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Entanglement Control of Superconducting
Qubit Single Photon System

Kouichi Semba’

Abstract

If we could achieve full control of the entangled states of a quantum bit (qubit) interacting with a
single photon in a single-mode resonator, then we could obtain a coherently coupled multi-qubit state,
which is indispensable for quantum computation. In this paper, I explain some of our recent results,
especially the time-domain control of the entanglement of a superconducting flux qubit with a micro-

wave single-photon system.

1. Artificial single quantum system

Thanks to the progress of microfabrication technol-
ogy and nanosecond microwave pulse control tech-
niques at dilution refrigerator temperatures, it has
recently become possible to make and control an arti-
ficial single quantum system. Consequently, in a
system of qubits interacting with a single-mode pho-
ton resonator, the superposition state and the entan-
gled state have been reported, and efforts to control
these states have already begun. As an example, I will
mention progress in research related to the supercon-
ducting flux qubit system [1], [2].

There has long been a dream of applying these phe-
nomena and technologies for quantum information
processing, such as quantum simulation and quantum
computation. In particular, for superconducting
qubits, there is also fundamental interest concerning
the issue of macroscopic quantum coherence [3].

Research on light and matter at the single-photon
interaction level, cavity quantum electrodynamics
(cavity-QED), has been performed using a single-
mode high-Q cavity of an electromagnetic field
together with an atom in the cavity. Theoretically,
experiments of the same type have been considered to
be possible in a superconducting circuit by replacing
the atom by a superconducting qubit and replacing
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the cavity by a superconducting circuit [4]. This has
recently been demonstrated in experiments. Further-
more, the interaction strength between a microwave
photon and superconducting qubit has proved to be a
few thousand times that of the well-known atom-pho-
ton interaction. The so-called strong coupling condi-
tion can be rather easily achieved in the supercon-
ducting circuit. Therefore, new parameter regions
that are difficult to achieve with the ordinary atom/
molecule cavity QED can be opened up by the cavity-
QED in Josephson circuits on a chip.

2. Superconducting quantum bit

In normal metal, the continuous quasiparticle
energy spectrum is located immediately above the
Fermi energy. In contrast, in a typical S-wave super-
conductor, the continuous quasiparticle energy spec-
trum is located above the Fermi energy with a finite
superconducting gap. If one could use the quantum
levels in this superconducting gap, these states would
be expected to be similar to the electronic state of a
free atom, i.e., it is characterized by the long-lived
discrete energy spectrum. In fact, if we make an LC
(inductor-capacitor) circuit with superconducting
material, the quantum energy levels in the supercon-
ducting gap will be available (Fig. 1). However, since
the LC-circuit is equivalent to a harmonic oscillator,
every energy level spacing has the same value
h/(2n~JLC). All the levels can be excited by irradiat-
ing resonant microwaves. However, we cannot oper-
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Fig. 1. Schematic energy levels of superconducting LC-circuit with or without Josephson junction.
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Fig.2. Two-level atom interacting with a photon in
a single-mode cavity and Jaynes-Cummings
Hamiltonian.

ate a pair of particular energy levels of the LC-circuit
as a qubit. Therefore, we need Josephson junctions to
introduce anharmonicity into the circuit. It is well
known that the energy of the Josephson junction can
be written as E = — Ej cosé, where @is the phase dif-
ference of the superconducting order parameter
across the Josephson junction. Introducing the anhar-
monicity of the cosé potential changes the energy
level spacing to unequally spaced, as shown in Fig.
1(b). Here, we can manipulate the lowest two levels
(qubit) by the resonant microwave pulses. The super-
conducting qubits can be classified into three charac-
teristic groups, i.e., the phase qubit (E;>>Ec), the flux
qubit (Ej>Ec), and the charge qubit (Ej<Ec), where
E; is the Josephson energy of the junction and Ec is
the charging energy of the junction [5]. Below, I
introduce the superconducting flux qubit in detail
because we are now doing research on flux qubits in
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The superconducting flux qubit is a superconduct-
ing loop that incorporates sub-micrometer scale mul-
tiple (typically three) Josephson junctions on the
sub-micrometer scale. Just like the macroscopic ana-
log of the quantization of angular momentum in an
atomic system, the fluxoid associated with each hole
in the multiply connected superconductor should be
quantized to be an integer multiple of the flux quan-
tum (®p = 2 x 10~ Wb). Taking advantage of this
property, we can tune the magnetic field strength so
that the amount of magnetic flux that penetrates the
qubit loop is nearly 0.5®¢. Then, a clockwise or
counterclockwise supercurrent flows on the surface
of the loop, making the fluxoid be 0 or ®o, respec-
tively. In general, a linear combination of these states
will be the energy eigenstate of the system, so we can
use these states as a quantum two-level system
(qubit).

3. Cavity QED

In order to study the entangled state of atom and
light at the single photon level, we first prepare a
small cavity resonator to reduce spontaneous emis-
sion by decreasing the number of electromagnetic
modes to effectively only one that interacts with the
atom inside the cavity. By using an extremely high-Q
cavity and keeping it at a very low temperature, we
can reduce the number of photons inside the cavity to
as small as 1 or O.

Let us consider the two-level approximated atom
interacting with a single electromagnetic mode in the
cavity shown in Fig. 2. We assume that the electro-
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Fig. 3. Cavity-QED experiment in the atomic system [6].

magnetic field is quantized in the cavity and that the
number of electromagnetic modes that interact with
the atom is only one. In this condition, the interaction
between atom and electromagnetic field can be
described by the well-known Jaynes-Cummings
Hamiltonian. Here, the first term of the Hamiltonian
describes the energy of the two-level atom, the sec-
ond term is the energy of the electromagnetic field
(the constant zero-point energy has been omitted),
and the third term is the interaction between atom and
electromagnetic field. The vacuum Rabi oscillation,
which is the oscillation of the entanglement between
atom and photon, can be observed only when the
strong coupling condition is established. In other
words, the quantum oscillation caused by the interac-
tion can be observed only when the coupling (g)
between atom and electromagnetic field is stronger
than the photon loss (x) from the cavity, the spontane-
ous emission rate (), and the inverse transit time of
the atom through the cavity (t"yansit), i.€., g >> &, 7,
t_ltransit-

A beautiful experiment performed by Haroche’s
group in ENS Paris is well known as a representative
example of atomic cavity-QED [6]. As shown in Fig.
3, they used two levels of the Rydberg atom state of
rubidium (principal quantum number n=50 : |g>, 51 :
le>). Using a very-high-Q (Q =10®) superconducting
cavity with the system cooled down to 0.3 K, they
prepared a strong coupling condition. Finally, they
succeeded in observing the quantum entanglement
(vacuum Rabi) oscillation.

4. Circuit QED with superconducting qubits

The superconducting flux qubit and LC-resonator
system that we used in our experiment is shown in
Fig. 4. The qubit and LC-resonator were made from
aluminum. The LC-resonator was placed around the
qubit and its detector SQUID (superconducting quan-
tum interference device). The typical distance
between qubit and LC-resonator was a few tens of
micrometers. The on-chip capacitance was designed
to be C = 10 pF and the aluminum line inductance
was designed to be L = 140 pH. The equivalent circuit
is shown in Fig. 4(b).

The measured spectrum of the sample is shown in
Fig. 5(a). The SQUID switching probability was
measured as a function of irradiated microwave fre-
quency as the magnetic flux penetrating the qubit
loop was changed. The qubit dispersion had a hyper-
bolic shape and the peak did not move as a function
of applied magnetic field. This range of peaks corre-
sponds to the LC-resonance, and the resonance fre-
quency was in good agreement with the designed
value. The resonance frequency of 4.35 GHz corre-
sponds to a temperature of about 200 mK, so at the
measurement temperature of around 20 mK in the
dilution refrigerator, we could neglect the thermal
excitation of the LC-mode. Therefore, we can assume
that the LC-resonator was in its ground (vacuum)
state with a good approximation. Near the resonance
condition of the qubit and the LC-resonator, a 0.1-
GHz-order anti-crossing gap was observed, as shown
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Fig. 4. Superconducting flux-qubit LC-resonator system.
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Fig. 5. Spectrum of the qubit LC-resonator system.

in Fig. 5(b). This is clear evidence of the strong cou-
pling condition inherent in this system.

In order to observe dynamical entanglement oscil-
lation, we performed the following experimental
procedure. First, we prepared a qubit in its excited
state by applying a m-pulse to the qubit in the optimal
readout bias condition (inset of Fig. 6 (a)—(b)). Then,
we quickly brought the qubit into resonance with the
LC-resonator (4.35 GHz) by applying a nanosecond-
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width DC-pulse for flux-shift (Fig. 6 (b)—(c)). As a
function of the time taken to keep the system in reso-
nance, the width of the flux-shift DC-pulse, the read-
out qubit state is shown in Fig. 6 (b) or (d). Thus, we
succeeded in observing temporal quantum oscillation
due to entanglement between [e, 0> < |g, 1> [7].
This phenomenon is called “vacuum Rabi oscilla-
tion” because the electromagnetic field is the vacuum
field when the qubit is in the excited state.
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Fig. 6. Vacuum Rabi oscillation and schematic energy level diagram.

The vacuum Rabi frequency, which is a direct mea-
sure of coupling energy, reached 140 MHz. This is
about 2800 times that of the Rydberg atom (50 kHz).
This very strong coupling is the main reason we were
able to succeed in observing time-domain vacuum
Rabi oscillation, in spite of the very small Q-value (Q
= 50) of the LC-resonator in the present sample.

Thus, if we can make use of the superconductivity,
the macroscopic quantum phenomenon, it will be
rather easy to establish a strong coupling condition,
which is indispensable for cavity QED experiments.
One promising idea for making the quantum gate
where the control qubit and the target qubit are locat-
ed nonadjacently is the scheme of the so-called quan-
tum information bus, the qu-bus [8], which couples
nonadjacent qubits coherently [9], [10]. The vacuum
Rabi process observed in the superconducting qubit
and single-mode photon resonator system could be an
indispensable component of the qu-bus in a quantum
computer. From now on, as a very important chal-
lenge, we will first try to improve the coherence time
of the system and then control the entanglement
among multiple qubits by means of the resonator (qu-
bus operation).
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