E, = \/l—p((l) _01) (1.68)

where p = 1 — exp(—At) and X is the decay rate. The action of these operators
transform the initial state p to the final state &(p)

E(p) = E\pE]+ EypEl, (1.69)
p — &p), (1.70)
P11 P12 P11 exp(—At)p1z
R 171
( P21 P22 ) ( exp(—At)pa1 P22 ’ (.71

Under the action of the phase damping channel, the off-diagonal elements decay and
diagonal elements remain unaffected.
The Lindblad operator corresponding to the phase damping channel is given as

A
a3 (5 5) 17

In NMR, A\=1/T5 where T, is the transverse relaxation time (explained in Section|1.4.6).

1.4.3.3 Depolarizing channel

Under the action of the depolarizing channel, the qubit remains intact with probability
1 — p while with probability p an identity type of noise occurs. The Kraus operator for
the depolarizing channel is given by:

E1 -

=
|
3
7/~
o
— o
~—

&3l
w
Il |
7~ N 7 N .~
. O = O
O =
= 1
~~
N—— -

O =
Lo
—
N————
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1.4 Evolution of quantum systems

where p = 1 — exp(—dt) and d is the decay rate. The action of these Kraus operators
change the initial state p to the final state &(p),

p — &p),
&(p) = E\pE! + EypEl + EspEl + E,pE],
2p 4p 4p
pii P12 (F+ 1 =23))pn (1= F)pr2 )
— , 1.73
< P21 P22 ) ( (1— %p)f)m (% +(1 - %))022 (175)
(1.74)
We can further simplify Eq.(L.74) to
A
E(p) = §I +(1=A)p (1.75)
where \ = %p and / is identity matrix.
The Lindblad operator corresponding to the depolarizing channel is
)
Lp = §(Ox+ay+az) (1.76)

1.4.4 Nuclear spin relaxation

The bulk spin magnetization which is along the z-axis at thermal equilibrium, can be
rotated to some other direction by the application of rf pulses. Over time the magne-
tization returns to the z-axis due to relaxation processes, which are explained by the
famous Bloch equations, describing T; and T, relaxation processes.

1.4.5 Longitudinal relaxation

Longitudinal relaxation is the process by which the longitudinal component of spin
magnetization returns to its equilibrium value, after a perturbation. In this process,
energy is exchanged between the system of nuclear spins and its environment, which
is called the lattice. This process is also known as spin-lattice relaxation. The phe-
nomenological equation describing this process is of the form:

dM,  My,—M,
T

(1.77)

where T; is known as the longitudinal or the spin-lattice relaxation time and Mj is the
thermal equilibrium magnetization. The solution of the above equation is

M, = My(1 — e /™),
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when the My is tilted to the zy plane, then M, (0) = 0.
For measuring T, the inversion recovery experiment is commonly used, where the
spin magnetization is first inverted such that M, (0)=-My:

M. = My(1 — 27/, (1.78)

1.4.6 Transverse relaxation

Transverse relaxation is the process that leads to the disappearance of the coherences

namely the zy-magnetization. The phenomenological equation describing the decay

of the transverse magnetization in the rotating frame can be written as:
dMg, Mg,

dt T,

(1.79)

where T, is called the transverse relaxation time. The solution of this equation is
M., = My(1 — e ¥/T2) (1.80)

where M| is the initial value of the transverse magnetization after the application of a
90° rf pulse.

1.4.7 Bloch-Wangness-Redfield relaxation theory

This relaxation model uses a quantum mechanical approach to describe the system
parameters while the surrounding environment is described classically. The main lim-
itation of this approximation is that at equilibrium the energy levels are predicted to
be equally populated. The theory is formally valid only in the high-temperature limit.
For finite temperatures, corrections are required to ensure that the correct equilibrium
populations are reached. However these corrections are significant only in the case of
very low temperatures (71,189,190, 91].

The von Neumann-Liouville equation, which describes the time evolution of the
magnetic resonance phenomenon using spin density matrix p(t) is given by

dp(t)

T —i[Ho + Hq (1), p(t)] (1.81)

where H is the time-independent part of the Hamiltonian which contains the spin
Hamiltonian and H, () describes the time-dependent perturbations.

It is convenient to remove the explicit dependence on H, by rewriting the density
operator p(t) in a new reference frame, called the interaction frame:

p* = exp(iHo(t))p(t)exp(—iHo(t)) (1.82)
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1.4 Evolution of quantum systems

It is possible to rewrite Eq.(1.81)) in the interaction frame:

dp*(t)
dt

— —ilH(1), (1) (1.83)
To solve Eq.(1.83) the following assumptions are required:
1. The ensemble average of H;(t) is zero.

2. p*(t) and H{(t) are not correlated, with this assumption it is possible to take
the ensemble average of the fluctuations of the Hamiltonian and quantum states
independently.

3. 7. << t << 2/R, where 7. is the correction time relevant for H;(¢) and R is
the relevant relaxation rate constant.

4. For the system to relax towards the thermal equilibrium, p*(¢) has to be replaced
by p*(t) — po, Where py is the density operator at equilibrium.

Using these assumption, the R.H.S in Eq.(I.83)) can be replaced by an integral:

dp*(t)
dt

- / O ()~ polldr (1.84)

where the overbar represents the ensemble average. The third assumption allows the
integral to run to infinity and with the assumption that the fluctuations of the Hamilto-
nian are not correlated with the density matrix, we can calculate the ensemble average
over the stochastic Hamiltonian independently from p*(¢).

For transforming Eq.(1.84) back in the lab frame, the stochastic Hamiltonian H7 (¢)
has to be decomposed as the sum of the random functions of the spatial variable F}/(t)
and tensor spin operators Aj:

Hy(t) = ) (—1)'F ()AL (1.85)

q=—k

The tensor spin operators are chosen to be spherical tensor operators because of their
transformations properties under rotations. For the Hamiltonians of interest in NMR
spectroscopy, the rank of the tensor £ is one or two. These operators can be further
decomposed as a sum of basis operators:

Al =AY (1.86)
p
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where the components Aj satisfy [Ho, A} ] = wiAj . The transformation of Af in
the interaction frame:

Al = exp(iHot) Alexp(—iHot) ZA exp(iwit) (1.87)

Using Eq.@) and Eq.(1.87) we can rewrite Eq.(1.84)

dp ) _ , , i
= =Y > (D)™ eaplilwf + wiy )AL, (AL, 27 () = pol]
4.9 p.p
/ FL)F It — r)dr (1.88)
0
If ¢ # —gq, the two random processes F)_ 7(t) and F. 7 (t) are assumed to be statisti-
cally independent, due to which the ensemble average vanishes, unless ¢ = —q.
dp*(t) -
% =~ Y D eapli(wd —wi)tH AL, [AL,. p"(8) — pol]
q=—k" p,p’
/ F () F, Y (t — 1)exp(iwpT)dT (1.89)
0

Further it is to be noted that terms in which |w? — wf| >> 0 oscillate much faster than
the typical time scales of the relaxation phenomena will not affect the evolution. In the
absence of degenerate eigenfrequencies, terms in Eq.(1.89) do not vanish when p = p'.
Hence

d = —ZZ tor [Al, 07 (1) = pol]

qg=—k' p

/OO F A E, Y (t — 1)exp(iwpT)dT (1.90)
0

The terms F,_?(t)F, (t — 7) are correlation functions. The real part of the integral in
Eq.([1.90) is the power spectral density function

i) = 2re{ [TETOR - el |

The imaginary part of the integral in Eq.([1.90) is the power spectral density function

) = tnf [TEIOR - nemlion) |
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1.4 Evolution of quantum systems

In the high-temperature limit, the equilibrium density matrix is proportional to H,.
Thus, using Eq. li the double commutator [[A, 7, A{ ], po]] = 0

kp >
. k
W) LSS A - poll () +ZZZ A, AL ], p* (DK ()
dt 2 kp» kp’ p kp>
g=—k p q=0 »p
(1.91)
By transforming the above equation in lab frame
dp(t , : 2
) ittty p(e)] — 8. p(6)] ~ Do) — p0) (1.92)
where the relaxation superoperator is
L&k
9 Z Z kp’ kp’ 7 (wp) (1.93)
a=—k p

A is the dynamic frequency shift operator that accounts for second-order frequency
shifts of the resonance lines

ZZ (Al ALK (wd) (1.94)

g=0 p

This term can be incorporated into the Hamiltonian to obtain the final result, known as
master equation:

P — iy, p(0)] ~ Do) - ) (195

In the calculation of relaxation rates it is often convenient to expand Eq.(1.95)) in terms
of the basis operators used to expand the density operator

Z{ — iy () — Tra[b(t) — beol} (1.96)

where (2., are characteristic frequencies defined as

(B, |[Ho, Bi])
(B,[Bs)

I',.s are the rate constant for relaxation between the operator B, and B,

Q. = (1.97)

~ (B,I'B,)
Ly = W

k’Akp7B

q——k p
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e (B,1(0)
r|p(l
by(t) = === (1.99)
(B;Bs)
The diagonal elements I',, are auto-relaxation, while off-diagonal elements I',.;, are
cross-relaxation rates.Because it is assumed that only terms satisfying ¢ = —gq give

non-zero contributions to Eq.(1.88§), cross-relaxation can occur only between operators
with the same coherence order. In addition, because of the secular approximation in
Eq.(1.90), cross-relaxation between off-diagonal terms is forbidden in the absence of
degenerate transitions. These two features give rise to a characteristic block shape in
the relaxation superoperator, known as Redfield kite.

1.5 Decoherence suppression

Preserving quantum coherence is an important task in quantum information and dif-
ferent techniques have been developed to suppress decoherence. These techniques are
broadly categorized as quantum error correction [92]], decoherence free subspaces [93,
94] and dynamical decoupling (DD) methods [95, [96]]. In particular, the DD tech-
nique is an important technique which suppresses the decoherence by eliminating the
system-bath coupling. The idea comes from spin-echo pulses in NMR where static
but nonuniform couplings can be compensated for perfectly by a single 7 pulse in
the middle of the time interval [97]. The idea of the spin echo was expanded to sup-
press dynamic interactions with the environment by using periodic 7 pulses or by pe-
riodic Carr-Purcell cycles. The Carr-Purcell sequence was further modified to com-
pensate errors due to 7 pulses and Carr-Purcell-Meiboom-Gill sequence (CPMG) was
devised [98]. A more sophisticated technique namely the Uhrig dynamical decoupling
sequence was devised and it was shown that instead of applying 7 pulses at equal in-
tervals of time if 7 pulses are applied at unequal intervals of time then the sequence
shows better preservation [99]. One of the advantages of the DD technique is that no
extra qubits are required unlike other techniques. Most DD preserving sequences are
constructed to take care of dephasing type noise. In NMR language, T, type relaxation
is considered and noise due to T, relaxation is ignored.

1.5.1 Hahn echo

This technique was constructed by E. L. Hahn for suppressing time-independent noise
in a system of isolated spins [97]]. In an NMR setup, the static magnetic field B, along
the 2z axis has a spatial inhomogeneity due to which different spins in the ensemble
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Figure 1.9: Evolution of the bulk magnetization under Hahn echo sequence. (a) Initially

thermal equilibrium bulk magnetization in z direction is represented by an arrow. (b) Bulk
magnetization rotated to —y axis using 90° pulse, (c¢) A delay of time ¢ is given and arrows
represent different spins, (d) 180° is applied to spins due to which a spin precessing fast
will fall behind a spin precessing slowly, and (e) after time ¢, all the spins are in the same

direction.

experience different magnetic field and hence precess with different Larmor frequen-
cies (which cause spin dephasing). To tackle this problem Hahn devised the spin-echo
sequence as shown in Fig.[T.9] Initially at thermal equilibrium the bulk magnetization
is in the z direction. With the application of an rf pulse, a (7/2),, rotation is applied to
the bulk magnetization. After time ¢ a spin experiencing a greater magnetic field will
be ahead of a spin which experiences a smaller magnetic field as shown in Fig. [I.9(c).
Then, a 7 pulse is applied due to which the slow moving spins come close to and the
fast moving spins move away from the y axis. After time ¢ all the spins precess in the
same direction as shown in Fig. [1.9(e).

35



1. Introduction

1.5.2 CPMG DD sequence

In the Carr-Purcell sequence a series of rf pulses are applied, the first pulse flips the
magnetization through 7 with a 7 pulse, and the following pulses flip the magnetization
through 7 with a 7 pulse. In the actual application of the Carr and Purcell method for
the measurement of long relaxation times, it was found that the amplitude adjustment
of the 7 pulses was very critical. This is because a small deviation from the exact 7
value gives a cumulative error in the results. In 1958, S. Meiboom and D. Gill proposed
the pulse sequence which was identical to the one proposed by Carr and Purcell, but
the rf of the successive pulses was coherent, and a phase shift of 7 was introduced
in the first pulse. This sequence was named as Carr-Purcell-Meiboom-Gill (CPMG)
sequence, which was able to suppress the time-dependent noise.

1
0 T 3T 51 7T or 117 131 157 T
2 2 2 2 2 2 2 2

Figure 1.10: Pulse sequence of CPMG DD sequence for a cycle of duration 7" and in one
cycle eight pulses are applied; filled bars represent 7 rotation pulses and 7 is the duration

between two consecutive 7 pulses.

In the CPMG sequence a train of equidistant 7 pulses are applied on a qubit. In
Fig. a train of eight pulses are applied in one cycle of duration 7'. The more
the number of pulses in a cycle, the better is the decoherence suppression.

1.5.3 Uhrig DD sequence

The Uhrig DD (UDD) sequence is an optimal DD scheme and was first constructed by
Uhrig for a pure dephasing spin-boson model [99]], which uses N 7 pulses applied at
time intervals 7}

T; = Tsin® for j=1,2,...N, (1.100)

Jm
2(N +1)
to eliminate the dephasing up to order O(TV*1); hence the UDD technique suppresses
low-frequency noise. The CPMG sequence is a UDD sequence of order N = 2. If for
an interval of duration 7', two 7 pulses are applied the CPMG sequence, it will elim-
inate dephasing up to order O(T?). Further, the proof of the universality of the UDD
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1.5 Decoherence suppression

in suppressing the pure dephasing or the longitudinal relaxation of a qubit coupled to

a generic bath has been given [[100].
T Ty

Ty Tg T

0 T4

T3 Ty Ts

Figure 1.11: Pulse sequence for UDD sequence for a cycle time of 7" and the number of

7 pulses in one cycle of sequence is eight. Filled bars represent 7 rotation pulses.

Yang and Liu considered ideal UDD pulse sequences for a Hamiltonian of the form
H=C+6.®2Z, (1.101)

where ¢, is the qubit Pauli matrix along the z-direction, and C and Z are bath oper-
ators. This Hamiltonian describes a pure dephasing model as it contains no qubit flip
processes and therefore leads to no longitudinal relaxation but only transverse dephas-
ing. Defining two unitary operator Uj([N) as follows:

U(N)(T) — e iCEE)N 2T -T)
% e HCEE)WN D Z(IN-TNn-1)

% e—i[C:FZ](Tg—Tl)e—i[C:l:Z]Tl (1102)
Yang and Liu proved that for 7 satisfying Eq. (1.100), we must have

T
(Uwvlﬁ“:1+00W“L (1.103)

.1.
i.e., the product of <U EN)> and UiN) differs from unity only by the order of O(T™+1)

for sufficiently small 7" [100]]. In Fig{l.11] eight 7 pulses are applied with UDD tim-
ing preserving qubit coherence up to order O(T?), whereas the CPMG sequence in
Fig is able to preserve coherences up to order O(T*?).

1.5.4 Super-Zeno Scheme

The super-Zeno scheme is an algorithm for suppressing the transitions of a quantum
mechanical system, initially prepared in a subspace P of the full Hilbert space of the
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system, to outside this subspace by subjecting it to a sequence of unequally spaced
short-duration pulses [S7]. These durations were calculated numerically the leakage
probability from subspace P to its orthogonal subspace was minimized, and surpris-
ingly the durations matched with Eq.(I.T100). This scheme is experimentally imple-
mented in Chapter3] This scheme efficiently cancels all the noise affecting the state,
and the preservation is up to the order O(T™*1), where N denotes the number of in-
verting pulses ./ which are applied. The construction of this inverting pulse J depends
the on subspace P.

1.5.5 Nested Uhrig dynamical decoupling

The nested Uhrig dynamical decoupling (NUDD) scheme is an extension of the super-
Zeno scheme for the case where instead of a state, only the subspace to which the
state belongs is known [61]. For protecting an unknown state in a known subspace,
nesting of UDD protecting sequences are done in a a smart way such that these nesting
of layers cancels all the possible interactions which affect states belonging to the P
subspace. The inverting pulses of each layer are constructed on the basis of subspace
to be protected, and these inverting pulses are applied at the UDD time points given by
Eq.(I.100). The NUDD scheme is very sensitive to the nesting of layers, and for the
time interval 7' with N pulses in each layer, protection is achieved of O(T™*!). The
NUDD scheme is discussed in detail in Chapter [4]

1.6 Organization of the thesis

This thesis deals with the estimation of experimentally prepared quantum states and
protection of these states using different decoupling strategies. The thesis is organized
as follows: Chapter 2 demonstrates the utility of the Maximum Likelihood (ML) esti-
mation scheme to estimate quantum states on an NMR quantum information processor.
We experimentally prepare separable and entangled states of two and three qubits, and
reconstruct the density matrices using both the ML estimation scheme as well as stan-
dard quantum state tomography (QST). Further, we define an entanglement parameter
to quantify multiqubit entanglement and estimate entanglement using both the QST
and the ML estimation schemes. Chapter 3 demonstrates the efficacy of the super-Zeno
scheme for the preservation of a state by freezing state evolution (one-dimensional sub-
space protection) and subspace preservation by preventing leakage of population to an
orthogonal subspace (two-dimensional subspace protection). Both kinds of protection
schemes are experimentally demonstrated on separable as well as on maximally entan-
gled two-qubit states. Chapter 4 demonstrates the efficacy of NUDD scheme for the
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protection of arbitrary states of the known subspace. Chapter 5 focuses on extending
the lifetime of time-invariant discord using dynamical decoupling schemes. Chapter
6 is based on modeling the noise and experimental protection of a three-qubit system
using dynamical decoupling. Chapter 7 summarizes the work done in this thesis and
discusses the future prospects.
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Chapter 2

State tomography on an NMR
quantum information processor via
maximum likelihood estimation

2.1 Introduction

Classically, a state is assigned to a physical system by determining the phase space
point corresponding to the configuration of the system and measuring the relevant sys-
tem parameters in a non-invasive manner. For quantum systems, non-invasive mea-
surements are not possible and therefore an ensemble of identically prepared systems
are required for state estimation. The quantum state cannot be known from a sin-
gle measurement and the ‘no-cloning’ theorem renders impossible the possibility of
making several copies of the state and using them to make different measurements
on the same state. Quantum state estimation is hence intrinsically a statistical pro-
cess [101} [102]. In quantum information and experimental quantum computing, the
complete estimation of a quantum state from a set of measurements on a finite ensem-
ble is a hot topic of research. Several schemes have been proposed and implemented for
quantum state estimation [[103} 104} [105]. Due to the finite size of ensembles, a phys-
ical situation may even have two different candidate states and there is always some
ambiguity associated with the estimated state. Such uncertainties and ambiguities, if
not treated properly can lead to a self-contradictory estimation, where the estimated
state is not even a valid quantum state. The density operator provides a convenient
way to describe a quantum system whose state is not a pure state. It is a positive, Her-
mitian operator with Tr[p] = 1 and T'r[p?] < 1. For a pure ensemble Tr[p*] = 1 and
for a mixed ensemble T'r[p?] < 1. In NMR, the quantum state tomography (QST) of n
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likelihood estimation

coupled spins is carried out by measuring free induction decays (FIDs) after applying
a set of preparatory pulses and applying a Fourier transformation to obtain spectral
lines [187, 88,1106, [107]. Fitting these spectral lines, yields complex amplitudes at well
defined frequencies which are characteristic of the spin system. These complex ampli-
tudes are measured experimentally for each pulse in the preparatory pulse set. Using
this experimental data a state density matrix is reconstructed. However, the QST aver-
aging procedure leads to fluctuations which could result in significant statistical errors
as well as an unphysical density matrix i.e., some eigenvalues could turn out to be neg-
ative. This unphysical density matrix makes no sense, as even if there are experimental
errors they should be within the space of allowed density operators. An ad hoc way to
circumvent this problem is to add a multiple of identity to this density matrix so that
the eigenvalues are positive. A scheme that redresses this issue of reconstructed den-
sity matrices that are unphysical, is the maximum-likelihood (ML) estimation scheme,
which obtains a positive definite estimate for the density matrix by optimizing a like-
lihood functional that links experimental data to the estimated density matrix along
with the constraint that the density matrix should be positive at every point of opti-
mization [54,155,1108]. The ML estimation scheme begins with a guess quantum state
and improves the estimate based on the measurements made; the more the number of
measurements, the better is the state estimate.

This issue of unphysical density matrices was first pointed out in quantum optics
where state reconstruction based on the inversion of measured data could not guaran-
tee the positive definiteness of the reconstructed density matrix. Hence an algorithm
for quantum-state estimation based on the maximum-likelihood (ML) estimation was
proposed [53} [109]. A general method proposed for quantum state estimation based
on the ML approach can be applied to multi-mode radiation fields as well as to spin
systems [52]. An ensemble of spin—% particles was observed repeatedly using Stern-
Gerlach devices with varying orientations and the state of an ensemble was recon-
structed via ML estimation [[110] . A simple iterative algorithm for ML estimation of
the quantum state was derived [111]]. A tomographic protocol for a two-qubit system
was recently constructed based on the measurement of 16 generalized Pauli operators
which is maximally robust against errors [[112]. A refined iterative ML algorithm was
also proposed to reconstruct a quantum state and applied to the tomography of optical
states and entangled spin states of trapped ions [[113]. Other quantum state estimation
algorithms include Bayesian mean estimation [114]], least-squares inversion [115]], nu-
merical strategies for state estimation [[115] and linear regression estimation [[116]. If
the size of the ensemble is infinite, the estimation procedure will yield the unique true
quantum state of the system. However, such an ensemble is never achievable in any
laboratory setting, as one can only perform measurements on a finite ensemble. As
a result, the estimated state will be different from the true state and depends on the
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details of the estimation procedure. Quantum state reconstruction on a finite number
of copies of a quantum system with informationally incomplete measurements, as a
rule, does not yield a unique result. A reconstruction scheme was derived where both
the likelihood and the von Neumann entropy functionals were maximized (MLME) in
order to systematically select the most-likely estimator with the largest entropy, that
is, the least-bias estimator, was consistent with a given set of measurement data. This
MLME estimation protocol was applied to time-multiplexed detection tomography and
light-beam tomography [117, [118]].

In this chapter, the utility of the ML estimation scheme has been demonstrated to
perform quantum state estimation on an NMR quantum information processor. Sepa-
rable and entangled states of two and three qubits are experimentally prepared, and the
density matrices are reconstructed using both the standard QST and the ML estimation
schemes. For the quantification of entanglement in multiqubit systems an entangle-
ment parameter is defined and it is shown that the standard QST method overestimates
the residual state entanglement at a given time, while the ML estimation method gives
a correct estimate of the amount of entanglement present in the state.

2.1.1 NMR quantum state tomography

The basic aim of quantum state tomography (QST) is to completely reconstruct an un-
known state via a set of measurements on an ensemble of identically prepared states.
Any density matrix p of n qubits in a 2"-dimensional Hilbert space can be uniquely
determined using 4" — 1 independent measurements and the state of the system as de-
scribed by its density operator p can be reconstructed by performing a set of projective
measurements on multiple copies of the state [26, [119]. Determining all the elements
of p would involve making repeated measurements of the same state in different mea-
surement bases, until all the elements of p are determined [108, 120, [121].

In NMR we cannot perform projective measurements and instead measure the ex-
pectation values of certain fixed operators over the entire ensemble. Therefore, we
rotate the state via different unitary transformations before performing the measure-
ment to collect information about different elements of the density matrix [26]. The
standard tomographic protocol for NMR uses the Pauli basis to expand an n qubit p,

3 3 3
P=Y>"> Cija0i @0, @ op @.1)

where coo_o = 1/2" and o, denotes the 2 x 2 identity matrix while oy, o5 and o3
are standard Pauli matrices. The measurements of expectation values allowed in an
NMR experiment combined with unitary rotations leads to the determination of the
coefficients c;; j.
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In an NMR experiment, we measure the signal induced in the detection coils while
the nuclear spins precess freely in a strong applied magnetic field. This signal is called
the free induction decay (FID) and is proportional to the time rate of change of mag-
netic flux. This time-domain signal can be expressed in terms of the expectation values
of the transverse magnetization [87]:

S(t) oc Tr { p(t) > (0he — ioky) } (2.2)
k
where o0y, and oy, are the Pauli spin operators proportional to the x and y components
of the magnetization of the k' spin and p(t) is the instantaneous density operator at
time ¢ during the FID. The recorded signal represents an average over a large number
of identical molecules of the sample.

The transformation of an initial density operator py under applied pulses Up and
under free-evolution Hamiltonian A for time ¢ is given by:

p(t) = et Upp ULet (2.3)
Then Eq.(2.2) reduces to
Sp(t) o< Tr {e‘thUppoU;eth Z(U’W — ioky)} , (2.4)
k

using the linearity of the trace and its invariance with respect to cyclic permutation of
the operators, we can write

Sp(t) o< Tr {poU;eth Z(U’” - iaky)ethUp} (2.5)
k

In NMR spectroscopy, the initial density operator py is known and it represents
the thermal equilibrium state then from the signal we can determine the Hamiltonian.
However in state tomography the reverse is true i.e. the Hamiltonian is known and the
state pg is unknown. The Hamiltonian of n weakly coupled spins—% is given by,

n n k—1
H==> wlp.+2r Y > Jl.Iy (2.6)
k=1 k=2 j=1

where wy, /27 is the Larmor frequency of the kth spin, and Jj;, is the spin-spin coupling
constant between jth and kth spins.

For a single spin system, the Hamiltonian H; consists of a Zeeman term only, which
can be written as

1
H, = iwaz (2.7)
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where w is the Larmor frequency of the nuclear spin in the external magnetic field.
Then, the NMR signal can be written as

Sp(t) o< Tr {poU;‘eiémzt Z(Ukz — iUky)eiéwztUP} (2.8)
k

Without applying any pulse i.e. U, = I, the NMR signal is
Si(t) o< {Tr[poos] — iTr[poc,]} €. (2.9)
after applying 90° pulse along x i.e. U, = 907, the NMR signal is

Sy (t) oc {Tr[poo.] — iTr[poo.]} ™. (2.10)
after applying 90° pulse along y i.e. U, = 907, the NMR signal can be written as

Sy (t) o< {Tr[poo.] — iTr[poo,]} ™. (2.11)

Applying a Fourier transformation on Eq.(2.9] and [2.11)) then the ensemble
average of operators o,, o, and o, can be obtained

(02) = cavg(Rel[S1(w)],Re[Sx(w)]), (2.12)
(0,) = cavg(—Tm[S;(w)], ~ImSy (@))) @.13)
(0,) = cavg(—Im[Sx(w)], Re[Sy(w)]). (2.14)

Where avg(a, b) means an average of a and b. The factor ¢ depends on the experi-
mental details such as the receiver gain and the number of spins. After determining the
factor c, the density operator of a single spin can be estimated as

p= %I + (02)04 + (0y)0y + (02)0, (2.15)

For a two-spin system, the Hamiltonian can be written as

1 1 m
Hy = Ewlalz + §w2022 + §J12012022 (2.16)

where /i, is the scalar coupling constant. After inserting H» in Eq.(2.5) and solving
few steps the NMR signal due to spin 1 can be written as

1 ormit 11 Te{ poir_}
- Z(W1 7TJ12)t ’L(wl+ﬂ'J12)t pO 1
SP,l(t) X 2(6 76 ) X ( 1 _1 ) ( Tl"{ﬂoﬁl—a'zz} ) (217)
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Where 61— = U};(au — 101,)Up. Fourier transformation of Sp;(t) leads to,

gP,l(CUl - 7TJ12) 1 1 1 TT{P051_}
( Spa(wi + mJ12) ) o 5 ( _— ) ( Te{ oo 0.} ) (2.18)

Similarly for spin 2,

SPQ(WQ — 7TJ12) - 1 1 1 TI'{pQCI)Q_} (2 19)
SPQ(WQ + 7TJ12) 2 1 -1 Tl”{p02(111Z(I)2,} )
The density matrix of a two-spin system can be expanded in terms of Pauli basis
operators [y ® I5...01, ® 09,, as follows:

1
pP = Zl([l®[2+<Ulm®12>01x®12+...
+(01, ® 02y) 01, @ 09y + (01, ® 09.)01, ® 02, (2.20)

and for the estimation of p we need to calculate the expectation values (01, ® I3),. ..,
(01: ® 02,). From the NMR spectra we can calculate the peaks intensities i.e. Sp; and

Sp2 and rewriting the Eq., and Eq.

Tr{polr-} 1 1 Spa(wy — i)

( Tr{p02j1—j2z} ) X ( 1 -1 ) ( SP,l (wl —+ 7TJ12> ) (221)
Tr{p0~l~2—~} ) ( 1 1 ) ( SRQ((,UQ — 71‘]12) )

( Tr{po2/1.1>-} *\1 41 Spalws + mJ1s) (2.22)

we can calculate the expectation values. Taking Up = II and inserting the experimen-
tally measured peak intensities of spin 1 in Eq.(2.21), we get the expectation values
(012 ® L), {01y ® I3), (01, ® 02,), and (01, ® 09,). On inserting the peak intensities
of spin 2 in Eq. we get the expectation values ([} ® 0a,), ([1 ® 09y), (01, ® 025),
and (01, ® oy,). Similarly we can measure other expectation values by changing the
preparatory pulse. With the set Up = {II,I1X IV, X X}, we can measure all the ex-
pectation values required to reconstruct the density matrix, where II corresponds to
“no operation” on both spins, IX(Y") corresponds to a “no operation” on the first spin
and a 90° rf pulse of phase X (V") on the second spin, and X X corresponds to a 90° rf
pulse of phase X on both spins.

As an example for a two-qubit system, we created the quantum state \/%(|OO> +
|01)) and reconstructed it using standard QST. We experimentally generated twenty-
five density matrices for this state, and computed the mean and the variance. The
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reconstructed density matrix p,,4,. turned out to be

0.484 0.508 4-¢0.028 —0.025 —20.029 —0.025 +-¢0.019
_ 0.508 — ¢0.027 0.516 0.025 4-20.003  0.009 + 20.030
Past = | —0.025 +i0.029 0.025 — i0.003 —0.039 4 §0.000 —0.025 — i0.011
—0.025 —10.019 0.009 —0.030 —0.025+:0.011  0.039 + 20.000
(2.23)

The above density matrix p,,,., reconstructed using the standard QST protocol, is
normalized and Hermitian and its eigenvalues are {1.01140.008, 0.052+0.025, 0.016+
0.008,—0.079 #+ 0.018}. The errors in the reconstructed density matrix using the QST
method show up in the third decimal place. As is evident from the eigenvalues, the re-
constructed density matrix is not positive, and furthermore, Tr(prST) = 1.031£0.0009.
It is clear from the above data that the negativity of the eigen value is statistically sig-
nificant and is due to the way we have carried out state estimation. Density matrices
that represent physical quantum states must have the property of positive definiteness
which, in conjunction with the properties of normalization and Hermiticity, implies
that all the eigenvalues must lie in the interval [0,1] and sumto 1 i.e. 0 < Tr(pQ) < 1.
Clearly, the above density matrix which is reconstructed by the standard QST protocol
violates these conditions. Due to its negative eigenvalues it has as a strange feature that
Tr(p?) > Tr(p). The obvious reasons for this problem are experimental inaccuracies,
which implies that the actual magnetization values recorded in an NMR experiment
differ from those that can be obtained from the Eq. (2.20). However, in a correct
estimation scheme the experimental inaccuracies should lead to an error in the state
estimation by giving a state which is close to the actual state with some confidence
level and should not give a non-state! An ad hoc way to circumvent this problem is
to add a multiple of identity to this density matrix so that the eigenvalues are positive.
However, this kind of addition is completely ad hoc, and leads to non-optimal esti-
mates and one should be able to do better. We turn to this issue in the next section via
the maximum likelihood estimation method.

2.1.2 Maximum likelihood estimation

The example in the previous section illustrates that density matrices which are to-
mographed using standard QST may not correspond to a physical quantum state. To
address this problem, the maximum likelihood (ML) estimation method was developed
to ensure that the reconstructed density matrix is always positive and normalized [108]].
The ML estimation method estimates the entire quantum state, by finding the param-
eters that are most likely to match the experimentally generated data and maximizing
a specific target function; a priori knowledge of the density matrix can also be incor-
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porated into the method. The main advantage of this method is that at every stage of
the estimation process the density matrix is positive and normalized and therefore rep-
resents a valid physical situation. The construction of a valid density operator through
maximum likelihood estimation consists of the following steps:

1. The density operator is first obtained from a lower triangular matrix 7" such that

p = TTT, here T is a function of real variables {t1,t2,t3,...,tsm } and n is the
number of qubits. With this p(t1,to, 3, ..., tsm) will be always Hermitian and
positive.

2. A “likelihood function” is then constructed which quantifies how close the den-

sity operator p(ty,ta,ts, ..., t4) is with respect to the experimental data. This
likelihood function is a function of ¢; and experimental data n; and can be written
as L(tl,tz, R ,t4n; niy,No, ... ,7’L4n).

3. Using standard numerical optimization techniques, the optimum set of variables

{tgom), tg)pt), téOpt), .. ,tg?f’t)} is obtained, for which the function £ 1, ta, . . ., tan; 1, N2
..., n16) has the maximum value. The best estimated density operator is p(¢\"", """,

tlord L ety

For a system of two qubits, the density matrix can be written in a compact form
following Eq. (2.1):

3 3
p= Z Z N0, X op (224)

where 1, are real coefficients determining the state.

A physical density matrix p has to be Hermitian, positive and must have trace equal
to unity. Such a density matrix can be written in terms of a lower triangular matrix
T [108]

p(t,te, ... tie) =TT Tr(T'T) =1 (2.25)

For a two-qubit system the lower triangular matrix 7' from which we obtain p has

15 independent real parameters (one parameter from the 16 is eliminated due to the
trace condition), and can be written as

t 0 0 0
Zf5 + Zfﬁ t2 0 0
T= . . 2.2
tn + ltm t7 + Zts t3 0 ( 6)

tis +itie tig +1lia to + 1t t4
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Given a valid density matrix as described in [108], it is possible to invert Eq. (2.25)
to obtain the matrix T’

1 1
B Y £ N
M) M2
T — 11,22 11,22 (2.27)
2 2 2
M§2{23 M§1),22 M§1),22 0
2 2
\/944\/M§1),23 VP44\/M(11),22 pas
P41 P42 P43 o
VP4 VP44 VP44 Paa

where A = Det(p), MS) is the first minor of p (the determinant of the 3 x 3 matrix

formed by deleting the ¢th and jth columns of the p matrix), J\/[g)kl is the second minor
of p (the determinant of the 2 X 2 matrix formed by deleting the sth and kth rows and
jth and [th columns of the p matrix with ¢ # j and k£ # [). From the experimental data
we obtain a set of expectation values 7, = (0; ® o3,) = Tr((0; ® oi)p).

The noise in a complex NMR signal acquired from a single receiving coil using
quadrature detection is uncorrelated (white) and Gaussian [[122]. So, it is assumed that
the experimental noise has a Gaussian probability distribution and the probability of
obtaining a set of measurement results for the set of expectation values {n,;} is

P(nu, - ngs) = A H e:];p[ (g = ”J’f)] (2.28)

202
§=0,k=0 jk

where A is a normalization constant and o, is the standard deviation of the measured
variable n; (approximately given by /7).

The next step in the ML estimation method is to maximize the likelihood that the
physical density matrix p will give rise to the experimental data {n;}. Since In(x) is
an increasing function, the maxima of the likelihood and the log of the likelihood co-
incide. Rather than finding the maximum value of the probability P, the optimization
problem gets simplified by finding the maximum of its logarithm. Here we neglect the
dependence of the normalization constant on ¢y, to, . . . , t15 , Wwhich only weakly affects
the solution for the most likely state. So, we need to maximize

n (b, tie) =gk (b t16))
_Z] =0,k= O(J 25.]2kj )
Mathematically, if z( is a maxima of function f then max(f(zy)) = min(— f(zo)),
thus the optimization problem is reduced to finding the minimum of a “likelihood
function”

3,3 _ 2
ot e tie) — e (ty. oo 1
L(tl, B '7516) _ Z (njk:( 1 16)22n]k( 1 16)) (2.29)
§=0,k=0 Tk
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Strictly speaking, for a system of NMR coupled qubits, the functional defined in
Eq. (2.29) is not a “likelihood” since the NMR experiment measures expectation values
but can be considered to be a Gaussian approximation of likelihood [[108].

For a system of two qubits, the optimum set of variables {¢*, ¢, ... %'} which
minimizes this likelihood function can be determined using numerical optimization
techniques. We used the MATLAB routine “Isqnonlin” [123] to find the minimum
of the likelihood function. To execute this routine, one requires the initial estimation
of the value of ,1,,...,t16. Since a sixteen parameter optimization can be tricky,
it is important to use a good initial guess for parameters. A reasonable way is to
first estimate the state using the standard method, and obtain the values of ¢s using
the Eq. (2.27). Since the state may not be a physically allowed state, the parameters
obtained in this manner are not necessarily real. Thus for our initial guess we drop
the imaginary part and use the real parts of each of the ¢;s as the initial estimate to go
into the optimization routine. We used the same experimentally generated \%(|00> +
|01)) state (as a mean of twenty-five experimental density matrices as described in
the example given in the earlier subsection), and re-computed the density matrix now
using the ML estimation method, and obtained:

0.488 0.487440.001  0.002 —:0.012 —0.002 4 ¢0.012
_ 0.487 —40.001 0.487 0.002 —10.012 —0.002 + 20.012
Prr = 0.002 +:0.012  0.002 +20.012 0.013 —0.013 + 20.000
—0.002 —10.012 —-0.002 —20.012 —0.013 —¢0.000 0.013
(2.30)

The eigen values of this matrix are {0.9754+0.001, 0.025-+0.001, 0.00140.000, 0.000
+0.000} and are all positive and furthermore Tr(pfv[L) = 0.950 £ 0.004. The errors in
the reconstructed density matrix using the ML estimation method show up in the third
decimal place. While the density matrix reconstructed using QST was unphysical, the
ML reconstruction led to a valid density matrix.

2.2 Comparison of quantum state estimation via ML

estimation and standard QST schemes

We performed state estimation of several different quantum states of two and three
qubits, constructed on an NMR quantum information processor, using the ML esti-
mation method. The results were compared every time with the results obtained by
reconstruction using the standard QST protocol.
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Figure 2.1: Real (left) and imaginary (right) parts of the experimental tomographs of the
(a) |00) state, with a computed fidelity of 0.9937 using standard QST and a computed
fidelity of 0.9992 using ML method for state estimation. (b) %(\0@ +|01)) state, with a
computed fidelity of 0.9928 using standard QST and a computed fidelity of 0.9991 using
ML method for state estimation. The rows and columns are labeled in the computational
basis ordered from |00) to |11).

2.2.0.1 Fidelity measure and state estimation

The fidelity measures commonly used in NMR quantum computing are:

1. The fidelity measure F3 is computed by measuring the overlap between theoret-
ically expected and experimentally measured states [[124]:

F, = T (Ptheory Pexpt)
VT o)V T )

(2.31)

2. The fidelity measure F; is computed by measuring the projection between the
theoretically expected and experimentally measured states using the Uhlmann-
Jozsa fidelity measure [[125, [126]]:

2
F2 - (TT <\/\/ptheorypexpt \/ptheory>) (232)

where piheory and pexpy denote the theoretically expected and experimentally recon-
structed density matrices, respectively.
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Figure 2.2: Real (left) and imaginary (right) parts of the experimental tomographs of the
entangled state %(\OD + |10)) reconstructed (a) using standard QST and (b) using ML
estimation. The fidelities computed using standard QST and using ML method for state
estimation are 0.9933 and 0.9999 respectively. The rows and columns are labeled in the

computational basis ordered from |00) to |11).

2.2.1 Comparison of separable states estimation

On a system of two qubits, we began by tomographing a pure state |00), as well as
a superposition state \/%(|00) + |01)) (which can be written as a tensor product of
the first qubit in the |0) state and the second qubit in a coherent superposition of the
|0) and |1) states). The mean of ten to twenty-five experimentally determined data
matrices were considered, and the reconstructed density matrices using the ML es-
timation method and using the standard QST method are shown as bar tomographs
in Figure with the states labeled in the computational basis in the order |00)
to |11). Using standard QST, the reconstructed |00) state had negative eigenvalues:
{0.994 + 0.000, 0.073 £ 0.006, —0.001 £ 0.002, —0.066 £ 0.005}, and state fidelity
was computed with measure I} to be 0.9937 and with measure F5 to be 0.9940.
Reconstructing the state using ML estimation, we obtained all positive eigenvalues:
{0.965 %+ 0.001, 0.035 £ 0.001, 0.000 £ 0.000, 0.000 4 0.000}, while state fidelity was
computed with measure £ to be 0.9992 and with measure F3 to be 0.9652. For the su-
perposition state \/Li(|00> +|01)), state reconstruction using standard QST led to some
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negative eigenvalues: {1.011 £ 0.002, 0.052 + 0.005, 0.016 £ 0.002, —0.079 4 0.004}
with the fidelity measures /7 and F; are 0.9928 and 1.0110 respectively. Using ML
estimation on the other hand, led to all positive eigenvalues: {0.975 & 0.001,0.025 +
0.001,0.001 % 0.000,0.000 £+ 0.000} with a state fidelity with measures F} and F
are 0.9991 and 0.9745. While state fidelities with F; measure are nearly the same (or
slightly better when calculated after ML reconstruction of the density matrix), we find
that by using the ML estimation method for state estimation, we always obtain a p
which is physically valid.

2.2.2 Comparison of entangled states estimation

It has been previously noted [108]] that the standard QST protocol frequently leads to
unphysical density matrices for entangled multiqubit states. Since entanglement has
been posited to lie at the heart of quantum computational speedup, their construction
and estimation is of prime importance. We used the ML estimation method to re-
construct two-qubit and three-qubit entangled states and evaluated the efficacy of this
scheme to construct valid density matrices.

The state estimation of a two-qubit entangled Bell state \/% (|01) +110)) is shown in
Figure[2.2] using both QST and ML methods for density matrix reconstruction. Using
the QST protocol for tomography, we obtain the eigenvalues: {0.996 4+ 0.002,0.018 +
0.001,0.005 4+ 0.001, —0.019 £ 0.002} with the first eigenvalue being negative, and
with a computed fidelity with measure £ and F5 are 0.9933 and 0.9964 respectively.
Using ML method for state estimation leads to all positive eigenvalues: {0.993 +
0.002,0.006+0.001,0.001 +0.000, 0.001 +0.000} with a computed state fidelity with
measures [} and 5 are 0.9999 and 0.9926 respectively.

Recently, schemes to construct maximally entangled three-qubit states from a generic
state have been implemented on an NMR quantum information processor [[127, [128]].
We used these schemes to construct the maximally entangled W state on a system
of three qubits |[IV) = \%(i\OOl} + 010) 4 [100)), and thereafter performed state
estimation using both the standard QST and the ML methods. The experimentally re-
constructed tomographs are depicted in Figure with the states being labeled in the
computational basis ordered from |000) to [111). After QST tomography on this three-
qubit state, we obtained the eigenvalues: {0.939, 0.104, 0.078, 0.054, -0.002, -0.042,
-0.061, -0.071}, and a calculated state fidelity £} is 0.9759 and F3; is 0.9399. After
performing state estimation using the ML method, the eigenvalues turned out to be all
positive: {0.919, 0.036, 0.027, 0.008, 0.006, 0.002, 0.002, 0.000}, with a calculated
state fidelity with £ is 0.9968 and with F5 is 0.9191.

A topic of much research focus here is the accurate measurement of the decay of
multiqubit entanglement with time. To study this, we performed state estimation of the
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Real Imaginary

(a) Standard QST

Figure 2.3: Real (left) and imaginary (right) parts of the experimental tomographs of the
three-qubit maximally entangled state |W) = %(HOOD +1010) + |100)), reconstructed
(a) using standard QST with a computed fidelity of 0.9833 and (b) using ML estimation
with a computed fidelity of 0.9968. The rows and columns are labeled in the computational
basis ordered from |000) to [111).

entangled two-qubit state \%(\O@ + |11)) using both QST and ML protocols. The bar
tomographs of the reconstructed density matrices at different times (T=0, 0.04, 0.08,
0.12, 0.16 sec) are shown in Figure [2.4]

The amount of entanglement that remains in the state after a certain time can be
quantified by an entanglement parameter denoted by 7 [60]. Since we are dealing
with mixed bipartite states of two-qubit, all entangled states will be negative under
partial transpose (NPT). For such NPT states, a reasonable measure of entanglement
is the minimum eigenvalue of the partially transposed density operator. For a given
experimentally tomographed density operator p, we obtain p©? by taking a partial
transpose with respect to one of the qubits. The entanglement parameter 7 for the state
p in terms of the smallest eigenvalue E¥. of p©'7 is defined as [60]

—Ef,, i Ef.. <0
n= (2.33)
0 if Ef, >0

A plot of the entanglement parameter 1 with time is depicted in Figure[2.5] for the
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QST schemes
Standard QST Using ML
Real Imaginary Real Imaginary
(a) Initial State (7" = 0s)

10
H 11 00

Figure 2.4: Real (left) and imaginary (right) parts of the experimental tomographs
of the (a) %(]O@ + |11)) state. Tomographs (b)-(e) depict the state at T =
0.04,0.08,0.12,0.16s, with the tomographs on the left and the right representing the
state estimated using standard QST and using ML estimation, respectively. The rows and

columns are labeled in the computational basis ordered from |00) to [11).
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two-qubit maximally entangled Bell state %(\OO} +]11)), estimated using both stan-
dard QST and the ML method. As can be seen from Figure the QST method led
to negative eigenvalues in the reconstructed (unphysical) density matrix and hence an
overestimation of the entanglement parameter quantifying the residual entanglement
in the state. The ML estimation method on the other hand, by virtue of its leading to
a physical density matrix reconstruction every time, gives us a true measure of resid-
ual entanglement, and hence can be used to quantitatively study the decoherence of
multiqubit entanglement. The difference between the two methods is statistically sig-
nificant, as is evident from the graph, where the error bars are shown on each data
point. The error is in fact very small, compared to the anomaly in the estimation of the

entanglement.

_ Using QST
I 051 Using ML +---a-
1 044
i
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Figure 2.5: Plot of the entanglement parameter 1 with time, using standard QST and ML
protocols for state reconstruction, computed for the %(]O@ + |11)) state.

2.3 Conclusions

We used the maximum likelihood estimation method for state estimation on an NMR
quantum information processor, to circumvent the problem of unphysical density ma-
trices that occur due to statistical errors while using the standard QST protocol. It
has been previously shown that state reconstruction using QST, of entangled states
and other fragile quantum states are particularly susceptible to errors, and can lead to
unphysical density matrices for such states. We showed that the experimental den-
sity matrices reconstructed for entangled states of two and three qubits using the ML
estimation method are always positive, definite and normalized. The state fidelities
computed using fidelity measure F; are comparable for standard QST and using ML
estimation. However if we use the fidelity measure F5, the obtained state fidelity with
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2.3 Conclusions

ML estimation is less than the standard QST. The advantage of the ML estimation
method is that it always leads to a valid density matrix and hence is a better estimator
of the state of the quantum system. In the rest of this thesis we will use the ML esti-
mation method for quantum state tomography and F; as the measure for state fidelity.
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Chapter 3

Experimental protection of quantum
states via a super-Zeno scheme

3.1 Introduction

Unwanted changes occur in quantum systems due to their interaction with the envi-
ronment which leads to state degradation. This process, where quantum coherence
is lost, is known as decoherence. Decoherence is a major obstacle in implementing
quantum computing and quantum information processing schemes. In order to tackle
this problem a number of techniques have been developed. The dynamical decou-
pling (DD) approach can be used to effectively decouple the system from its envi-
ronment and thus decoherence can be suppressed [129, [130]. The idea that frequent
measurements which project a quantum system back to its initial state can be used to
not let the state evolve is known as the quantum Zeno effect [131, 132, 133} [134]. If
the measurements project the system back into a finite-dimensional subspace that in-
cludes the initial state, the state evolution remains confined within this subspace and
the subspace can be protected against leakage of population using a quantum Zeno
strategy [135,1136]. Zeno-like schemes have been used for error prevention [137], and
to enhance the entanglement of a state and bring it to a Bell state, even after entan-
glement sudden death [[138] [139]. It has been shown that under certain assumptions,
the Zeno effect can be realized with weak measurements and can protect an unknown
encoded state against environmental effects [[140]. All these strategies are based on
our knowledge of the system-environment interaction and the state that needs to be
preserved.

In a situation where the system state is known but there is no knowledge about
its interaction with the environment, decoherence can be tackled by an interesting
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3. Experimental protection of quantum states via a super-Zeno scheme

quantum Zeno-type strategy for state preservation. This is achieved by using a se-
quence of non-periodic short duration pulses and is called the super-Zeno scheme [S7]].
The super-Zeno scheme does not assume any Hamiltonian symmetry, does not involve
projective quantum measurements and achieves a significant reduction of the leakage
probability as compared to standard Zeno-based preservation schemes. The super-
Zeno scheme for state protection is similar to universal dynamical decoupling schemes
for multi-qubit states [S8]]. The only difference in the super-Zeno scheme is that non-
periodic short duration between the unitary kicks are optimized numerically by mini-
mizing the leakage probability. Similar schemes involving dynamical decoupling have
been devised to suppress qubit pure dephasing and relaxation [100, [141]. Another
scheme to preserve entanglement in a two-qubit spin-coupled system has been con-
structed, which unlike the super-Zeno scheme, is based on a sequence of operations
performed periodically on the system in a given time interval [142].

There are several experimental implementations of the quantum Zeno phenomenon,
including suppressing unitary evolution driven by external fields between the two states
of a trapped ion [143]], in atomic systems [144] and suppressing failure events in a lin-
ear optics quantum computing scheme [1435]]. Decoherence control in a superconduct-
ing qubit system has been proposed using the quantum Zeno effect [146]. Unlike the
super-Zeno and dynamical decoupling schemes that are based on unitary pulses, the
quantum Zeno effect achieves suppression of state evolution using projective measure-
ments. The quantum Zeno effect was first demonstrated in NMR by a set of symmetric
7 pulses [147]], wherein pulsed magnetic field gradients and controlled-NOT gates
were used to mimic projective measurements. The entanglement preservation of a Bell
state in a two-spin system in the presence of anisotropy was demonstrated using a
preservation procedure involving free evolution and unitary operations [25]. An NMR
scheme to preserve a separable state was constructed using the super-Zeno scheme and
the state preservation was found to be more efficient as compared to the standard Zeno
scheme [39]. The quantum Zeno effect was used to stabilize superpositions of states
of NMR qubits against dephasing, using an ancilla to perform the measurement [[148].
Entanglement preservation based on a dynamic quantum Zeno effect was demonstrated
using NMR wherein frequent measurements were implemented through entangling the
target and measuring qubits [149]].

In this chapter we demonstrate the use of the super-Zeno scheme, while the im-
plementation of dynamical decoupling schemes will be taken up in later chapters of
the thesis. Two applications of the super-Zeno scheme are described in this chap-
ter: (i) Preservation of a state by freezing state evolution (one-dimensional subspace
protection) and (ii) Subspace preservation by preventing leakage of population to an
orthogonal subspace (two-dimensional subspace protection). Both kinds of protection
schemes are experimentally demonstrated on separable as well as on maximally en-
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tangled two-qubit state. One-dimensional subspace protection is demonstrated on the
separable |11) state and on the maximally entangled \/ii(|01> — |10)) (singlet) state.
Two-dimensional subspace preservation is demonstrated by choosing the {|01), |10)}
subspace in the four-dimensional Hilbert space of two qubits, and implementing the
super-Zeno subspace preservation protocol on three different states, namely |01), |10)
and \%(\Ol} —|10)) (singlet) states. Complete state tomography via maximally likeli-
hood estimation as described in Chapter [2]is utilized to compute experimental density
matrices at several time points. State fidelities at these time points were computed to
evaluate how closely the states resemble the initially prepared states, with and with-
out super-Zeno protection. The success of the super-Zeno scheme in protecting states
in the two-dimensional subspace spanned by {|01), |10)} is evaluated by computing
a leakage parameter, which computes leakage to the orthogonal subspace spanned by
{]00), |11)}. For entangled states, an additional entanglement parameter is constructed
to quantify the residual entanglement in the state over time. State fidelities, the leakage
parameter and the entanglement parameter are plotted as a function of time, to quantify
the performance of the super-Zeno scheme.

3.2 The super-Zeno scheme

The super-Zeno algorithm to preserve quantum states has been developed along lines
similar to bang-bang control schemes, and limits the quantum system’s evolution to
a desired subspace using a series of unitary kicks [S7]. A finite-dimensional Hilbert
space J{ can be written as a direct sum of two orthogonal subspaces P and Q. The
super-Zeno scheme involves a unitary kick J, which can be constructed as

J=Q-P (3.1)

where P, Q are the projection operators onto the subspaces P, Q respectively. The
action of this specially crafted pulse J on a state |¢)) € H is as follows:

Jpy = =), ) e?
Jy = [v), [v)eQ (3.2)

where P is the subspace being preserved [57]].

The basic aim of this scheme is to design a sequence of appropriately spaced in-
verting pulses, such that if the system is initially in a state |¢)) € P, then the leakage
of the system state over time to Q after this pulse sequence is minimum. The invert-
ing pulse J produces destructive interference of quantum amplitudes and reduces the
transition rate from the P subspace to Q. Let the system be prepared in a general state
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3. Experimental protection of quantum states via a super-Zeno scheme

|1¥(0)) = |p) € P, the system Hamiltonian H is bounded and the unitary operator
corresponding to the evolution for a time interval ¢ is given by

U(t) = e HE/M (3.3)
For simplicity we use natural units and & = 1. Then, the state |1)(0)) after time ¢ is

(b)) = e ¢ [p(0)) (3.4)

The amplitude of the system to be in a state |q) € Q after a time interval ¢ is given by

(ale™"™4(0)) (3.5)

However, if we evolve the system for the half interval t/2, subject the system to an
inverting pulse J, and then further evolve by a time t/2, the above amplitude turns out
to be

<q|e—LHt/2Je—LHt/2|¢(O) (36)

)
For a small time interval t and the unitary operator U(t) satisfying U(t) = I+ O(t)

fal (14 =5 )3 (14 =5 ) lwo) (37)

2

(Ht n —Ht
2 2

= (alJ|p) + (a|J— Jlp) + O(t?)

— Ht —Ht

= (aJ——Ip) + {a|——JIp) + O(t?)

—Ht —Ht
5 P) —(d——p
Due to the action of J, destructive interference takes place between the two amplitudes
of O(t) in Eq.(3.7) and we are left with terms of O(#?) term and higher, which are
negligible for a small time interval ¢. In general, if the matrix elements of U(t) i.e
U,p and U are of O(t(") then the transition amplitude

) + O(t?)

= (q|

<Q|U(t)-J-U(t)|P> - Z Ugp' Upp + Z Uqga'Ugp = UgpUpp — UgqUqgp

p'e? q’'eQ

= O(tr+1) - quUpp - ququ = O(tr+1) (3.8)

where a precise cancellation of the amplitude of O(t") term occurs [57].
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3.2 The super-Zeno scheme

It is important to note that V(t) = U(t).J.U(t) tends to J as ¢t — 0 but V(t)?2
tends to I and if V(t) = J 4+ O(t) and V(t)qp = O(t")

<q|V(t)2|p> - = Z V(t)qp’v(t)p’p + Z V(t)qq’v(t)q’p

p’e? q’'eQ
_V(t)qpv(t)pp - V(t)qu(t)qp
= O(t™) + V(t)gp(V(t)aq + V(t)pp)

(a[V(t)*|p) = O(t") (3.9)

Hence, if for Up(t) the transition amplitude to an orthogonal state is proportional
to ¢, then for the operator Uy (t) = Ug(t).J.Ug(t) from Eq. (3.8), the transition am-
plitude is O(¢?). For U% using Eq. (3.9), the transition amplitude is O(¢*) [57]. Using
this result, it is straight forward to construct a pulse sequence where the transition am-
plitude is O(t") for any positive integer r by recursion. Defining operators U,,, by the
recursion relations

Unsi(t) = Up(t/2) JU,(t/2), for m even
U,.(t/2) U,,(t/2), for m odd (3.10)

with Uy = Uy(¢). Then, by induction, it follows that the transition amplitude (q|U,,|p)
is of order O(t™*1).

U,,(t) can be written explicitly as a product of Uy(¢/2™)’s and J’s. For example

Ui(t) = Uy(t/2)JU(t/2),
Uy(t) = [Up(t/4)IU(t/4)]?,
Us(t) = [Uo(t/8)IUo(t/8)]*T[Uo(t/8)IUq(t/8)]*. (3.11)

If N, are the number of pulses used in the sequence U,,, then it is easily verified
that

N,, = (2™ —2)/3, for m even,
= (2™ —1)/3, for m odd. (3.12)

The leakage probability L,, from subspace P to subspace Q for operator U, ap-
plied for a total time 7" is

Ly =Y [q|Unlp)|? < 27D [ET)?m+2 (3.13)
qeQ
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3. Experimental protection of quantum states via a super-Zeno scheme

where E = |H| is the norm of the Hamiltonian as defined by

sup

H| = y [H[O) /1) (3.14)
where the sup notation is defined as (for any function f and constraint set X)
sup
> 1
xexf(x)_f(v)V'uef)C (3.15)

The total number of inverting pulses N, required to keep the leakage probability
less than € up to time T’ grows as 3 ET 9log2(B>1°/)"* [57] Tt is possible to decrease the
required number of pulses significantly by allowing the intervals between the inverting
pulses to be varied continuously independent of each other.

For a given N, further improvements are possible and one can express (q|Wx (¢)|p)
as a Taylor series in powers of t. The coefficients of different powers of ¢ are sums of
matrix-elements of the type (q|H™ JH"2J..|p), with coefficients that are polynomials
of {z;}. Thus, the total super-Zeno sequence for N pulses is given by

Wx(t) = Ulenat)d ... JU(22t)JU (21t) (3.16)

where U denotes unitary evolution under the system Hamiltonian and z;? is the time
interval between the ith and (i + 1)th pulse. The sequence {z;t} of time intervals
between pulses is optimized such that if the system starts out in the subspace P, after
measurement the probability of finding the system in the orthogonal subspace Q is
minimized. In this work we used four inverting pulses interspersed with five unequal
time intervals in each repetition of the preserving super-Zeno sequence. The optimized
sequence is given by {z;} = {8,1/4,1/2 — 23,1/4,3} with 8 = (3 —/5)/8,i =
1...5 and ¢ is a fixed time interval (we used the x; as worked out in Ref. [57]).

The explicit form of the unitary kick J depends on the subspace that needs to be
preserved, and in the following section, we implement several illustrative examples for
both separable and entangled states embedded in one- and two-dimensional subspaces
of two qubits.

3.3 Experimental implementations of super-Zeno scheme

3.3.1 NMR system details

The two protons of the molecule cytosine encode the two qubits. The two-qubit molec-
ular structure, system parameters and NMR spectra of the pseudopure and thermal ini-
tial states are shown in Figs.[3.1(a)-(c). The Hamiltonian of a two-qubit system in the
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Figure 3.1: (a) Molecular structure of cytosine with the two qubits labeled as H' and
H? and tabulated system parameters with chemical shifts v; and scalar coupling Jio (in
Hz) and relaxation times 7 and 7% (in seconds) (b) NMR spectrum obtained after a 7/2
readout pulse on the thermal equilibrium state. The resonance lines of each qubit are
labeled by the corresponding logical states of the other qubit and (¢) NMR spectrum of the
pseudopure |00) state.

rotating frame is given by
H = —(w —wpp) 1z — (wo — wpp) oy + 21101015, (3.17)

where w; = 2mv; are the chemical shift of the spins in rad s~!, w,¢ reference chemical
shift of rotating frame, and J;5 is the spin-spin coupling constant. An average longitu-
dinal T, relaxation time of 7.4 s and an average transverse T, relaxation time of 3.25 s
was experimentally measured for both the qubits. The experiments were performed at
an ambient temperature of 298 K on a Bruker Avance II1 600 MHz NMR spectrometer
equipped with a QXI probe. The two-qubit system was initialized into the pseudopure
state |00) using the spatial averaging technique [21]], with the density operator given
by

1 —
poo = TEI + €[00)(00| (3.18)

with a thermal polarization € ~ 107° and I being a 4 x 4 identity operator. The ex-
perimentally created pseudopure state [00) was tomographed with a fidelity of 0.99.
The pulse propagators for selective excitation were constructed using the GRAPE al-
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3. Experimental protection of quantum states via a super-Zeno scheme

gorithm [22] to design the amplitude and phase modulated rf profiles. Selective ex-
citation was typically achieved with pulses of duration 1 ms. Numerically generated
GRAPE pulse profiles were optimized to be robust against rf inhomogeneity and had
an average fidelity of > 0.99. All experimental density matrices were reconstructed
using a quantum state tomography via maximum likelihood protocol (Chapter [2). The
fidelity of an experimental density matrix was computed using Eq. (2.32).

3.3.2 Super-Zeno scheme for state preservation

When the subspace P is a one-dimensional subspace, and hence consists of a single
state, the super-Zeno scheme becomes a state preservation scheme.

3.3.2.1 Preservation of product states:

We begin by implementing the super-Zeno scheme on the product state [11) of two
qubits, where the Hilbert space can be decomposed as a direct sum of the subspaces
P = {|11)} and Q = {|00), |01),|10))}. The super-Zeno pulse J to protect the state
|11) € P is given by Eqn. (3.1):

J=1-211)(11] (3.19)

with the corresponding matrix form

1 00 O
010 O

J= 001 0 (3.20)
000 -1

The super-Zeno circuit to preserve the |11) state, and the corresponding NMR pulse
sequence is given in Fig. [3.2] The controlled-phase gate (Z) in Fig. [3.2a) which
replicates the unitary kick J for preservation of the |11) state is implemented using a
set of three sequential gates: two Hadamard gates on the second qubit sandwiching
a controlled-NOT gate (CNOT};), with the first qubit as the control and the second
qubit as the target. The A; time interval in Fig.[3.2(a) is given by A; = x;t, with z; as
defined in Eq. . The five /; time intervals were worked to be 0.095 ms, 0.25 ms,
0.3 ms, 0.25 ms, and 0.095 ms respectively, for ¢ = 1 ms. One run of the super-Zeno
circuit (with four inverting Js and five A; time evolution periods) takes approximately
300 ms and the entire preserving sequence Wy (¢) in Eq. was applied 30 times.
The final state of the system was reconstructed using state tomography and the real
and imaginary parts of the tomographed experimental density matrices without any
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Figure 3.2: (a) Quantum circuit for preservation of the state |11) using the super-Zeno
scheme. A; = z;t, (i = 1...5) denote time intervals punctuating the unitary operation
blocks. Each unitary operation block contains a controlled-phase gate (Z), with the first
(top) qubit as the control and the second (bottom) qubit as the target. The entire scheme
is repeated N times before measurement (for our experiments N = 30). (b) Block-wise
depiction of the corresponding NMR pulse sequence. A z-gradient is applied just before
the super-Zeno pulses, to clean up undesired residual magnetization. The unfilled and
black rectangles represent hard 180° and 90° pulses respectively, while the unfilled and
gray-shaded conical shapes represent 180° and 90° pulses (numerically optimized using
GRAPE) respectively; 712 is the evolution period under the Ji2 coupling. Pulses are la-
beled with their respective phases and unless explicitly labeled, the phase of the pulses on

the second (bottom) qubit are the same as those on the first (top) qubit.
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Figure 3.3: Real (left) and imaginary (right) parts of the experimental tomographs of
the (a) |11) state, with a computed fidelity of 0.99. (b)-(e) depict the state at 7' =
0.61,3.03,5.46, 7.28 s, with the tomographs on the left and the right representing the
state without and after applying the super-Zeno preserving scheme, respectively. The rows

and columns are labeled in the computational basis ordered from |00) to |11).
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preservation and after applying the super-Zeno scheme, are shown in Fig. [3.3] The
initial |11) state (at time 7' = 0 s) was created (using the spatial averaging scheme)
with a fidelity of 0.99. The tomographs (on the right in Fig. [3.3) clearly show that state
evolution has been frozen with the super-Zeno scheme.

3.3.2.2 Preservation of entangled states

We next apply the super-Zeno scheme to preserve an entangled state in our system of
two qubits. We chose the singlet state \/%(|01> — |10)) as the entangled state to be
preserved. It is well known that entanglement is an important but fragile resource for
quantum information processing and constructing schemes to protect entangled states
from evolving into other states, is of considerable interest in quantum information
processing [1]].

We again write the Hilbert space as a direct sum of two subspaces: the subspace
being protected and the subspace orthogonal to it. In this case, the one-dimensional
subspace P being protected is

1
P=4—=(|01) —|10 3.21
{5500 - 1oy} (321)
and the orthogonal subspace Q into which one would like to prevent leakage is
1
Q=< —(|01) +]10)),]00), |11 3.22
{5000 + oy, ooy, 11 622)

The super-Zeno pulse to protect the singlet state as constructed using Eq. (3.1 is:
J=1—(|01)(01| + [10)(10| — |01)(10] — |10)(01]) (3.23)

with the corresponding matrix form:

(3.24)

S O O
O = O O
o O = O
_— o O O

The quantum circuit and the NMR pulse sequence for preservation of the singlet
state using the super-Zeno scheme are given in Fig. Each J inverting pulse in
the unitary block in the circuit is decomposed as a sequential operation of three non-
commuting controlled-NOT gates: CNOT;,-CNOT3;-CNOT 5, where CNOT;; denotes
a controlled-NOT with ¢ as the control and j as the target qubit. The five A; time in-
tervals were worked to be 0.95 ms, 2.5 ms, 3 ms, 2.5 ms, and 0.95 ms respectively, for
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Figure 3.4: (a) Quantum circuit for preservation of the singlet state using the super-Zeno

scheme. A;, (i = 1...5) denote time intervals punctuating the unitary operation blocks.
The entire scheme is repeated N times before measurement (for our experiments N = 10).
(b) NMR pulse sequence corresponding to one unitary block of the circuit in (a). A z-
gradient is applied just before the super-Zeno pulses, to clean up undesired residual mag-
netization. The unfilled rectangles represent hard 180° pulses, the black filled rectangles
representing hard 90° pulses, while the shaded shapes represent numerically optimized
(using GRAPE) pulses and the gray-shaded shapes representing 90° pulses respectively;
T12 is the evolution period under the .JJ12 coupling. Pulses are labeled with their respective
phases and unless explicitly labeled, the phase of the pulses on the second (bottom) qubit
are the same as those on the first (top) qubit.
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Figure 3.5: Real (left) and imaginary (right) parts of the experimental tomographs of the
(a) \%(\OD —]10)) (singlet) state, with a computed fidelity of 0.99. (b)-(e) depict the state
atT = 0.85,2.54,4.24,5.93 s, with the tomographs on the left and the right representing
the state without and after applying the super-Zeno preserving scheme, respectively. The

rows and columns are labeled in the computational basis ordered from |00) to |11).
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3. Experimental protection of quantum states via a super-Zeno scheme

t = 10 ms. One run of the super-Zeno circuit (with four inverting Js and five A; time
evolution periods) takes approximately 847 ms and the entire super-Zeno preserving
sequence Wy (t) in Eq. (3.16), is applied 10 times.

The singlet state was prepared from an initial pseudopure state |00) by a sequence
of three gates: a non-selective NOT gate (hard 7, pulse) on both qubits, a Hadamard
gate and a CNOT,, gate. The singlet state thus prepared was computed to have a
fidelity of 0.99. The effect of chemical shift evolution during the delays was compen-
sated for with refocusing pulses. The final singlet state has been reconstructed using
state tomography, and the real and imaginary parts of the tomographed experimental
density matrices without any preservation and after applying the super-Zeno scheme,
are shown in Fig.[3.5] As can be seen from the experimental tomographs in Fig.[3.5] the
evolution of the singlet state is almost completely frozen by the super-Zeno sequence
upto nearly 6 s, while without any preservation the state has leaked into the orthogonal
subspace within 2 s.

(a)

(b)
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Figure 3.6: Plot of fidelity versus time of (a) the |11) state and (b) the %(|01> —[10)) (sin-
glet) state, without any preserving scheme and after the super-Zeno preserving sequence.

The fidelity of the state with the super-Zeno preservation remains close to 1.

3.3.2.3 Estimation of state fidelity

The plots of state fidelity versus time are shown in Fig. for the state [11) and the
singlet state, with and without the super-Zeno preserving sequence. The deviation den-
sity matrix is renormalized at every point and the state fidelity is estimated using the
definition in Eq. (2.32). Renormalization is performed since our focus here is on the
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quantum state of the spins contributing to the signal and not on the number per se of
participating spins [150]]. The norm of deviation density matrix is proportional to the
intensity of the tomographed spectra and is proportional to the number of spins con-
tributing to the signal intensity. Due to super-Zeno preserving pulses, an attenuation in
signal intensity takes place and we renormalize the intensity of the of the tomographed
spectra in order to compensate for this attenuation. The plot of signal intensity versus
time is shown in Fig. for the state |11) and the singlet state, with the super-Zeno
preserving sequence. The exponential intensity decay constant is 0.136 4 0.006 s~! for
the |11) state and 0.393 £ 0.013 s~ for the singlet state.

The plots in Fig. [3.6) and the tomographs in Fig. [3.3] and Fig. 3.5 show that with
super-Zeno protection, the state remains confined to the |11) (singlet) part of the den-
sity matrix, while without the protection scheme, the state leaks into the orthogonal
subspace. As seen from both plots in Fig. [3.6] the state evolution of specific states can
be arrested for quite a long time using the super-Zeno preservation scheme, while leak-
age probability of the state to other states in the orthogonal subspace spanned by Q is
minimized. A similar renormalization procedure is adopted in the subsequent sections
where we plot the leak fraction and entanglement parameters (Fig. [3.12]and Fig. [3.13).
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Figure 3.7: Plot of signal intensity versus time of the |11) state and the %(|01> — |10))

(singlet) state, after the super-Zeno preserving sequence.
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Figure 3.8: (a) Quantum circuit for preservation of the {01, 10} subspace using the super-
Zeno scheme. A;, (i = 1...5) denote time intervals punctuating the unitary operation
blocks. The entire scheme is repeated IV times before measurement (for our experiments
N = 30). (b) NMR pulse sequence corresponding to the circuit in (a). A z-gradient is
applied just before the super-Zeno pulses, to clean up undesired residual magnetization.
The unfilled rectangles represent hard 1809 pulses; 712 is the evolution period under the

J12 coupling. Pulses are labeled with their respective phases.
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3.3 Experimental implementations of super-Zeno scheme

3.3.3 Super-Zeno for subspace preservation

While in the previous subsection, the super-Zeno scheme was shown to be effective
in arresting the evolution of a one-dimensional subspace (as applied to the cases of a
product and an entangled state), the scheme is in fact more general. For example, if
we choose a two-dimensional subspace in the state space of two qubits and protect it
by the super-Zeno scheme, then any state in this subspace is expected to remain within
this subspace and not leak into the orthogonal subspace. While the state can meander
within this subspace, its evolution out of the subspace is frozen.

We now turn to implementing the super-Zeno scheme for subspace preservation, by
constructing the J operator to preserve a general state embedded in a two-dimensional
subspace. We choose the subspace spanned by P = {|01), |10)} as the subspace to be
preserved, with its orthogonal subspace now being Q = {|00), |11)}. It is worth noting
that within the subspace being protected, we have product as well as entangled states.

The super-Zeno pulse J to protect a general state |1)) € P can be constructed as:

J =1 —2(|01)(01] + [10){(10]) (3.25)

with the corresponding matrix form

1 0 0 0
0 -1 0 0

I=1 0o o -1 0 (3.26)
00 0 1

The quantum circuit and corresponding NMR pulse sequence to preserve a general
state in the {|01), |10) } subspace is given in Fig. The unitary kick (denoted as U,
in the unitary operation block in Fig. [3.8|a)) is implemented by tailoring the gate time
to the J-coupling evolution interval of the system Hamiltonian, sandwiched by non-
selective m pulses (NOT gates), to refocus undesired chemical shift evolution during
the action of the gate. The five A; intervals were worked to be 0.95 ms, 2.5 ms, 3 ms,
2.5 ms and 0.95 ms respectively, for £ = 10 ms. One run of the super-Zeno circuit
(with four inverting Js and five A; time evolution periods) takes approximately 288
ms and the entire super-Zeno preserving sequence Wy (¢) in Eqn. , is applied 30
times.

3.3.3.1 Preservation of product states in the subspace

We implemented the subspace-preserving scheme on two different (separable) states
|01) and |10) in the subspace P. The efficacy of the preserving unitary is verified by
tomographing the experimental density matrices at different time points and computing
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Figure 3.9: Real (left) and imaginary (right) parts of the experimental tomographs of the
(a) |10) state in the two-dimensional subspace {01, 10}, with a computed fidelity of 0.98.
(b)-(e) depict the state at T' = 1.15,3.45,5.75,7.48 s, with the tomographs on the left
and the right representing the state without and after applying the super-Zeno preserving
scheme, respectively. The rows and columns are labeled in the computational basis ordered
from |00) to |11).
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Figure 3.10: Real (left) and imaginary (right) parts of the experimental tomographs of the

(a) |01) state in the two-dimensional subspace {01, 10}, with a computed fidelity of 0.99.
(b)-(e) depict the state at T' = 1.15,3.45,5.75,7.48 s, with the tomographs on the left

and the right representing the state without and after applying the super-Zeno preserving

scheme, respectively. The rows and columns are labeled in the computational basis ordered
from |00) to |11).
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3. Experimental protection of quantum states via a super-Zeno scheme
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Figure 3.11: Real (left) and imaginary (right) parts of the experimental tomographs of
the (a) %(]Ol) — |10)) (singlet) state in the two-dimensional subspace {01, 10}, with a
computed fidelity of 0.98. (b)-(e) depict the state at 7' = 1.15,3.46,5.77,7.50 s, with
the tomographs on the left and the right representing the state without and after applying
the super-Zeno preserving scheme, respectively. The rows and columns are labeled in the

computational basis ordered from |00) to |11).
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3.3 Experimental implementations of super-Zeno scheme

the state fidelity. Both the |01) and |10) states remain within the subspace P and do
not leak out to the orthogonal subspace Q = {|00), |11)}.

The final |10) state has been reconstructed using state tomography, and the real
and imaginary parts of the experimental density matrices without any preservation and
after applying the super-Zeno scheme, tomographed at different time points, are shown
in Fig. As can be seen from the experimental tomographs, the evolution of the |10)
state out of the subspace is almost completely frozen by the super-Zeno sequence upto
nearly 7.5 s, while without any preservation the state has leaked into the orthogonal
subspace within 3.5 s. The tomographs showed in Fig. for the |01) state, show a
similar level of preservation.

3.3.3.2 Preservation of an entangled state in the subspace

We now prepare an entangled state (the singlet state) embedded in the two-dimensional
P = {|01),]10)} subspace, and used the subspace-preserving scheme described in
Fig. to protect P. The singlet state was reconstructed using state tomography, and
the real and imaginary parts of the tomographed experimental density matrices without
any preservation and after applying the super-Zeno scheme, are shown in Fig. As
can be seen from the experimental tomographs, the state evolution remains within the
P subspace but the state itself does not remain maximally entangled.

3.3.3.3 Estimating leakage outside subspace

An ensemble of spins initially prepared in a state belonging to the subspace P =
{]|01), |10)}, can evolve to the orthogonal subspace Q = {|00), |11)} due to unwanted
interactions with its environment. This evolution of the state to the orthogonal sub-
space 1s called leakage. We applied super-Zeno scheme to protect leakage of a state
from subspace P to subspace Q. The subspace-preserving capability of the circuit given
in Fig. [3.8 was quantified by computing a leakage parameter that defines the amount
of leakage of the state to the orthogonal Q = {|00), |11)} subspace.
For a given density operator p the “leak (fraction)” 9, into the subspace Q is defined
as
d = (00]p|00) + (11|p|11) (3.27)

The leak (fraction) d represents the number of spins of the ensemble that have migrated
to the subspace Q divided by the total number of spins in the ensemble; 0 is equal to one
when all the states remain in the subspace P and is equal to zero if all the states have
leaked to the subspace Q. The leak (fraction) ¢ versus time is plotted in Figs. [3.12)a)
and (b), for the |10) and the singlet state respectively, with and without applying the
super-Zeno subspace-preserving sequence. The leakage parameter remains close to
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Figure 3.12: Plot of leakage fraction from the {|01),|10)} subspace to its orthogonal
subspace {|00), |11)} of (a) the |10) state and (b) the %(IOD — |10)) (singlet) state,
without any preservation and after applying the super-Zeno sequence. The leakage to
the orthogonal subspace is minimal (remains close to zero) after applying the super-Zeno

scheme.

zero for both kinds of states, proving the success and the generality of the super-Zeno
scheme.

3.3.4 Preservation of entanglement

The amount of entanglement that remains in the state after a certain time is quantified
by an entanglement parameter denoted by 7. Since we are dealing with mixed bipar-
tite states of two qubits, all entangled states will be negative under partial transpose
(NPT). For such NPT states, a reasonable measure of entanglement is the minimum
eigen value of the partially transposed density operator. For a given experimentally
tomographed density operator p, we obtain p”’? by taking a partial transpose with re-
spect to one of the qubits. The entanglement parameter 7 for the state p in terms of the
smallest eigen value Ef;. of p©'7 is defined as
—E{;, i EY,, <0
n= (3.28)
0 if Ef,, >0
We will use this entanglement parameter 7 to quantify the amount of entanglement at
different times.
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3.3 Experimental implementations of super-Zeno scheme

The maximally entangled singlet state was created and its evolution studied in two
different scenarios. In the first scenario described in Sec. the singlet state was
protected against evolution by the application of the super-Zeno scheme. In the second
scenario described in Sec. [3.3.3] a two-dimensional subspace containing the singlet
state was protected using the super-Zeno scheme. For the former case, one expects
that the state will remain a singlet state, while in the latter case, it can evolve within
the protected two-dimensional subspace. Since in the second case, the protected sub-
space contains entangled as well as separable states, one does not expect preserva-
tion of entanglement to the same extent as expected in the first case, where the one-
dimensional subspace defined by the singlet state itself is protected. The experimental
tomographs at different times and fidelity for the case of state protection and the leak-
age fraction for the case of subspace protection have been discussed in detail in the
previous subsections. Here we focus our attention on the entanglement present in the
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Figure 3.13: Plot of entanglement parameter n with time, with and without applying the
super-Zeno sequence, computed for (a) the %(|01> — [10)) (singlet) state, and (b) the
same singlet state when embedded in the subspace {|01), |10)} being preserved.

state at different times. The entanglement parameter 7 for the evolved singlet state
is plotted as a function of time and is shown in Figs. [3.13[a) and (b), after applying
the state-preserving and the subspace-preserving super-Zeno sequence respectively. In
both cases, the state becomes disentangled very quickly (after approximately 2 s) if
no super-Zeno preservation is performed. After applying the state-preserving super-
Zeno sequence (Fig. [3.13(a)), the amount of entanglement in the state remains close
to maximum for a long time (upto 8 s). After applying the subspace-preserving super-
Zeno sequence (Fig. [3.13(b)), the state shows some residual entanglement over long
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3. Experimental protection of quantum states via a super-Zeno scheme

times but it is clear that the state is no longer maximally entangled. This implies that
the subspace-preserving sequence does not completely preserve the entanglement of
the singlet state, as expected. However, while the singlet state becomes mixed over
time, its evolution remains confined to states within the two-dimensional subspace
(P = {]01),]10)}) being preserved as is shown in Fig. where we calculate the
leak (fraction).

3.4 Conclusions

In this chapter it was experimentally demonstrated that the super-Zeno scheme can ef-
ficiently preserve states in one and two-dimensional subspaces, by preventing leakage
to a subspace orthogonal to the subspace being preserved. The super-Zeno sequence
was implemented on product as well as on entangled states, embedded in one- and
two-dimensional subspaces of a two-qubit NMR quantum information processor. The
advantage of the super-Zeno protection lies in its ability to preserve the state such
that while the number of spins in that particular state reduces with time, the state re-
mains the same. Without the super-Zeno protection, the number of spins in the state
reduces with time and the state itself migrates towards a thermal state, reducing the fi-
delity. This work adds to the arsenal of real-life attempts to protect against evolution of
states in quantum computers and points the way to the possibility of developing hybrid
strategies (combining the super-Zeno scheme with other schemes such as dynamical
decoupling sequences) to tackle preservation of fragile computational resources such
as entangled states.
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Chapter 4

Experimental protection of unknown
states using nested Uhrig dynamical
decoupling sequences

4.1 Introduction

Different decoupling strategies can be used to decouple a quantum system from its
environment, thus controlling the effect of undesired changes. In Chapter 3] we pro-
tected a known state of the system and also prevented leakage from a known subspace
of the system via the super-Zeno scheme. While protecting against leakage from the
subspace, the state was not leaking out to the orthogonal subspace but was evolving
within the subspace. Hence, the obvious question comes to mind: can one freeze this
evolution within the subspace? The answer is yes; an unknown state in a known sub-
space can be frozen using nested Uhrig dynamical decoupling sequences. DD schemes
rely on the repeated application of control pulses and delays to remove the unwanted
contributions due to system-environment interaction [935]. For a quantum system cou-
pled to a bath, the DD sequence decouples the system and bath by adding a suitable
decoupling interaction, periodic with cycle time 7. to the overall system-bath Hamilto-
nian [96]]. After N applications of the cycle for a time N7, the system is governed by
a stroboscopic evolution under an effective average Hamiltonian, in which system-bath
interaction terms are no longer present.

More sophisticated DD schemes are of the Uhrig dynamical decoupling (UDD)
type, wherein the pulse timing in the DD sequence is tailored to produce higher-order
cancellations in the Magnus expansion of the effective average Hamiltonian, thereby
achieving system-bath decoupling to a higher order and hence stronger noise protec-
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decoupling sequences

tion [141} 151} 1152} 1153} [154]. A UDD sequence can suppress decoherence up to
O(TN*1) with only N pulses. In a UDD sequence, the k'™ control pulse is applied at

the time
km

2N 42

Tk:Tsin2< );kzzl,Q,...,N. (4.1)

UDD schemes are applicable when the control pulses can be considered as ideal
(i.e. instantaneous) and when the environment noise has a sharp frequency cutoff [57,
100,155, [156l]. These initial UDD schemes dealt with protecting a single qubit against
different types of noise, and were later expanded to a whole host of optimized se-
quences involving nonlocal control operators, to protect multi-qubit systems against
decoherence [58, 157, 158} 159, 160, [161]].

While UDD schemes can well protect states against single- and two-axis noise
(i.e. pure dephasing and/or pure bit-flip), they are not able to protect against general
three-axis decoherence [162]. Nested UDD (NUDD) schemes were hence proposed
to protect multiqubit systems in generic quantum baths to arbitrary decoupling orders,
by nesting several UDD layers. The structure of the Hamiltonian was exploited and an
appropriate set of mutually orthogonal operation set (MOOS) was designed. On the
basis of commutation and anticommutation property of operators in an MOOS with
Hamiltonian, the NUDD scheme was constructed such that after nesting of operator
layers only those terms remained in the generating algebra of Hamiltonian which did
not affect the state. It was shown that the NUDD scheme can preserve a set of uni-
tary Hermitian system operators (and hence all operators in the Lie algebra generated
from this set of operators) that mutually either commute or anticommute [163, |164]].
Furthermore, it was proved that the NUDD scheme is universal i.e. it can preserve the
coherence of m coupled qubits by suppressing decoherence upto order NV, independent
of the nature of the system-environment coupling [[165].

The efficiency of NUDD schemes in protecting unknown randomly generated two-
qubit states was shown to be a powerful approach for protecting quantum states against
decoherence [61]. Numerical simulations on a five-spin system were carried out in this
context. Two of the five spins were identified as a two-qubit system and the other three
spins were regarded as the bath. To show the efficacy of the NUDD scheme, it was
applied on ten arbitrary states belonging to a known subspace. For the correct nesting
of UDD layers a remarkably high fidelity was achieved in locking the initial unknown
superposition state [61]].

In this chapter, the efficacy of protection of the NUDD scheme is first evaluated by
applying it on four specific states of the subspace P = {|01), |10)} i.e. two separa-
ble states: |01) and |10), and two maximally entangled singlet and triplet Bell states:
\%(|01) —|10)) and \%(|01) + |01)) in a four-dimensional two-qubit Hilbert space.
Next, to evaluate the effectiveness of the NUDD scheme on the entire subspace, ran-
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4.2 The NUDD scheme

domly states are generated in the subspace P (considered as a superposition of the
known basis states |01), |10)) and protected them using NUDD scheme. Eight states in
the two-qubit subspace randomly generated and protected using a three-layer NUDD
sequence. Full state tomography is used to compute the experimental density matri-
ces. Each state is allowed to decohere, and the state fidelity is computed at each time
point without protection and after NUDD protection. The results are presented as a
histogram and showed that while NUDD is always able to provide some protection,
the degree of protection varies from state to state.

4.2 The NUDD scheme

Consider a two-qubit quantum system with its state space spanned by the states {|00),
|01), |10), [11)}, the eigenstates of the Pauli operator o ® 2. Our interest is in protect-
ing states in the subspace P spanned by states {|01), |10)}, against decoherence. The
density matrix corresponding to an arbitrary pure state [¢)) = «|01) + 3|10) belonging
to the subspace P is given by

0 0 0 O
| o Jaf* a0
0 0 0 O

with the coefficients o and f3 satisfying |a|? +|3|> = 1 at time ¢ = 0. We describe here
the theoretical construction of a three-layer NUDD scheme to protect arbitrary states
in the two-qubit subspace P [58, 61].

The general total Hamiltonian of a two-qubit system interacting with an arbitrary
bath can be written as

Hiotal = Hg + Hp + H;p + Hio (4.3)

where Hg is the system Hamiltonian, [z is the bath Hamiltonian, H ;5 is qubit-bath in-
teraction Hamiltonian and H, is the qubit-qubit interaction Hamiltonian (which can be
bath-dependent). Our interest here is in bath-dependent terms and their control, which
can be expressed using a special basis set for the two-qubit system as follows [58, 61]:

H = Hp+ Hjp+ Hy
16
— ijyj (4.4)
j=1

where the coefficients 1W; contain arbitrary bath operators. Y are the special ba-
sis computed from the perspective of preserving the subspace spanned by the states
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{|01), |10)} in the two-qubit space [58, 61]:

Y1 =1, = [01){01] + [10)(10],
= [00)(11], ¥4 =]00)(00] — [11)(11],
Y5 [11){00], = [01){01] = [10)(10},
Y7 = [10){00], = [00)(10]
= |10)(11], szll )(10],
YH =[01)(00[,  Yi» = [00)(01],
Yis = [01)(11], Yy, = [11)(01],

)

)
Y15 = [01)(10] + [10)(01],
Yig = —i(|10)(01] — [01)(10]), (4.5)
To protect a general two-qubit state |¢)) € P against decoherence using NUDD,
we are required to protect diagonal populations |«/|?, |3|? and off-diagonal coherences
af*. Hence the locking scheme requires the nesting of three layers of UDD sequences.

e Innermost UDD layer: The diagonal populations Tr[p(#)]01)(01|] & |«|? are locked
by this UDD layer with the control operator

Xo = I —2[01)(01]. (4.6)

‘We can write the total Hamiltonian,

H = Hy+ Hy,

Hy = ) Wy,

H = > Wy, 4.7)
=11

such that the X, commute with Hy, i.e. [Xy, Hy] = 0 and anti-commute with H7, i.e.
{Xo, H1}+ = 0. An inverting pulse with control Hamiltonian,

N X,
H,=> mi(t— )5 (4.8)
j=1

applied with the UDD timing 7}, defined as :

JT ) =12+ N 4.9)

T; :TSin2(2N+2 :
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4.2 The NUDD scheme

The unitary evolution operator of the system for time period ¢ = 0 to t = 7' is given
by (h=1):

Un(T) = Xgle WHrmlimiv(—ix,)
% e—i[Ho-‘rHﬂ(TN_TNfl)(_Z'X(])

% e*i[Ho+H1}(T3*T2) (—iXo)

% e—i[Ho+H1}(T2—T1) (—iXO)

x e HHo+HTL (4.10)

Using the UDD universality proof [S8] and the fact that Hy and H; commute and
anticommute respectively with X, it can be shown that

Un(T) = Uy + O(TN ™), (4.11)
where
+oo
UR" = exp(—iHoT) Y (—i)* Ao, (4.12)
k=0

with Ay, containing only even powers of HY(t), defined by
HI(t) = exp(iHot) Hy exp(—iHyt).

Ay, can be expanded as a linear superposition of all possible basis operators that com-
mute with Xj. i.e.

10
Agp =) A (4.13)
=1

where A; are the expansion coefficients containing bath operators. The Nth order,
Un(T') can be expressed as a combination of Y7, Y3, - - -, Y}, only. Using the closure
of this set of operators, i.e.,

10 10 10
(ZAM) (Z BkYk> = > Oy (4.14)
i=1 k=1 =1

we further obtain

Un(T) = exp(—iHIPPT) + O(TNHY), (4.15)
where
10
HEPP' = " Dy, (4.16)
i=1
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where D, ; refer to the expansion coefficients of this first UDD layer. Terms containing
basis operators Yi; - - - Y34 are efficiently decoupled.

e Second UDD layer: The diagonal populations Tr[p(#)|10)(10|] & |3|* are locked by
this second UDD layer with the control operator

X1 = I — 2[10)(10] 4.17)
We can further decompose the effective Hamiltonian after the first layer H3PP"! into

He™' = Heggg™ + Hegy ™, (4.18)

such that [HIP", X1] = 0 and {HZPP", X1} = 0. where

6
Hgy' = > DYy
=1
10
HPP' = Y DY (4.19)
=7

It is straightforward to see that the operators Y;, © = 1 —6 form a closed algebra. Hence
when a second layer of UDD sequence of X is applied to the Nth order, the dynamics
of HPP! reduce to

6
HYPP? = " Dy, (4.20)
=1

where D, ; refer to the expansion coefficients of this second UDD layer. Terms con-
taining basis operators Y7 - - - Y7, are efficiently decoupled.

e Outermost UDD layer: The off-diagonal coherences Tr[p(¢)|01)(10|] ~ af* are
locked by this final UDD layer with the control operator

X, =1 —1[|01) + |10)][(01] + (10]]. (4.21)
Again we can write the effective Hamiltonian after the second layer as
HPP? = Hg P2+ HP 2, (4.22)

such that [HgrP?, Xy = 0 and {HgPP?, X4}, = 0. In the self-closed set of the
operators that form HPP 72, the only term DygYs = Do[|01)(01] — [10)(10|] can
affect |¢(0)), which is effectively decoupled by this third layer. The final reduced
effective Hamiltonian after the three-layer NUDD contains five operators: f1 e%«DD_g’ =
Zle Ds ;Y;, where D3 ; are the coefficients due to three UDD layers.
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4.2 The NUDD scheme

The innermost UDD control X pulses are applied at the time intervals 7} ;;, the
middle layer UDD control X pulses are applied at the time intervals 7} and the out-
ermost UDD control X, pulses are applied at the time intervals 7} (j, k,l = 1,2,...N)
given by:

. lm
Tine = T+ (Tjpsr — Tjp) sin® (2N n 2)
. km
T = Tyt (G - s (55705 )
. Jm
T, = T sin? (ZN n 2> (4.23)

The total time interval in the N*" order sequence is (N + 1)* with the total number of
pulses in one run being given by N((N + 1)? + N + 2) for even N [61]].

Summary of the NUDD scheme:

The recipe to design UDD protection for a two-qubit state (say |x)) is given in the
following steps: (i) First a control operator X, is constructed using X, = I — 2|x) (x|
such that X? = I, with the commuting relation [X., Hy] = 0 and the anticommuting
relation { X, H;} = 0; (ii) The control UDD Hamiltonian is then applied so that sys-
tem evolution is now under a UDD-reduced effective Hamiltonian thus achieving state
protection upto order /V; (iii) Depending on the explicit commuting or anticommuting
relations of X, with H and H,, the UDD sequence efficiently removes a few operators
Y; from the initial generating algebra of H and hence suppresses all couplings between
the state |y) and all other states.

Vii=1.2-- 16|
X, UDD-1
Yii=1,2,--,10|
|X;,UDD-2
Yii=12-- 6]
.X,,UDD-3
Yii=12--,5|
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Figure 4.1: (a) Circuit diagram for the three-layer NUDD sequence. The innermost UDD
layer consists of X control pulses, the middle layer comprises X; control pulses and the
outermost layer consists of X pulses. The entire NUDD sequence is repeated M times;
A; are time intervals. (b) NMR pulse sequence to implement the control pulses for X and
X1 UDD sequences. The values of the rf pulse phases ¢1 and ¢5 are set to x and y for the
Xp and to —x and —y for the X; UDD sequence, respectively. (¢c) NMR pulse sequence
to implement the control pulses for the X, UDD sequence. The filled rectangles denote
7 /2 pulses while the unfilled rectangles denote 7 pulses, respectively. The time period 712
is set to the value (2.J12) "1, where J12 denotes the strength of the scalar coupling between
the two qubits.
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Figure 4.2: (a) Structure of isotopically enriched chloroform-'3C molecule, with the 'H
spin labeling the first qubit and the '3C spin labeling the second qubit. The system pa-
rameters are tabulated alongside with chemical shifts v; and scalar coupling .J12 (in Hz)
and NMR spin-lattice and spin-spin relaxation times 77 and 75 (in seconds). (b) NMR
spectrum obtained after a 7 /2 readout pulse on the thermal equilibrium state and (c) NMR
spectrum of the pseudopure |00) state. The resonance lines of each qubit in the spectra are
labeled by the corresponding logical states of the other qubit.

4.3 Experimental protection of two qubits using NUDD

4.3.1 Experimental implementation of the NUDD scheme

We now turn to the NUDD implementation for N = 2 on a two-qubit NMR sys-
tem. The entire NUDD sequence can be written in terms of UDD control operators
Xo, X1, X (defined in the previous section) and time evolution U (d;t) under the gen-
eral Hamiltonian for time interval fractions 6;:

Xo(t) = U:1t) XU (8at) XoU(651) XU (848) XoU (651) Xo
U (56t) XU (87) XoU (8st) XoU (39t) X 5U (810t) Xo
U (5118) XoU (6198) X1 U (8158) XoU (814t) XoU (815t)
XU (816t) XoU (817) XoU (8158) XU (1t)
XoU (820t) XoU ($01t) X1 U (8a0t) XoU (6231)
XoU (6248) X1 U (825t) XoU (8a6t) XoU (St (4.24)

In our implementation, the number of X, X; and X4 control pulses used in one run of
the three-layer NUDD sequence are 18, 6 and 2, respectively.
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Using the UDD timing intervals defined above and applying the condition ) _ §; =
1, their values are computed to be

{51} = {ﬁ7267ﬁ725745725767 2ﬁ7ﬁ72574572574578ﬁ7
4B,203,45,28, 8,28, 8,28,48,28, 8,2, 8} (4.25)

where the intervals between the Xy, X; and X, control pulses turn out to be a multiple
of B =0.015625 .

The NUDD scheme for state protection and the corresponding NMR pulse se-
quence is given in Fig. @.1} The unitary gates X,, X1, and X4 drawn in Fig. .1|(a)
correspond to the UDD control operators already defined in the previous section. The
A; time interval in the circuit given in Fig. i.1(a) is defined by A; = §;¢, using the 0;
given in Eqn. (4.25). The pulses on the top line in Figs. 4.1|(b) and (c) are applied on
the first qubit (*H spin in Fig. , while those at the bottom are applied on the second
qubit (*3C spin in Fig. , respectively. All the pulses are spin-selective pulses, with
the 90° pulse length being 7.6 s and 15.6us for the proton and carbon rf channels, re-
spectively. When applying pulses simultaneously on both the carbon and proton spins,
care was taken to ensure that the pulses are centered properly and the delay between
two pulses was measured from the center of the pulse duration time. We note here that
the NUDD schemes are experimentally demanding to implement as they contain long
repetitive cycles of rf pulses applied simultaneously on both qubits and the timings of
the UDD control sequences were matched carefully with the duty cycle of the rf probe
being used.

We chose the chloroform-!3C molecule as the two-qubit system to implement the
NUDD sequence (Fig. for details of system parameters and average NMR relax-
ation times of both the qubits). The two-qubit system Hamiltonian in the rotating frame
(which includes the Hamiltonians Hg and H;, of Eqn.d4.3) is given by

Hiyor = 27|[(vyy — VD ITH + (ve — v IE + Jo I 1€ (4.26)

where vy (v¢ ) is the chemical shift of the ' H(*C') spin, v}/ is the rotating frame
frequency (v 7 — y, for on-resonance), H(19) is the 2 component of the spin angular
momentum operator for the ' H(*3C') spin, and J;5 is the spin-spin coupling constant.
The two qubits were initialized into the pseudopure state |00) using the spatial
averaging technique [[166], with the corresponding density operator given by

1 _
poo = TEI + €[00)(00| 4.27)

with a thermal polarization ¢ ~ 107> and I being a 4 x 4 identity operator. All ex-
perimental density matrices were reconstructed using quantum state tomography via
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Figure 4.3: Plot of fidelity versus time for (a) the |01) state and (b) the |10)) state, without
any protection and after applying NUDD protection. The fidelity of both the states remains

close to 1 for upto long times, after NUDD protection.

a maximum likelihood protocol (Chapter [2)). The experimentally created pseudopure
state |00) was tomographed with a fidelity of 0.99. The fidelity of an experimental
density matrix was computed using Eq. (2.32).

4.3.2 NUDD protection of known states in the subspace

We begin evaluating the efficiency of the NUDD scheme by first applying it to protect
four known states in the two-dimensional subspace P, namely two separable and two
maximally entangled (Bell) states.

Protecting two-qubit separable states: We experimentally created the two-qubit sep-
arable states |01) and |10) from the initial state |00) by applying a 7, on the second
qubit and on the first qubit, respectively. The states were prepared with a fidelity of
0.98 and 0.97, respectively. One run of the NUDD sequence took 0.12756 s which
included the time taken to implement the control operators, and ¢ = 0.05 s (as per
Eqn. (.24)). The entire NUDD sequence was applied 40 times. The state fidelity was
computed at different time instants, without any protection and after applying NUDD
protection. The state fidelity remains close to 0.9 for long times (upto 5 s) when NUDD
is applied, whereas for no protection the |01) state loses its fidelity (fidelity approaches
0.5) after 3 s and the |10) state loses its fidelity after 2 s. A plot of state fidelities ver-
sus time is displayed in Fig. 4.3] demonstrating the remarkable efficacy of the NUDD
sequence in protecting separable two-qubit states against decoherence.

Protecting two-qubit Bell states: We next implemented NUDD protection on the
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Figure 4.4: Real (left) and imaginary (right) parts of the experimental tomographs of
the (a) |01) state, with a computed fidelity of 0.98. (b)-(e) depict the state at 7' =
1.02,2.04, 3.06,4.08 s, with the tomographs on the left and the right representing the
state without any protection and after applying NUDD protection, respectively. The rows

and columns are labeled in the computational basis ordered from |00) to |11).
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Figure 4.5: Real (left) and imaginary (right) parts of the experimental tomographs of
the (a) |10) state, with a computed fidelity of 0.97. (b)-(e) depict the state at T =
1.02,2.04, 3.06,4.08 s, with the tomographs on the left and the right representing the
state without any protection and after applying NUDD protection, respectively. The rows

and columns are labeled in the computational basis ordered from |00) to |11).
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Figure 4.6: Real (left) and imaginary (right) parts of the experimental tomographs of the
(a) %(|01) — |10)) state, with a computed fidelity of 0.99. (b)-(e) depict the state at
T = 0.28,0.55,0.83,1.10 s, with the tomographs on the left and the right representing the
state without any protection and after applying NUDD protection, respectively. The rows

and columns are labeled in the computational basis ordered from |00) to |11).
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Figure 4.7: Real (left) and imaginary (right) parts of the experimental tomographs of the
(a) %(\01} + |10)) state, with a computed fidelity of 0.99. (b)-(e) depict the state at
T = 0.28,0.55,0.83,1.10 s, with the tomographs on the left and the right representing the
state without any protection and after applying NUDD protection, respectively. The rows

and columns are labeled in the computational basis ordered from |00) to |11).
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Figure 4.8: Plot of fidelity versus time for (a) the Bell singlet state and (b) the Bell triplet
state, without any protection and after applying NUDD protection.

maximally entangled singlet state %(IOU — |10)). We experimentally constructed the
singlet state from the initial |00) state via the pulse sequence given in Fig. with
values of § = —7 and ¢ = 0. The fidelity of the experimentally constructed singlet
state was computed to be 0.99.

One run of the NUDD sequence took 0.27756 s and ¢ was kept at ¢t = 0.2 s. The
entire NUDD sequence was applied 4 times on the state. The singlet state fidelity at
different time points was computed without any protection and after applying NUDD
protection, and the state tomographs are displayed in Fig. 4.6 The fidelity of the
singlet state remained close to 0.8 for 1 s when NUDD protection was applied, whereas
when no protection is applied the state decoheres (fidelity approaches 0.5) after 0.55
s. We also implemented NUDD protection on the maximally entangled triplet state
\/%(|01) + |10)). We experimentally constructed the triplet state from the initial |00)
state via the pulse sequence given in Fig. with values of = 7 and ¢ = 0. The
fidelity of the experimentally constructed triplet state was computed to be 0.99. The
total NUDD time was kept at ¢ = 0.2 s and one run of the NUDD sequence took
0.27756 s. The entire NUDD sequence was repeated 4 times on the state. The state
fidelity at different time points was computed without any protection and after applying
NUDD protection and the state tomographs are displayed in Fig.

The fidelity of the triplet state remained close to 0.71 for 0.28 s when NUDD
protection was applied, whereas when no protection is applied the state decoheres
quite rapidly (fidelity approaches 0.5) after 0.28 s. A plot of state fidelities of both
Bell states versus time is displayed in Fig. While the NUDD scheme was able to
protect the singlet state quite well (the time for which the state remains protected is
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Figure 4.9: NMR pulse sequence for the preparation of arbitrary states. The sequence of
pulses before the vertical dashed line achieve state initialization into the |00) state. The
values of flip angles 6 and ¢ of the rf pulses are the same as the 6 and ¢ values describing
a general state in the two-dimensional subspace P = {|01),]10)}. Filled and unfilled
rectangles represent 5 and 7 pulses respectively, while all other rf pulses are labeled with
their respective flip angles and phases; the interval 715 is set to (2J12)_1 where Jq9 is the

scalar coupling.

double as compared to its natural decay time), it is not able to extend the lifetime of
the triplet state to any appreciable extent. What is worth noting here is the fact that
the state fidelity remains considerably higher under NUDD protection compared to no
protection, implying that there is a reduction in the “leakage” to other states.

4.3.3 NUDD protection of unknown states in the subspace

We wanted to carry out an unbiased assessment of the efficacy of the NUDD scheme
for state protection. To this end, we randomly generated several states in the two-
dimensional subspace P, and applied the NUDD sequence on each state. A general
state in the two-qubit subspace P = {|01), |10) } can be written in the form

|1) = cos g\Ol) + e sin g]lm (4.28)

These states were experimentally created by using the values of 6 and ¢ (Eqn. (4.28))
as the flip angles of the rf pulses in the NMR pulse sequence (see Fig. for visu-
alization). The eight randomly generated representative two-qubit states are shown in
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Figure 4.10: Geometrical representation of eight randomly generated states on a Bloch
sphere belonging to the two-qubit subspace P = {|01),|10)}. Each vector makes angles
0, ¢ with the z and z axes, respectively. The state labels RS-i (¢ = 1..8) are explained in
the text.

Fig. The entire three-layered NUDD sequence was applied 10 times on each
of the eight random states. The time ¢ for the sequence was kept at ¢ = 0.05 s and
one run of the NUDD sequence took 0.12756 s. The plots of fidelity versus time are
shown as bar graphs in Fig. with the cross-hatched bars representing state fidelity
without any protection and the solid bars representing state fidelity after NUDD pro-
tection. The final bar plot in Fig. 4. T1|(i) shows the average fidelity of all the randomly
generated states at each time point. The results of protecting these random states via
three-layered NUDD are tabulated in Table Each state has been tagged by a label
RS-7 (RS denoting “Random State” and 7 = 1, ..8), with its 6, ¢ values displayed in the
next column. The fourth column displays the values of the natural decoherence time
(in seconds) of each state without NUDD protection, estimated by computing the time
upto which state fidelity does not fall below 0.8. The last column in the table displays
the time for which the state remains protected after applying NUDD, estimated by
computing the time upto which state fidelity does not fall below 0.8. While the NUDD
scheme is able to protect specific states in the subspace with varying degrees of success
(as evidenced from the entries in the last column of in Table , on an average as seen
from the bar plot of the average fidelity in Fig. d.T1{i), the scheme performs quite well.
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Figure 4.11: Bar plots of fidelity versus time of eight randomly generated states (labeled
RS-i, © = 1..8), without any protection (cross-hatched bars) and after applying NUDD
protection (red solid bars): (a) RS-1, (b) RS-2, (¢) RS-3, (d) RS-4, (e) RS-5, (f) RS-6, (g)
RS-7 and (h) RS-8. (i) Bar plot showing average fidelity of all eight randomly generated

states, at each time point.
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Table 4.1: Results of applying NUDD protection on eight randomly generated states in
the two-dimensional subspace. Each random state (RS) is tagged with a number for con-
venience, and its corresponding (#,¢) angles are given in the column alongside. The fourth
column displays the time at which the state fidelity approaches =~ 0.8 without NUDD pro-
tection and the last column displays the time for which state fidelity approaches ~ 0.8
after applying NUDD protection.

State Label (0, ¢)(deg) Time (s) Time (s)
(F > 0.8) (F > 0.8)
Without NUDD With NUDD

0.29]01) + (0.94 + ¢0.18)|10)  RS-1 (147,57 0.1s 1.0s
0.1501) — (0.76 + ¢0.63)|10)  RS-2  (163,349) 0.3s 1.1s
0.98/01) + (0.11 — :0.17)]10)  RS-3  (23,345) 0.1s 1.1s
0.14/01) + (0.36 — :0.92)|10)  RS-4  (164,175) 0.3s 1.1s
0.99|01) + (0.10 +:0.11)]10)  RS-5  (18,51) 0.3s 1.1s
0.91]01) + (0.22 +¢0.36)|10)  RS-6  (50,152) 0.1s 0.9s
0.07]01) + (—0.77 + 10.64)|10) RS-7  (172,285) 0.1s 1.1s
0.06/01) + (0.99 — :0.16)|10)  RS-8  (174,346) 0.3s 1.1s

4.4 Conclusions

In this chapter, a three-layer nested UDD sequence was experimentally implemented
on an NMR quantum information processor and explored its efficiency in protecting
arbitrary states in a two-dimensional subspace of two qubits. The nested UDD layers
were applied in a particular sequence, and the full NUDD scheme was able to achieve
second order decoupling of the system and bath. The scheme is sufficiently general
as it does not assume prior information about the explicit form of the system-bath
coupling. The experiments were highly demanding, with the control operations being
complicated and involving manipulations of both qubits simultaneously. However,
our results demonstrate that such systematic NUDD schemes can be experimentally
implemented, and are able to protect multiqubit states in systems that are arbitrarily
coupled to quantum baths.

In addition, to demonstrate that the NUDD scheme does not depend on the actual
form of an initial superposition state. This scheme was applied to arbitrary states with
randomly sampled coefficients and the experimental results shows that advantage of
the NUDD schemes lies in the fact that one is sure that some amount of state protec-
tion will always be achieved. Furthermore, one need not know anything about the state
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to be protected or the nature of the quantum channel responsible for its decoherence.
All one needs to know is the subspace to which the state belongs. In summary, if the
QIP experimentalist has full knowledge of the state to be protected, it is better to use
UDD schemes that are not nested. However, if there is only partial knowledge of the
state, the QIP experimentalist would do better to use these “generic” NUDD schemes.
If we do not know the subspace to which the state belongs, we need to consider the full
space, which increases the number of nesting layers, and experimentally implementa-
tion becomes a difficult task. The study in this chapter points the way to the realistic
protection of fragile quantum states up to high orders and against arbitrary noise.
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Chapter 5

Experimentally preserving
time-invariant discord using
dynamical decoupling

5.1 Introduction

Interaction of quantum systems with their environment causes the destruction of in-
trinsic quantum properties such as quantum superposition, quantum entanglement and
more general quantum correlations [167]. It has been observed that quantum entan-
glement may disappear completely but there still may exist quantum correlations in
a quantum system. Quantum correlations are thus more fundamental than entangle-
ment [168]]. The quantification of quantum correlations, distinction from their classi-
cal counterparts, and their behavior under decoherence, is of paramount importance
to quantum information processing [1]]. Several measures of nonclassical correlations
have been developed [[168] and their signatures experimentally measured on an NMR
setup [169, [170]. Quantum discord is a measure of nonclassical correlations that are
not accounted for by quantum entanglement [[171]. While the intimate connection of
quantum entanglement with quantum nonlocality is well understood and entanglement
has long been considered a source of quantum computational speedup [172], the im-
portance of quantum discord, its intrinsic quantumness and its potential use in quantum
information processing protocols, is being explored in a number of contemporary stud-
ies [173]].

A surprising recent finding suggests that for certain quantum states up to some time
t, quantum correlations are not destroyed by decoherence whereas classical correla-
tions decay. After time ¢ the situation is reversed and the quantum correlations begin
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to decay [67, [174]. This inherent immunity of such quantum correlations to environ-
mental noise throws up new possibilities for the characterization of quantum behavior
and its exploitation for quantum information processing. The peculiar “frozen” behav-
ior of quantum discord in the presence of noise was experimentally investigated using
photonic qubits [175] and NMR qubits [176, 177]]. The class of initial quantum states
that exhibit this sudden transition in their decay rates was theoretically studied under
the action of standard noise channels, and it was inferred that the type of states that
display such behavior depends on the nature of the decohering channel being consid-
ered [178]. Dynamical decoupling (DD) methods have been proposed to protect quan-
tum discord from environment-induced errors [[[179]] and a recent work showed that
interestingly, DD schemes can also influence the timescale over which time-invariant
quantum discord remains oblivious to decoherence [180].

In this chapter we demonstrate the remarkable preservation of time-invariant quan-
tum discord upon applying time-symmetric DD schemes of the bang-bang variety, on
a two-qubit NMR quantum information processor. We begin by looking at a measure
for quantum and classical correlations for a special class of two-qubit quantum states,
namely, Bell-diagonal (BD) states. Then the noise affecting a spin system is charac-
terized by experimentally measuring the relaxation of the spins. Considering the spin
system used which is a heteronuclear and the experimental results of the relaxation
parameters, a model is proposed that the decoherence channel acting on the two qubits
is mainly a phase damping channel acting independent on each qubit. According to
this model zero quantum coherences and double quantum coherences decay with same
rates which is equal to the sum of single quantum coherences decay rates. Experi-
mental results validate this model. The BD state experimentally prepared, its decay
is observed and found the quantum correlations freeze for a time interval. The results
obtained from the experiments and theoretical noise model are compared. In the final
section of this chapter, several robust DD sequences are applied to the system in the
BD state, resulting in a significantly prolonged freezing time of quantum correlations.

5.2 Measure for correlations of two qubits

Consider a bipartite system made of an system A and B into a Hilbert space {4 ®
Hp with H 4 and Hp is a Hilbert state of system A and B respectively. The total
correlations of a state in a bipartite quantum system are measured by the quantum
mutual information J(p4p) defined as

J(pag) = S(pa) + S(pp) — S(pan) (5.1)

where S(p) = —Tr{ plog, p } is the von Neumann entropy.
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Then the quantum discord is defined as

D(pap) = I(pas) — Clpan) (5.2)

where C(pap) is a classical correlations of the state [67, [181]. Next we specify the
quantity used for measuring the classical correlations. Such a quantity is based on
the generalization of the concept of conditional entropy. We know that performing
measurements on system B affects our knowledge of system A. How much system A
is modified by a measurement of B depends on the type of measurement performed
on B. Here the measurement is considered of von Neumann type. It is described by
a complete set of orthonormal projectors {II;} on subsystem B corresponding to the
outcome k. The classical correlations C(p4p) are then defined as

Clpan) = I{I}%[S (pa) = S(ppal{11x})] (5.3)

where the maximum is taken over the set of the projective measurements {7} and
S(pps{1I}) = >, prS(pk) is the conditional entropy of A, given the knowledge of
the state of B, with Pr = TrAB(pABHk) and Pk = TrB(HkpABHk>/pk:-

Consider a two-qubit quantum system with its state space spanned by the states
{]00), |01), |10}, |11)} and the eigenstates of the Pauli operators 0! ® o2. Any state for
such a system is locally equivalent to

3
1 —
p:z<1+a.5®1+1®b.5+zcjaj®aj> (5.4)

J=1

where [ is the identity operator, ¢ = (o, 0y, 0,) with Pauli spin observables in
the z,y,z direction, @ = (uy,u,,u,) € R3, 40 = u,0, + u,0, + u,0, (u = a,b,c) .
Here we are only interested in the family of BD states which is described by a density
matrix

3
1
pAB:Z ([+ZCjOj®Uj) (55)

Jj=1

where c; are real constants such that p,p is a valid density operator. The eigenvalues
of the density matrix pp are given by
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5. Experimentally preserving time-invariant discord using dynamical decoupling

1

)\0 = 1(1—01—02—03),
1

)\1 = 1(1—01+CQ+63),
1

)\2 = Z(1+Cl_02+c3)7
1

)\3 - Z(1+01+CQ—63).

(5.6)

The reduced density matrices of pap as given in Eq. are pA = é and pp = é The
total correlations J(p) are given by:

3
J(p) =2+ Nlogy Ay (5.7)

=0

The classical correlations for the BD states given as

1+ (=1)x

Cloap] = ), ——5—— log,[1+ (- 1)’x], (5.8)
j=1
where x = max{|¢1],|cz|, |cs|}. The maximization procedure with respect to

the projective measurements, present in the definition of the classical correlations of
Eq.(5.3), can be performed explicitly for the system here considered noticing that
the complete set of the orthogonal projectors is given by II; = |0;)(0;|, with j=1,2,
01) = cosh|0) + e~ *?sinf|1), |62) = sinf|0) + e~ *?cosh|1), and the state of the system
always remains of the form given by Eq.(5.5)) during time evolution [67].

5.3 Characterization of noise channels

In high field NMR, the Zeeman interaction causes a splitting of the energy levels ac-
cording to the field direction and the difference between magnetic quantum numbers

Amy,s = m, —mg (5.9)

defines the order of the coherence. If Am,., = 0 the coherence is a zero quantum (ZQ)
coherence, if Am,, = +1 the coherence is a single quantum (SQ) coherence, and if
Am,.s = 12 the coherence is a double quantum (DQ) coherence. In general, a density
matrix element p,.; represents p-quantum coherence (p = m,. — my) [20}89]]. For our

108



5.3 Characterization of noise channels

two-qubit system we use for the experiments, the experimentally measured longitudi-
nal NMR spin relaxation times are T} ~ 7.9 s and T° ~ 16.6 s, which are much longer
than the measured effective NMR transverse spin relaxation rates 75! = 0.513 & 0.01 s
and Ty’ = 0.193+0.005 s. Since we study the decoherence of the state for an evolution
time of approximately 0.5 s, we neglect the effects of the amplitude-damping channel
whose effects are associated with 7 and assume that the main noise channel for our
system is the phase-damping channel. The effective transverse spin relaxation rates
were measured by applying a 90° excitation pulse followed by a decay interval (with
no refocusing pulse) and by fitting the resulting decay of the magnetization. The decay
rate of SQ coherence of spin(i) is given by 1/7T%. Our experimental system is heteronu-
clear, with two different nuclear species (proton and carbon), having very different
Larmor resonance frequencies and hence large chemical shift differences. We hence
hypothesize that each spin decoheres in an independent phase damping channel which
is not correlated with that of the other spin. Therefore, we model the phase damping
channel for this system as a homogeneous dephasing channel acting independently on
each qubit [[182]]. We use the operator-sum representation formalism and the associated
phase-damping Kraus operators [[1].The Kraus operators for a two-qubit system under
phase damping channel are:

1
Eit) = g(L+e™)i(1re™)plal,

(1-— e*Wt)%[ ® 0,

(NI

B(t) = (1+e)

1
By(t) = (1l—e )il +e™)i0. 01,

1 1 1
E4s(t) = 5(1 — e M2(1 —e 20, ® 0, (5.10)

where v, = 1/T5 is the decay constant of the i*" spin, I is the identity matrix and o, is

a Pauli matrix.
Z E;(1)E;(t)f =1, (5.11)

pup(t ZE )pan(0)E;(t). (5.12)

Once we fix the model, we can apply it to any state. One of the qualitative predic-
tions of the model is that the DQ and ZQ decay rates are equal. We measured these rates
in two independent experiments and compared them with those predicted by the above
model (whose parameters are completely fixed). The experimentally measured DQ and
ZQ decay rates were Ypg = 6.395+0.23 s and v = 6.13840.275 s~ respectively,
and the theoretically predicted common decay was y; + 72 = % + % =7.21£0.173

!, showing the model works.
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5. Experimentally preserving time-invariant discord using dynamical decoupling

5.3.1 Bell-diagonal states under a dephasing channel

For a two-qubit system where each qubit is affected by an independent local dephasing
channel, to see the evolution under the phase-damping channel acting independently
on each qubit, we use the operator-sum representation formalism and the associated
phase-damping Kraus operators [[1]. The evolution in a noisy environment is governed
by the phase-damping channel in Eq. (5.10), and it turns out for Bell-diagonal states

PAB

a(t) = ca(0)exp[—(n +12)t,
cat) = ca(0)exp[—(71 +2)t,
c3(t) = ¢3(0). (5.13)

5.4 Time invariant quantum correlations

We now consider a system in the special class of Bell-diagonal states for which ¢; (0) =
+1 and ¢3(0) = Fe3(0), with |c3| < 1 under the dephasing channel as define above in
Eq. (5.10). At time ¢ the total correlations are given by

14+ (—1)es(t)

Ipap(t)] = logy[1 + (—=1)7¢s(t)] +

]

< 2
i Lt (—21)3'01(15) logy[1 + (—1) ey (1)), (5.14)
=
the classical correlations are ;iven by
Clpast] = 3 D L Cag, (5.15)

I
A

J

where x(t) = max{|c1(t)], |ca(t)|, |c3(t)|}, and the quantum correlations are given by

Dipap(t)] = Ipas(t)] — Clpap(t)]. (5.16)
We can see that since our system is mainly affected by the phase damping channel,
for l
¢ <o tnlel) (5.17)
2y

quantum correlations remain constant

Dpas(t <) = 3 D g s o), 6a9)
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5.5 Experimental realization of time-invariant discord

and after ¢ > ¢ the quantum correlations start decreasing towards zero and the classical
correlations of system remain constant which is given by:

Clpan(t > 1)] = Z 1+ (—;)jcg(())

j=1

log,[1 + (—1)7c3(0)]. (5.19)

5.5 Experimental realization of time-invariant discord

5.5.1 NMR System

We create and preserve time-invariant discord in a two-qubit NMR system of chloroform-
13C, with the 'H and *3C nuclear spins encoding the two qubits (Fig.[4.2). The ensem-
ble of nuclear spins is placed in a longitudinal strong static magnetic field (B, ~
14.1T) oriented along the z direction. The *H and '3C nuclear spins precess around B
at Larmor frequencies of ~ 600 MHz and =~ 150 MHz, respectively. The evolution of
spin magnetization is controlled by applying rf-field pulses in the x and y directions.
The internal Hamiltonian of the system in the rotating frame is given by Eq.([.26))

The two-qubit system was initialized into the pseudopure state |00) by the spatial
averaging technique [21]. Density matrices were reconstructed from experimental data
by using a reduced set of quantum state tomography (QST) operations combined with
the maximum likelihood method [56] as described in Chapter [2]to avoid any negative
eigen values. The fidelity F' of all the experimental density matrices reconstructed in
this work was computed using the Eq.(2.32). The experimentally created pseudopure
state |00) was tomographed with a fidelity of 0.99, and the NMR signal of this state
was used as a reference for computation of state fidelity in all subsequent time-invariant
discord experiments.

5.5.2 Observing time-invariant discord

A class of Bell-diagonal (BD) states with maximally mixed marginals defined in terms
of Pauli operators o; are

3
(I + Z ¢ 0; ® 0;) (5.20)

=1

1
PBD = 1
where the coefficients ¢; with 0 < |¢;| < 1 determine the state completely and can be
computed as ¢; = (0; ® o).

We aim to prepare an initial BD state with the parameters ¢1(0) = 1, ¢2(0) = 0.7,
¢3(0) = —0.7. The NMR pulse sequence for the preparation of this state from the |00)
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5. Experimentally preserving time-invariant discord using dynamical decoupling
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Figure 5.1: (a) Quantum circuit for the initial pseudopure state preparation, followed by

the block for BD state preparation. The next block depicts the DD scheme used to preserve
quantum discord. The entire DD sequence is repeated N times before measurement. (b)
NMR pulse sequence corresponding to the quantum circuit. The rf pulse flip angles are set
to a = 46° and S = 59.81°, while all other pulses are labeled with their respective angles

and phases.

pseudopure state is given in Fig. [5.1|(b). Preparing the BD state involves manipulation
of NMR multiple-quantum coherences by applying rotations in the zero-quantum and
double-quantum spin magnetization subspaces. Since the molecule is a heteronuclear
spin system, high-power, short-duration rf pulses were used for gate implementation
(with rf pulses of flip angles « = 45.57° and § = 59.81° in Fig. having pulse
lengths of 6.85us and 5.02us, respectively). The experimentally achieved pfp (re-
constructed using the maximum likelihood method [56] had parameters ¢;(0) = 1.0,
c2(0) = 0.680 and ¢3(0) = —0.680 and a computed fidelity of 0.99. The experimen-
tally reconstructed density matrix (using quantum state tomography and maximum
likelihood) was found to be:

0.080 0.003 4-0.000z 0.003 + 0.000z 0.080 + 0.000z
g | 0.003—0.000: 0.420 0.420 + 0.001z 0.003 + 0.000¢
PED == | 0.003 — 0.000i 0.420 — 0.001 0.420 0.003 + 0.0002

0.080 — 0.000z 0.003 — 0.000z 0.003 — 0.0002 0.080
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5.5 Experimental realization of time-invariant discord

Correlation functions for the BD states can be computed readily to give the classical
correlations (C[p(t)]), the quantum discord (D[p(t)]), and total correlations (J[p(t)] [67]:

e = S EEDMO 0y iy

— 2
o) = 3 EEEP A o 1y

+> L%m@u + (=1) )

S
—~
D
S~—

Il

()
—
D

|

)
—
D
~

(5.21)

where x(¢) = max{[ey (£)], |ea(1)], es(t)]}-

For the class of BD states with coefficients ¢; = +1, ¢y = Fcg, |c3] < 1, the evo-
lution under a noisy environment is governed by the noise operators given in Eq[5.10]
and it turns out that ¢ (t) = ¢1(0)exp[—(11 + 72)t], ca(t) = c2(0)exp[—(11 + 72)t],
c3(0) = c¢3, and the quantum discord does not decay up to some finite time ¢ [67].
Initially (+ = 0), the computed correlations in the p5}, state (taken as an average of
five density matrices initially prepared in the same state) turned out to be C[p(0)] =
0.999 4 0.169, D[p(0)] = 0.366 £ 0.024 and I[p(0)] = 1.366 £ 0.017. The simulated
and experimental plots of the dynamics of the quantum discord, classical correlations
and total correlations are shown in Fig[5.2] (a) and (b) respectively, and shows a dis-

tinct transition from the classical to the quantum decoherence regimes at t = ¢. The
c1(0)

c3(0)

transition time up to which quantum discord remains constant is ¢ = % In

We allowed the experimentally prepared state p5p, to evolve freely in time and
determined the parameters c; at each time point. We used these experimentally de-
termined coefficients to compute the classical correlations (C[p(t)]), the quantum dis-
cord (D]p(t)]), and total correlations (J[p(t)]) at each time point. The transition time
up to which quantum discord remains constant was experimentally determined to be
t = 0.052s. The experimental results correlate well with the theoretical noise model
which allows to calculate ¢ and the value comes out to be 0.054 s. The tomographed
density matrix, reconstructed at different time points, shows that state evolution re-
mains confined to the subspace of BD states, as is evident from the experimentally
reconstructed density matrices of the state at different time points displayed in Fig[5.3]
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5. Experimentally preserving time-invariant discord using dynamical decoupling

(a) Simulation (b) Experiment
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Figure 5.2: Time evolution of total correlations (triangles), classical correlations (squares)
and quantum discord (circles) of the BD state: (a) Simulation, (b) Experimental plot with-

out applying any preservation.

5.6 Protection of time-invariant discord using dynami-

cal decoupling schemes

DD schemes, consisting of repeated sets of 7 pulses with tailored inter-pulse delays
and phases, have played an important role in dealing with the debilitating effects of
decoherence [155]. Several NMR QIP experiments have successfully used DD-type
schemes to preserve quantum states [60, [183]. These schemes are expected to provide
an advantage over traditional Carr-Purcell-Meiboom-Gill (CPMG) refocusing schemes
and here we compared the two experimentally.

We first protect these states and their related quantum correlations using standard
CPMG schemes of the type (7 — m — 7 — ). The results are shown in Fig[5.4(a) and
(b) for two different values of 7 (the time interval between two consecutive 7 pulses).
It turns out that the CPMG schemes which are based on the traditional Hahn spin echo
are able to provide protection to some extent and the life time of the time invariant
quantum discord grows from 0.05 s to 0.11 s as we increase the number of 7 pulses.
However, as we try to increase the number of 7 pulses further the results are counter-
productive as shown in Fig[5.4(b). Therefore, beyond a point we have to give up the
standard Hahn spin echo strategy.

Next we implemented more sophisticated DD sequences to explore if we can fur-
ther protect the BD state, and hence the related quantum correlations typified via the
survival time of the quantum discord ¢. If the 7 pulses in a DD sequence are non-ideal
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5.6 Protection of time-invariant discord using dynamical decoupling schemes

(a) Initial State (1" = Os)

Figure 5.3: Real (left) and imaginary (right) parts of the experimental tomographs of the
(a) Bell Diagonal (BD) state, with a computed fidelity of 0.99. (b)-(e) depict the state at
T =0.06,0.12,0.17, 0.23s, with the tomographs on the left and the right representing the
simulated and experimental state, respectively. The rows and columns are labeled in the

computational basis ordered from |00) to |11).
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5. Experimentally preserving time-invariant discord using dynamical decoupling

(a) CPMG(T =0.57Tms) (b) CPMG(7T = 0.38ms)
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Figure 5.4: Time evolution of total correlations (triangles), classical correlations (squares)
and quantum discord (circles) of the BD state: Experimental plots using CPMG preserving
sequences (a) CPMG with 7 = 0.57 ms and (b) CPMG with 7 = 0.38 ms.

(either due to finite pulse lengths or flip angle and off-resonant driving errors), it leads
to imperfect system-bath decoupling. Several schemes have been designed to make
DD sequences robust against pulse imperfections by achieving ideal pulse rotations.
Standard CPMG-based DD sequences used 7 pulses applied along the same rotation
axis, which then preserve coherence along only one spin component. The XY family
of DD sequences applies pulses along two orthogonal (z, i) axes, which preserves co-
herences about both spin rotation axes. The basic XY4(s) DD sequence is a four-pulse
sequence with phases x — y — x — vy, with pulses applied at the center of each time
period such that the whole sequence is time-symmetric with respect to its center [63]].
The XY8(s) DD sequence uses the XY4(s) sequence as a building block, by combin-
ing the XY4(s) sequence with its time-reversed version, so that the whole eight-pulse
sequence is explicitly time-symmetric. Each cycle of the symmetrized DD sequences
is applied several times to achieve higher-order decoupling [161]]. The Knill dynami-
cal decoupling (KDD) sequence combines the rotation pattern of the XY4(s) sequence
with composite pulses, replacing each 7 pulse in the DD sequence with a composite
sequence of five pulses with different phases [[[161]]:

KDDy = (M) r/64¢ — (1) — (M) rj246 — (M) — (T)n/610- (5.22)

The additional phases in the KDD,,, (zy in the subscript denoting pulses applied
along both axes) lead to better compensation for pulse errors, combining two of the
basic five-pulse blocks given in Eq. that are shifted in phase by 7 i.e [KDDg-
KDD: ]. The four symmetrized DD schemes used in our experiments to preserve time-
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Figure 5.5: NMR pulse sequence corresponding to DD schemes (a) XY4(s), (b) XY8(s),
(c) XY16(s), and (d) KDD,,, , with time delays between pulses denoted by 74 , 78, 7, 7% ,
respectively. All the pulses are of flip angle 7 and are labeled with their respective phases.
The pulses are applied simultaneously on both qubits. The superscript 2’ in the KDD xy
sequence denotes that one unit cycle of this sequence contains two blocks of the ten-pulse
block represented schematically, i.e., a total of twenty pulses. The shorter duration proton
pulses and the longer duration carbon pulses are centered on each other and the various
time delays (74, 73 , 7, T%) in all the DD schemes are tailored to the gap between two

consecutive carbon pulses.

117



5. Experimentally preserving time-invariant discord using dynamical decoupling

XY4(s) (b) XY8(s)

/N
Q
N—

1.4 - e Quantum discord 1.4 - e Quantum discord
1 m Classical corr. 1 m Classical corr.
1.2 1.2 1
T A a Total corr. T 4 a Total corr.
s '] f—0.11 R f—0.13
o 1" = 0.11s o ] as, =
2084 Ma =08« ‘L
E n AAAAA E = . AAA
0064 " L4y 0 0.6 -n La,
t 7] LT fas : 7 . AAAAAAAAAA
8 0.4 j oooo.ooll.g::::--.-nﬁ““ﬁﬁﬁ 8 0.4 : o‘oooooo=ll=::::--lluuull--l
0.2 1 -E ..‘oo 0.2 -E .°000
O - ®0000000 0 | %00
0 0.1 0.2 0.3 0 0.1 0.2 0.3
Time(s) — Time(s) —

Figure 5.6: Time evolution of total correlations (triangles), classical correlations (squares)
and quantum discord (circles) of the BD state: Experimental plots using (a) XY4(s) with
74 = 0.58 ms and (b) XY8(s) with 73 = 0.29 ms.

invariant discord, namely XY4(s), XY8(s), XY16(s) and KDD,,, , are schematically
represented in Fig[5.5] The 2’ in the superscript of the KDD,,, scheme denotes that
one unit cycle of this scheme contains two of ten-pulse blocks, for a total of twenty
pulses. We applied 7 pulses simultaneously on both spins, with pulse lengths of 15.1
ps and 26.8 ps for the proton and carbon spins, respectively. The proton and carbon
pulses are centered on each other and the time delay between pulses was set at the gap
between two consecutive carbon pulses. Each DD sequence was applied a repeated
number of times (N being as large as experimentally possible), for good coherence
preservation.

We implemented the symmetrized XY4(s) DD scheme for 7, = 0.58 ms and an
experimental time for one run of 2.43 ms. The time for which quantum discord persists
using the XY4(s) scheme is ¢ = 0.11 s, which is double the time as compared to ‘no-
preservation’ (Fig. [5.6(a)). We implemented the XY8(s) DD scheme for 75 = 0.29
ms and an experimental time for one run of 2.52 ms. The time for which quantum
discord persists using the XY8(s) scheme is ¢ = 0.13s, nearly the same as the XY4(s)
scheme (Fig. [5.6(b)). The XY16(s) DD scheme provides even better compensation
than the XY8(s) sequence. We implemented the XY 16(s) scheme for 7 = 0.145 ms
and an experimental time for one run of 2.75 ms. The time for which quantum discord
persists for the XY16(s) scheme is ¢ = 0.24 s, which is four times the persistence
time of the discord when no preservation is applied (Fig[5.8(a)). We implemented
the KDDzy sequence with 7 = 0.116 ms and an experimental time for one run of
2.86 ms. In this case too, the time for which quantum discord persists ¢ = 0.22 s
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Figure 5.7: Real (left) and imaginary (right) parts of the experimental tomographs of the
(a)-(e) depict the BD state at N = 20, 40, 60, 80, 100, with the tomographs on the left and
the right representing the BD state after applying the XY4 and XY8 scheme, respectively.

The rows and columns are labeled in the computational basis ordered from |00) to |11).
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Figure 5.8: Time evolution of total correlations (triangles), classical correlations (squares)
and quantum discord (circles) of the BD state: Experimental plots using (a) XY 16(s) with
7 = 0.145 ms and (b) KDD,,,, with 7, = 0.116 ms.

is quadrupled, as compared to no-preservation (Fig/5.8(b)). The DD sequence was
looped for five times between each time point in Figs[5.4] [5.6/and [5.8] which typically
means repeating a DD sequence 175-200 times during an experiment covering all time
points. The experimental tomographs of the BD state at different instances of time after
using XY4(s), XY8(s), XY16(s) and KDD,, DD preservation schemes to protect time-
invariant discord are given in Fig[5.7/and Fig[5.9] All the experimental tomographs
display excellent preservation of the state, with very little leakage.

In Figl5.10] we plotted the protection of quantum entanglement in the two-qubit
BD state via CPMG and DD schemes, using negativity as an entanglement measure. It
turns out that the results of entanglement protection are similar to that of discord pro-
tection namely, that CPMG and XY4(s) schemes protect entanglement to some extent
while the more involved DD schemes are able to protect entanglement for relatively
long times up to 0.3 s (as compared to its natural decay time of 0.12 s without any DD
protection). However, the phenomenon of freezing of entanglement is not observed,
unlike the case for quantum discord.

5.6.1 Conclusions

The two-qubit system we used in our experiments is mainly affected by an independent
phase damping channel on each qubit for the experimental time regime under consid-
eration. One of the main sources of relaxation in NMR is dipolar relaxation. Such
noise can be ideally suppressed by the CPMG sequence. The suppression of noise is
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Figure 5.9: Real (left) and imaginary (right) parts of the experimental tomographs in (a)-
(e) depict the Bell Diagonal (BD) state at N = 20, 40, 60, 80, 100, with the tomographs on
the left and the right representing the BD state after applying the XY 16 and KDD,,, pre-
serving DD schemes, respectively. The rows and columns are labeled in the computational
basis ordered from |00) to |11).
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Figure 5.10: Plot of time evolution of entanglement without applying any preservation
(filled circle), CPMG with 7 = 0.57 ms (empty circle), XY4(s) (filled rectangle), XY8(s)
(empty rectangle), XY16(s) (filled triangle) and KDD,,, (empty triangle),respectively.

expected to increase by reducing the delay between the 7 pulses, but due to imper-
fect 7 pulses after a certain time point instead of suppressing noise, starts contributing
to the noise. Also, the CPMG sequence is designed to protect magnetization along
one particular axis, not for a general axis. To mitigate all these problems we used
XY4(s), XY8(s), XY16(s) and KDD,,, DD sequences, which are robust against these
imperfections and protect magnetization along the general axis. Our results show that
time-invariant quantum discord, which remains unaffected under certain decoherence
regimes, can be preserved for very long times using DD schemes. Our experiments
have important implications in situations where persistent quantum correlations have
to be maintained to carry out quantum information processing tasks.
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Chapter 6

Dynamics of tripartite entanglement
under decoherence and protection
using dynamical decoupling

6.1 Introduction

In Chapter [5] we considered the situation where we have knowledge of the state of
the system as well as its interaction with the environment. In such situations, since
the noise model is known, decoupling strategies can be designed to cancel this noise.
Using these decoupling strategies, we experimentally extended the lifetime of time in-
variant discord of two-qubit Bell-diagonal states. In this chapter we extend the same
idea for experimental preservation of three-qubit entangled states. Quantum entangle-
ment is considered to lie at the crux of QIP [[1] and while two-qubit entanglement can
be completely characterized, multipartite entanglement is more difficult to quantify
and is the subject of much recent research [172]]. Entanglement can be rather frag-
ile under decoherence and various multiparty entangled states behave very differently
under the same decohering channel [184]. It is hence of paramount importance to
understand and control the dynamics of multipartite entangled states in multivarious
noisy environments [185, [186, [187]. A three-qubit system is a good model system
to study the diverse response of multipartite entangled states to decoherence and the
entanglement dynamics of three-qubit GHZ and W states have been theoretically well
studied [188} [189]. Under an arbitrary (Markovian) decohering environment, it was
shown that W states are more robust than GHZ states for certain kinds of channels
while the reverse is true for other kinds of channels [[190, 191} 192, [193]].

On the experimental front, tripartite entanglement was generated using photonic
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qubits and the robustness of W state entanglement was studied in optical systems [[194,
195} 1196, [197]. The dynamics of multi-qubit entanglement under the influence of
decoherence was experimentally characterized using a string of trapped ions [[198]
and in superconducting qubits [199]]. In the context of NMR quantum information
processing, three-qubit entangled states were experimentally prepared [23, [127, 200,
2011, and their decay rates compared with bipartite entangled states [40].

With a view to protecting entanglement, dynamical decoupling (DD) schemes have
been successfully applied to decouple a multiqubit system from both transverse de-
phasing and longitudinal relaxation baths [62} 95,1141} 162]]. UDD schemes have been
used in the context of entanglement preservation [202, 203]], and it was shown theoret-
ically that Uhrig DD schemes are able to preserve the entanglement of two-qubit Bell
states and three-qubit GHZ states for quite long times [204].

In this chapter, first the Lindblad master equation is solved analytically for the ro-
bustness of three different tripartite entangled states, namely, the GHZ, W and WW
states with different noise channels. Then the robustness against decoherence of these
three different tripartite entangled states are experimentally explored. The WW state
is a novel tripartite entangled state which belongs to the GHZ entanglement class in
the sense that it is SLOCC equivalent to the GHZ state, however stores its entangle-
ment in ways very similar to that of the W state [[128, 205)]. Next, the experimental
data are best modeled by considering the main noise channel to be an uncorrelated
phase damping channel acting independently on each qubit, along with a generalized
amplitude damping channel. Next, the entanglement of these states is protected us-
ing two different DD sequences: the symmetrized XY-16(s) and the Knill dynamical
decoupling (KDD) sequences, and evaluated their efficacy of protection.

6.2 Dynamics of tripartite entanglement

6.2.1 Tripartite entanglement under different noise channels

We considered four different noise channels: phase damping (Pauli o,), amplitude
damping (Pauli o), bit-phase flip (Pauli o) and a uniform depolarizing channel along
the lines suggested in Reference [206]. The master equation is given by [207]]:

3p i
at Hs;ﬁ + Z |: zapLi’a - _{L 1a>)0} (61)

where M is the system Hamiltonian, L, , = , //<;Z-7aagf ) is the Lindblad operator acting
on the ith qubit and o) is the Pauli operator on the ith qubit, « = =z, y, z; the con-

stant x; , turns out to be the inverse of the decoherence time. This master equation
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approach has been shown to be equivalent to the standard operator sum representation
method for open quantum systems, where density operator evolution is given in terms
of the standard Kraus operators for various noise channels [1]]. For two qubits, all en-
tangled states are negative under partial transpose (NPT) and for such NPT states, the
minimum eigenvalues of the partially transposed density operator is a measure of en-
tanglement [208]. This idea has been extended to three qubits, and entanglement can
be quantified for a three-qubit system using the well-known tripartite negativity Ng)g
measure [[189, [209]]:

NG, = NNz N3] /3 (6.2)

where the negativity of a qubit N; refers to the most negative eigenvalue of the partial
transpose of the density matrix with respect to the qubit <.

(a) O (b)
D
0.2 0.4 0.6 0.8 1.0 0 02 04 06 0.8 1.0
Kt—— Kt——
(c) o (d) Depolarizing
1.0 1.0 _TE
0.8 - 0.8 - AWW
n GHZ
T 0.6 - T 0.6 -
2 0.4 - 2 0.4 -
0.2 1 0.2 -
0 - : : . , 0 , , : .
0.2 0.4 0.6 0.8 1.0 0.1 0.2
Kt ’ Kt——

Figure 6.1: Simulation of decay of tripartite entanglement parameter negativity NG of
the GHZ state (blue squares), the W state (red circles) and the WW state (green triangles)
under the action of (a) amplitude damping (Pauli o,) channel, (b) bit-phase flip (Pauli
oy) channel (c) phase damping (Pauli o) channel and (d) isotropic noise (depolarizing)

channel. The « parameter denotes inverse of the decoherence time.
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The analytical results of the Lindblad equation under the action of the different
noise channels on tripartite entanglement are displayed in Fig. where Figs. [6.1)(a)-
(d) show the decohering effects of the amplitude damping (Pauli ¢,) channel, the bit-
phase flip (Pauli 0,) channel, the phase damping (Pauli o) channel and the depolariz-
ing (isotropic noise) channel respectively, on the GHZ, W and WW states. The simu-
lation indicates that the W state is more robust against the phase-damping channel as
compared to the GHZ state, while the reverse is true for the amplitude-damping chan-
nel. Both states decohere to nearly the same extent under the action of the bit-phase flip
channel and the depolarizing channel. The WW state decoheres more rapidly under
the actions of the bit-phase flip channel and the depolarizing channel, as compared to
the other GHZ and the W states. For short timescales its decoherence behavior mim-
ics the W state under the action of the amplitude damping channel while for longer
timescales it decoheres similar to the GHZ state. On the other hand, under the action
of the phase-damping channel the WW state initially decoheres faster than the GHZ
state and later closely follows the GHZ decay behavior.

6.2.2 NMR system

We use the three F nuclear spins of the trifluoroiodoethylene (CyFsI) molecule to
encode the three qubits. On an NMR spectrometer operating at 600 MHz, the fluorine
spin resonates at a Larmor frequency of ~ 564 MHz. The molecular structure of
the three-qubit system with tabulated system parameters and the NMR spectra of the
qubits at thermal equilibrium and prepared in the pseudopure state |000) are shown in
Figs.[6.2.2(a), (b), and (c), respectively. The Hamiltonian of a weakly-coupled three-
spin system in a frame rotating at w, (the frequency of the electromagnetic field B (t)
applied to manipulate spins in a static magnetic field By) is given by [89]:

3 3
H=— Z(Wz - wrf)liz + Z 27TJij[iZ[jZ (63)
i=1 i<j,j=1

where I;, is the spin angular momentum operator in the z direction for °F; the first
term in the Hamiltonian denotes the Zeeman interaction between the fluorine spins and
the static magnetic field By with w; = 271; being the Larmor frequencies; the second
term represents the spin-spin interaction with J;; being the scalar coupling constants.
The three-qubit equilibrium density matrix (in the high temperature and high field
approximations) is in a highly mixed state given by:

Peq = %(I"'E Apeq)

3
Apeq o Y I (6.4)
=1
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Figure 6.2: (a) Molecular structure of trifluoroiodoethylene molecule and tabulated sys-
tem parameters with chemical shifts v; and scalar couplings J;; (in Hz), and spin-lattice
relaxation times 77 and spin-spin relaxation times T2 (in seconds). (b) NMR spectrum
obtained after a 7 /2 readout pulse on the thermal equilibrium state. and (¢) NMR spec-
trum of the pseudopure |000) state. The resonance lines of each qubit are labeled by the

corresponding logical states of the other qubit.

with a thermal polarization € ~ 1077, I being the 8 x 8 identity operator and Ape,
being the deviation part of the density matrix. The system was first initialized into

the |000) pseudopure state using the spatial averaging technique [21]], with the density
operator given by

1 _
Povo = Tel + €/000) (000] 6.5)

The specific sequence of rf pulses, z gradient pulses and time evolution periods we
used to prepare the pseudopure state pgoo starting from thermal equilibrium is shown
in Fig. [6.3] All the rf pulses used in the pseudopure state preparation scheme were
constructed using the Gradient Ascent Pulse Engineering (GRAPE) technique [22]
and were designed to be robust against rf inhomogeneity, with an average fidelity of
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Figure 6.3: NMR pulse sequence used to prepare pseudopure state pgog starting from

thermal equilibrium.The pulses represented by black filled rectangles are of angle 7. The
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written below each pulse bar. The evolution interval 7;; is set to a multiple of the scalar

other rf flip angles are set to 6; = 02 = % and 6 = 7. The phase of each rf pulse is

coupling strength (.J;;).

> 0.99. Wherever possible, two independent spin-selective rf pulses were combined
using a specially crafted single GRAPE pulse; for instance the first two rf pulses to be
applied before the first field gradient pulse, were combined into a single pulse specially
crafted pulse (U,, in Fig.[6.3)), of duration 600us. The combined pulses U,,, U, and
U,, applied later in the sequence were of a total duration ~ 20 ms.

All experimental density matrices were reconstructed using a reduced tomographic
protocol and by using maximum likelihood estimation [56, [87]] as described in Chap-
terwith the set of operations {/ 11, [IY,IYY,YII, XY X XXY, XXX}, Iisthe
identity (do-nothing operation) and X (V") denotes a single spin operator implemented
by a spin-selective 7 /2 pulse. We constructed these spin-selective pulses for tomogra-
phy using GRAPE, with the length of each pulse ~ 600us. The experimentally created
pseudopure state |000) was tomographed with a fidelity of 0.99 and the total time taken
to prepare the state was ~ 60 ms. The fidelity of an experimental density matrix was

computed using Eq. (2.32).
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Figure 6.4: (Quantum circuit showing the sequence of implementation of the single-qubit
local rotation gates (labeled by R), two-qubit controlled-rotation gates (labeled by C'R)
and controlled-NOT gates required to construct the (a) GHZ state (b) W state and (c) WW

State.

6.2.3 Construction of tripartite entangled states

Tripartite entanglement has been well characterized and it is known that the two differ-
ent classes of tripartite entanglement, namely GHZ-class and W-class, are inequivalent.
While both classes are maximally entangled, there are differences in the their type of
entanglement: the W-class entanglement is more robust against particle loss than the
GHZ-class (which becomes separable if one particle is lost) and it is also known that
the W state has the maximum possible bipartite entanglement in its reduced two-qubit
states [210]. The entanglement in the WW state (which belongs to the GHZ-class
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of entanglement) shows a surprising result, that it is reconstructible from its reduced
two-qubit states (similar to the W-class of states). We now turn to the construction
of tripartite entangled states on the three-qubit NMR system. The quantum circuits to
prepare the three qubits in a GHZ-type state, a W state and a WW state are shown in
Figs.[6.4] (a), (b) and (c), respectively. Several of the quantum gates in these circuits
were optimized using the GRAPE algorithm and we were able to achieve a high gate
fidelity and smaller pulse lengths.

Imaginary

000

Figure 6.5: The real (left) and imaginary (right) parts of the experimentally tomographed
(a) GHZ-type state, with a fidelity of 0.97. (b) W state, with a fidelity of 0.96 and (c)
WW state with a fidelity of 0.94. The rows and columns encode the computational basis
in binary order from |000) to [111).

The GHZ-type \/%(|000> — |111)) state was prepared from the |000) pseudopure
state by a sequence of three quantum gates (labeled as Ug,, Ug,, Ug, 1n Fig. @a)):
first a selective rotation of [g} _,on the first qubit, followed by a CNOT;, gate, and
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finally a CNOT 3 gate. The step-by-step sequential gate operation leads to:

ﬂ000> [100))

Sl

CNO%1 7 (1000 — |110))
NO%ws— _~_ (1000) — [111 6.6
— f (1000) — [111)) (6.6)

All the pulses for the three gates used for GHZ state construction were designed using
the GRAPE algorithm and had a fidelity > 0.995. The GRAPE pulse duration corre-
sponding to the gate Ug, is 600 us, while the Ug, and Ug, gates had pulse durations
of 24 ms. The GHZ-type state was prepared with a fidelity of 0.97. The W state was
prepared from the initial |000) by a sequence of four unitary operations (labeled as
Uw, , Uw, , Uw,, U, in Fig. b)) and the sequential gate operation leads to:

000y —"  |100

)
R2(0.397 2 1
O3y \ﬁ|1oo> f|11o>

CNOT21
— — 100 — 010

orul), (1100 + [101) + [010)]
—3 —_[|100) + |101) +
\/_
RRARSEXS [|100> +1001) + |010)] 6.7)

Sl

The different unitaries were individually optimized using GRAPE and the pulse du-
ration for Uy,, Uw,, Uw,, and Uy, turned out to be 600us, 24ms, 16ms, and 20ms,
respectively and the fidelity of the final state was estimated to be 0.94.

The WW state was constructed by applying the following sequence of gate opera-
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tions on the |000) state:

RY(5)_ 3 1
1000) G, §|ooo> - 5 /100)
CRi2(0.617), /3 1 \/T
e X2 — —[100) — 4/ =|11
51000) — ——[100) /5110

1

, 1
— 5(¢§|000> 5

(1100) 4 |110) +
1010}))

CNOT3 1 1
— 5(\/§\ooo> - ﬁ(‘m” +]111) +
010)))

CNOT23 1 1
= §(\/§\ooo> - %(\103 +[110) +
011)))

R123(g)y 1

V6
1100 + |101) + |110)) (6.8)

(J001) + [010) + |011) +

The unitary operator for the entire preparation sequence (labeled Uy in Fig. [6.4(c))
comprising a spin-selective rotation operator: two controlled-rotation gates, two controlled-
NOT gates and one non-selective rotation by 7 on all the three qubits, was created by a
specially crafted single GRAPE pulse (of pulse length 48ms) and applied to the initial
state |000). The final state had a computed fidelity of 0.95.

6.2.4 Decay of tripartite entanglement

We next turn to the dynamics of tripartite entanglement under decoherence channels
acting on the system. We studied the time evolution of the tripartite negativity Ng)g
for the tripartite entangled states, as computed from the experimentally reconstructed
density matrices at each time instant. The experimental results are depicted in Fig[6.6|
(a), (b) and (c) for the GHZ state, the WW state, and the W state, respectively. Of
the three entangled states considered in this study, the GHZ and W states are maxi-
mally entangled and hence contain the most amount of tripartite negativity, while the
WW state is not maximally entangled and hence has a lower tripartite negativity value.
The experimentally prepared GHZ state initially has a N@B of 0.96 (quite close to its
theoretically expected value of 1.0). The GHZ state decays rapidly, with its negativ-
ity approaching zero in 0.55 s. The experimentally prepared WW state initially has
a Ng)g of 0.68 (close to its theoretically expected value of 0.74), with its negativity
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approaching zero at 0.67 s. The experimentally prepared W state initially has a Ng)g
of 0.90 (quite close to its theoretically expected value of 0.94). The W state is quite
long-lived, with its entanglement persisting up to 0.9 s. The tomographs of the exper-
imentally reconstructed density matrices of the GHZ, W and WW states at the time
instances when the tripartite negativity parameter Ng)g approaches zero for each state,
are displayed in Fig.
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Figure 6.6: Time dependence of the tripartite negativity N for the three-qubit system
initially experimentally prepared in the (a) GHZ state (squares) (b) W state (circles) and (c)
WW state (triangles) (the superscript exp denotes “experimental data”). The fits are the
calculated decay of negativity N®) of the GHZ state (solid line), the WW state (dashed
line) and the W state (dotted-dashed line), under the action of the modeled NMR noise
channel (the superscript cal denotes “calculated fit”). The W state is most robust against

the NMR noise channel, whereas the GHZ state is most fragile.

We explored the noise channels acting on our three-qubit NMR entangled states
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which best fit our experimental data, by analytically solving a master equation in the
Lindblad form, along the lines suggested in Reference [206]. The master equation is

given by Eq. (6.1).
Real Imaginary
(a) (GHZ at t=0.55s)

NSO A g
RS T eSS
l(i?)lllo “01%1}00 1%%” JCh

1119550 111" 000

(b) (W at t=0.90s)

Figure 6.7: The real (left) and imaginary (right) parts of the experimentally tomographed
density matrix of the state at the time instances when the tripartite negativity Nf;é ap-
proaches zero for the (a) GHZ state at t = 0.55 s (b) W state at £ = 0.90 s and (c) WW
state at £ = 0.67 s. The rows and columns encode the computational basis in binary order,

from [000) to [111).

We consider a decoherence model wherein a nuclear spin is acted on by two noise
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channels namely a phase damping channel (described by the T, relaxation in NMR)
and a generalized amplitude damping channel (described by the T, relaxation in NMR) [64]].
As the fluorine spins in our three-qubit system have widely differing chemical shifts,
we assume that each qubit interacts independently with its own environment. The ex-
perimentally determined T; NMR relaxation rates are T} = 5.42 £+ 0.07 s, T3 =
5.65 4 0.05 s and T3 = 4.36 & 0.05 s, respectively. The T, relaxation rates were
experimentally measured by first rotating the spin magnetization into the transverse
plane by a 90° rf pulse followed by a delay and fitting the resulting magnetization de-
cay. The experimentally determined T, NMR relaxation rates are T3 = 0.53 & 0.02s,
T3 = 0.55 £ 0.02 s, and T3 = 0.52 & 0.02 s, respectively. We solved the mas-
ter equation (Eq. ) for the GHZ, W and WW states with the Lindblad operators

Lig =/ o) and L, = miz 6 () where Kip = ~ and K; , = .

B 2 ) 2 R T1 , T2
Under the simultaneous action of all the NMR noise channels, the GHZ state deco-
heres as:

o, 00 0 0 0 0 B
0 as 0 0 0 0 B 0
0 0 agz O 0 B3 0 O
i 0 0 0 Y /64 0 0 0
PGHZ= 0 0 0 B as O 0 0 6.9
0 0 B 0 0 az 0 0
0 B, 00 0 0 ay O
3,0 0 0 0 0 0 o
where
ap = 1(1 + 6_(HI’1+RI’2)t + 6_(/{1,1+Hm,3)t + 6_(5z,2+5z,3)t)
ay = 1(1 _i_e*(ﬁx,lJrlix,z)t . e*(ﬁx,1+nm,3)t _ef(ﬁx,2+l€x73)t)
ay = 1(1 _ 6—(51,1-&-@,2)1& + 6—(f€z,1+f-€z,3)t _ e—(ﬁz,2+ﬁz,3)t)
Oé4 — 1(1 _ e*(“x,l‘“‘ix@)t _ ef(ﬁx,l‘i"fx,S)t + ef(ﬂx,2+/€x,3)t)
1 : K K K
/Bl — g(e_(’fl,z“l‘HQ,z'i‘Hd,z“l‘ 1,ztK2 2+ 3,z)t
(elil,;ct_i_e"‘CQ,:ct_|_€"‘€3,:ct+€(Hl,x+ﬁ2,x+ﬁ3,x)t>
1 —(k K K K K K
/82 — g(e ( 1,2 +k2,z+K3,c+K1 2 tR2, 2+ d,z)t
(_em,xt . em,xt + eng,ﬁt + 6(1{17x+l€2$x+l€3’1)t)
(6.10)
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B

B

(e*("51,x+ﬂ2,m+ﬂ3,z+ﬂl,z+'f27z+/€3,z)t
_eﬂl,zt + 6’{2,zt _ 6”3,mt + 6(“1,z+52,z+“3,z)t)

(ef(Hl,x+52,z+/‘€3,z+/@l,z+n2,z+53,z)t

| = " Co| =

<€Rl,zt _ €H2’It . 6K3'It + 6(51,z+52,z+53,z)t)

(6.11)

Under the simultaneous action of all the NMR noise channels, the W state deco-

heres as:

Where

aq

(8%

a3

Qy

(673

pw = 0 B Bu 0 a5 0 0 pBs
0

ap 0 0 B 0 B B O
0 a B2 0 Bs 0 0 PBio
0 B a3 0 PBu 0 0 p

B 0 0 ay 0 P2 g O

ﬁ5 0 /812 0 (673 ﬁ4 0
Bi 0 0 B 0 By ar O
0 Bio Br 0 B 0 0 ag

l ie_(ﬁz,1+f§z,2+ﬁz,3)t(3 + eﬁz,lt + eﬁz,Qt _

8 24
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8 24
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8 24
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Under the simultaneous action of all the NMR noise channels, the WW state de-
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With this model, the GHZ state decays at the rate v%,, = 6.33 + 0.06s7!, and its
entanglement approaches zero in 0.53 s. The W state decays at the rate (i, =
5.90 + 0.10s7', and its entanglement approaches zero in 0.50 s. The W state decays
at the rate 7% = 4.84 4+ 0.07s™', and its entanglement approaches zero in 0.62 s.
Solving the master equation (Eq. (6.1))) ensures that the off-diagonal elements of the
corresponding p matrices satisfy a set of coupled equations, from which the explicit
values of as and s can be computed. The equations are solved in the high-temperature
limit. For an ensemble of NMR spins at room temperature this implies that the energy
E << kgT where kg is the Boltzmann constant and 7' refers to the temperature,
ensuring a Boltzmann distribution of spin populations at thermal equilibrium. The
results of the analytical calculation and the experimental data match well, as shown in

Fig.[6.6

6.3 Protecting three-qubit entanglement via dynamical
decoupling

As the tripartite entangled states under investigation are robust against noise to varying
extents, we wanted to discover if either the amount of entanglement in these states
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could be protected or their entanglement could be preserved for longer times, using
dynamical decoupling (DD) protection schemes. While DD sequences are effective in
decoupling system-environment interactions, often errors in their implementation arise
either due to errors in the pulses or errors due to off-resonant driving [51].

(2) XY16(s) N
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Figure 6.8: NMR pulse sequence corresponding to (a) XY-16(s) and (b) KDD,, DD
schemes (the superscript 2 implies that the set of pulses inside the bracket is applied twice,
to form one cycle of the DD scheme). The pulses represented by black filled rectangles (in
both schemes) are of angle 7, and are applied simultaneously on all three qubits (denoted
by F',i = 1,2, 3). The angle below each pulse denotes the phase with which it is applied.
Each DD cycle is repeated N times, with N large to achieve good system-bath decoupling.

Two approaches have been used to design robust DD sequences which are imper-
vious to pulse imperfections: the first approach replaces the 7 rotation pulses with
composite pulses inside the DD sequence, while the second approach focuses on opti-
mizing phases of the pulses in the DD sequence. In this work, we use DD sequences
that use pulses with phases applied along different rotation axes: the XY-16(s) and the
Knill Dynamical Decoupling (KDD) schemes [66]. In conventional DD schemes the
7 pulses are applied along one axis (typically x) and as a consequence, only the coher-
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ence along that axis is well protected. The XY family of DD schemes applies pulses
along two perpendicular (z, y) axes, which protects coherence equally along both these
axes [211]. The XY-16(s) sequence is constructed by combining an XY-8(s) cycle with
its phase-shifted copy, where the (s) denotes the “symmetric” version i.e. the cycle is
time-symmetric with respect to its center. The XY-8 cycle is itself created by combin-
ing a basic XY-4 cycle with its time-reversed copy. One full unit cycle of the XY-16(s)
sequence comprises sixteen 7 pulses interspersed with free evolution time periods, and
each cycle is repeated N times for better decoupling. The KDD sequence has addi-
tional phases which further symmetrize pulses in the x — y plane and compensate for
pulse errors; each 7 pulse in a basic XY DD sequence is replaced by five 7 pulses,
each of a different phase [65,212]:

KDDy = (m)z46 = () — (M) 540 — (M)s = (T) 240 (6.20)
where ¢ denotes the phase of the pulse; we set ¢ = 0 in our experiments. The KDD,,
sequence of five pulses given in Eq. (6.20) protects coherence along only one axis.
To protect coherences along both the (x,y) axes, we use the KDD,,, sequence, which
combines two basic five-pulse blocks shifted in phase by 7/2i.e [KDDy —KDDg x/2].
One unit cycle of the KDD,,, sequence contains two of these pulse-blocks shifted in
phase, for a total of twenty 7 pulses. The XY-16(s) and KDD,, DD sequences are
given in Figs.[6.8[a) and (b) respectively, where the black filled rectangles represent
pulses on all three qubits and 7 (7;) indicates a free evolution time period. We note
here that the chemical shifts of the three fluorine qubits in our particular molecule
cover a very large frequency bandwidth, making it difficult to implement an accurate
non-selective pulse simultaneously on all the qubits. To circumvent this problem, we
crafted a special excitation pulse of duration ~ 400us consisting of a set of three
Gaussian shaped pulses that are applied at different spin frequency offsets and are
frequency modulated to achieve simultaneous excitation [128]].

Figsa),(b) and (c) show the results of protecting the GHZ, W and WW states
respectively, using the XY-16(s) and the KDD,,, DD sequences.
GHZ state protection: The XY-16(s) protection scheme was implemented on the
GHZ state with an inter-pulse delay of 7 = 0.25 ms and one run of the sequence took
10.40 ms (including the length of the sixteen 7 pulses). The value of the negativity N3,
remained close to 0.80 and 0.52 for up to 80ms and 240 ms respectively when XY-16
protection was applied, while for the unprotected state the state fidelity is quite low
and N3y, decayed to a low value of 0.58 and 0.09 at 80ms and 240 ms, respectively
(Fig.[6.9(a)). The KDD,,, protection scheme on this state was implemented with an
inter-pulse delay 7, = 0.20 ms and one run of the sequence took 12 ms (including
the length of the twenty 7 pulses). The value of the negativity N3,, remained close
to 0.80 and 0.72 for up to 140ms and 240 ms when KDD,,, protection was applied

(Fig.[6.9()).
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Figure 6.9: Plot of the tripartite negativity (N%) with time, computed for the (a) GHZ-

type state, (b) W state and (c) WW state. The negativity was computed for each state

without applying any protection and after applying the XY-16(s) and KDD,,, dynamical
decoupling sequences.Note that the time scale for part (a) is different from (b) and (c)

W state protection: The XY-16(s) protection scheme was implemented on the W
state with an inter-pulse delay 7 = 3.12 ms and one run of the sequence took 56.40
ms (including the length of the sixteen 7 pulses). The value of the negativity N?,,
remained close to 0.30 for up to 0.68 s when XY-16 protection was applied, whereas
N3,, reduced to 0.1 at 0.68 s when no state protection is applied (Fig. b)). The
KDD,,, protection scheme was implemented on the W state with an inter-pulse delay
T = 2.5 ms and one run of the sequence took 58 ms (including the length of the twenty
7 pulses). The value of the negativity N?3,, remained close to 0.21 for upto 0.70 s when
KDD,,, protection was applied (Fig. [6.9(b)).

WW state protection: The XY-16(s) protection sequence was implemented on the
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WW state with an inter-pulse delay of 7 = 3.12 ms and one run of the sequence took
56.40 ms (including the length of the sixteen 7 pulses). The value of the negativity
N3%,, remained close to 0.5 for upto 0.45 s when XY-16(s) protection was applied,
whereas N3, reduced almost to zero (= 0.02) at 0.45 s when no protection was applied
(Fig. [6.9(c)). The KDD,, protection sequence was applied with an inter-pulse delay
of 7, = 2.5 ms and one run of the sequence took 58 ms (including the length of the
twenty 7 pulses). The value of the negativity N3, remained close to 0.52 for upto 0.46
s when KDD,,, protection was applied (Fig.[6.9(c)).

The results of UDD-type of protection summarized above demonstrate that state
protection worked to varying degrees and protected the entanglement of the tripartite
entangled states to different extents, depending on the type of state to be protected. The
GHZ state showed maximum protection and the WW state also showed a significant
amount of protection, while the W state showed a marginal improvement under protec-
tion. We note here that the lifetime of the GHZ state is not significantly enhanced by
using DD state protection; what is noteworthy is that state fidelity remains high (close
to 0.8) under DD protection, whereas the state quickly gets disentangled (fidelity drops
to 0.4) when no protection is applied. This implies that under DD protection, there is
no leakage from the state to other states in the Hilbert space of the three qubits.

6.4 Conclusions

An experimental study of the dynamics of tripartite entangled states in a three-qubit
NMR system was undertaken. The results are relevant in the context of other stud-
ies which showed that different entangled states exhibit varying degrees of robustness
against diverse noise channels. The W state was found to be the most robust against
the decoherence channel acting on the three NMR qubits, the GHZ state was the most
fragile and decayed very quickly, while the WW state was more robust than the GHZ
state but less robust than the W state. For entanglement protection dynamical decou-
pling sequences were implemented on these states. Both DD schemes were able to
achieve a good degree of entanglement protection. The GHZ state was dramatically
protected, with its entanglement persisting for nearly double the time. The W state
showed a marginal improvement, which was to be expected since these DD schemes
are designed to protect mainly against dephasing noise, and the experimental results
indicated that the W state is already robust against this type of decohering channel.
Interestingly, although the WW state belongs to the GHZ entanglement-class, our ex-
periments revealed that its entanglement persists for a longer time than the GHZ state,
while the DD schemes are able to preserve its entanglement to a reasonable extent.
The decoherence characteristics of the WW state hence suggest a way of protecting
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fragile GHZ-type states against noise by transforming the type of entanglement (since
a GHZ-class state can be transformed via local operations to a WW state). These as-
pects of the entanglement dynamics of the WW state require more detailed studies for
a better understanding.

This work has provided new insights into the way entanglement behaves under
decoherence and can be protected from the same. This kind of protection strategies will
provide a benchmark for extension to higher qubit systems and to the study of different
classes of entangled states. The WW state is in the GHZ class, however its dynamics
under decoherence resembles the W state, thereby providing it a certain amount of
immunity under dephasing. This aspect, coupled with the protection schemes, can
lead to new ways of entanglement protection.
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Chapter 7
Summary and future outlook

The first project in this thesis focused on the reconstruction of a density matrix. The
density matrix which was reconstructed using the standard quantum state tomography
(QST) method had a few negative eigenvalues, which makes it an invalid density ma-
trix. The maximum likelihood (ML) estimation method estimates the quantum state
density matrix by determining the parameters that are most likely to match the ex-
perimentally generated data. The evaluation starts with initial parameters based on a
priori knowledge of experimentally reconstructed density matrix. By putting a con-
straint at every stage of the estimation process, the density matrix was obtained to be
positive and normalized. The standard QST method led to negative eigenvalues in the
reconstructed density matrix and hence an overestimation of the entanglement param-
eter quantifying the residual entanglement in the state. The ML estimation method
on the other hand, by virtue of its leading to a physical density matrix reconstruction
every time, gives us a true measure of residual entanglement, and hence can be used to
quantitatively study the decoherence of multiqubit entanglement.

The later part of the thesis focused on mitigating the unwanted effects of system-
environment interaction. The efficacy of different system-environment decoupling
strategies were explored experimentally. These strategies were built depending on our
knowledge about the system-environment interactions and the state to be preserved.

The first situation considered was one where the state of the system was known,
and the system-environment interaction was unknown. The state was protected against
evolution using the super-Zeno scheme. The next situation considered was one where
only the subspace to which the state belongs was known and an arbitrary state belong-
ing to known subspace was protected using the nested Uhrig dynamical decoupling
(NUDD) scheme. The advantage of the NUDD schemes lies in the fact that one is sure
that some amount of state protection will always be achieved.

Next, a system was considered whose state as well as interaction with the environ-
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ment is known. A Bell-diagonal (BD) state was experimentally prepared on a two-
qubit system. The noise model considered was that of each qubit was mainly affected
by an independent phase damping channel, and quantum discord of the system was
observed. Quantum discord remained constant for some time ¢, after which it began to
decay. The Carr-Purcell-Meiboom-Gill (CPMG) preserving sequence was applied on
the BD state and it was found that reducing the delay between the 7 pulses increased
the lifetime of the time-invariant discord, up to a certain point. After that, the errors
due to pulse imperfections dominated due to which the lifetime of the time-invariant
discord started decreasing. To overcome this problem XY 16 and KDD,,,, dynamical de-
coupling sequences were used which are robust against such errors. These sequences
substantially extended the lifetime of time-invariant discord. These experiments have
important implications in situations where persistent quantum correlations have to be
maintained in order to carry out quantum information processing tasks. Such situa-
tions usually arises when the number of gates are large or quantum gates are compare
to coherence time.

Finally, the decay of tripartite entangled states was studied by experimentally prepar-
ing GHZ, W and WW states on a three-qubit NMR quantum information processor.
The natural decoherence present in the three-spin spin system was best modeled by
considering the main noise channel to be an uncorrelated phase damping channel act-
ing independently on each qubit, with a small contribution from the generalized am-
plitude damping channel. The W state was found to be the most robust against this
type of noise, whereas the GHZ state was the most fragile; the WW state was more
robust than the GHZ state but less robust than the W state. The dynamical decoupling
sequences XY16 and KDD,,, were applied on these states and a significant protection
of entanglement for the GHZ and WW states was observed. These quantum state pro-
tection strategies can be explored for higher qubit systems and can be used to optimize
gates such that the effect of the decoherence is minimized.
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