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Preface

During the past decades the field of quantum information processing has experi-
enced extremely rapid progress. This book provides an introduction to the main
ideas and techniques of the rapid progressing field of quantum information and
quantum computation using isotope-mixed materials. This book is divided into
four chapters. Chapter 2 presents the introduction to the physics of isotope effect in
solids. My goal here is to give an elementary introduction which is accessible not
only to physics, but also to mathematicians and computer scientists desiring an
initiation into subject. In this chapter isotope low-dimensional structures are very
shortly described. The reader might understand the material presented in this
chapter without the need for consulting other texts. Chapter 3 is devoted to the
description of classical and quantum information. The rest of the chapter has
presented the concepts and models of quantum computers. There are discussed not
only different algorithms of quantum computation but also are presented the dif-
ferent models of quantum computers. The quantum error corrections is very briefly
discussed. We did not attempt to make our small book self-contained by
explaining every concept which is needed only occasionally. We do hope, how-
ever, that we have succeded in explaining the basic concepts from quantum
mechanics and computer science which are used throughout the book and the
whole field of quantum information and quantum computation.

With numerous illustrations this small book will be of great interest to under-
graduate and graduate students taking courses in mesoscopic physics or nano-
electronics as well as quantum information, and academic and industrial
researchers working in this field.

The bibliography at the end of the each chapter includes many of the key papers
in the area and points to other books and survey papers on the subject.

Tallinn Vladimir G. Plekhanov
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Chapter 1
Introduction

Investigation, manufacture, and application of isotopes are highly variable and is
determined by the different areas of science and technique. The range of the appli-
cation of isotopes is exclusively wide: starting with the investigation of universal
principle of the structure matter and common normality evolution of Universe [1–3]
and finished by different biochemical process in living organisms as well as special
technical applications [4]. The presence of isotopes and isotope effect in nature serves
the bright illustration of the mutual connection between simplicity and complexity
in science [5].

The paramount meaning has the role of isotopes in the fundamental natural science
investigations. This includes not only the study of nature’s nuclear interactions and,
in this way, the origin of isotope effect, but also the reconstructions of nucleogenesis
process of the Universe, which could explain the observable in nature relative to
spreading of chemical elements [1–3].

Investigations of the atomic nucleus, and the fundamental forces that determine
nuclear structure, as is well known, offer fascinating insights into the nature of the
physical world. We all well known that the history of the nuclear physics dates
from the latter years of the nineteenth century when Henry Becqeurel in 1896 dis-
covered the radioactivity. He was working with compounds containing the element
uranium. Becqeurel found that photographic plates covered to keep out light became
fogged, or partially exposed, when these uranium compounds were anywhere near the
plates. Two years after Becquerel’s discovery, Pierre and Marie Curie in France and
Rutherford in England succeeded in separating a naturally occurring radioactive
element, radium (Z = 88) from the ore. It was soon revealed that there are three,
distinctly different types of radiation emitted by radioactive substances. They were
called alpha (α ), beta (β) and gamma (γ ) rays—terms which have been retained in
ours days. When a radioactive source was placed in a magnetic field, it was found
that there were three different types of activity, as the trajectories of some of the
rays emitted were deflected to one direction, some to the opposite direction, and
some not affected at all. Subsequently it was found that α-rays consist of positively
charged 4He nuclei, β-rays are made of electrons (positrons) and γ -rays are nothing

V. G. Plekhanov, Isotope-Based Quantum Information, SpringerBriefs in Physics, 1
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2 1 Introduction

but electromagnetic radiation that carries no net charge. The existence of the nucleus
as the small central part of an atom was first proposed by Rutherford in 1911. Ruther-
ford proposed that the atom does consist of a small, heavy positively charged center
surrounded by orbiting electrons which occupy the vast bulk of the atoms volume.
The simplest atom—hydrogen—consisted of a proton and a single orbital electron.
Later, in 1920, the radii of a few heavy nuclei were measured by Chadwick and were
found to be in the order of 10−14 m., much smaller than the order of 10−10 m for
atomic radii (for details, see e.g. [6] and references therein).

The building blocks of nuclei are neutrons and protons, two aspects, or quantum
states, of the same particle, the nucleon. Since a neutron does not carry any net
electric charge and is unstable as an isolated particle (see, below), it was not discov-
ered until 1932 by Chadwick, whose existence has been anticipated by Rutherford
as early as 1920. Since only positive charges (protons) are present in nucleus, the
electromagnetic force inside a nucleus is repulsive and the nucleons cannot be held
together unless there is another source of force that is attractive and stronger than
Coulomb’s.

Studies of the structure of the nucleus have shown that it is composed of protons
and neutrons, and more recently studies (see, e.g. [6]) of very high energy collisions
have shown that these protons and neutrons are themselves composed of elusive
particles called quarks. Particle physics deals with the world of the quarks and all
other particles still thought to be fundamental.

Thus, our present knowledge of physical phenomena suggests that there are four
types of forces between physical objects:

(1) gravitational;
(2) electromagnetic;
(3) strong, and
(4) weak.

Both gravitational and electromagnetic forces are infinite in range and their interac-
tion strength diminish with the square of the distance of separation. Clearly, nuclear
force cannot follow the same radial dependence. Being much stronger, it would have
pulled the nucleons in different nuclei together into a single unit and destroyed all the
atomic structure we are familiar with. In fact, nuclear force has a very short distance.

If in the nuclear physics the meaning of isotope is establishing one then applica-
tion isotope effect in atomic and molecular physics allows to get the results, which
are difficult to overestimate so far as owing to this results it was to construct the
“building” of the science of the twentieth century-the quantum mechanics (see, also
[6]). During the last fifty years the isotope effect is one of the modern and power
methods for investigation of structure and properties of solids. This conclusion sup-
ports the numerous reviews (see, e.g. [7–9]) and first monographs [4, 10] dedicated
to isotope effect of stable isotopes. In the last years the more and more investiga-
tions of solid-state physics are conducted by using radioactive isotopes, which give
evidence of the already comprehensive list of references (see, for instance [11–15]).

This book consists of four part. First one is the traditional introduction of the
subject written. The second part devotes to the short description of the ground of
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nature of isotope effect. With this aim the detailed analysis of the neutron and pro-
ton structure and their mutual transformation in the weak interaction process was
conducted. Note that the main characteristics of isotope effect—the mass of free par-
ticles (proton and neutron) does not conserve in the weak interaction process. This
contradiction is removed although partly if take into account the modern presentation
[16] that the mass of proton (neutron) is created from quark condensate (not from
constituent quarks [17–19]) which is the coherent superposition of the states with
different chirality. Thus the elucidation of the reason of origin of the nucleon mass is
taken down to elucidation of the reason to break down the chiral symmetry in Quan-
tum Chromodynamics [20–27]. In this part of the book the manifestation of isotope
effect in phonon and electron (exciton) states of solids is considered. With compar-
ison to the change of corresponding characteristics (for example: the lines shift in
absorption, scattering, emission spectra) in the isotope effect in atomic physics and
condensed matter physics on two orders more in solid (see, for example [28]). It
is underlined that taking into account only linear part of electron–phonon interac-
tion is not sufficient for the description of the experimental facts on the elementary
excitations of systems consisting of light elements with isotope effect.

The subject of quantum information brings together ideas from quantum physics,
classical information theory, and computer science. This topic is devoted the third
part of book. It is very significant that information can be expressed in different ways
without losing its essential nature, since this leads to the possibility of the automatic
manipulation of information—a machine needs only to be able to manipulate quite
simple things like integers in order to do surprisingly powerful information process-
ing. It is easy to do from document preparation to differential calculus and even to
translating between human languages.

We should recall that quantum mechanics has developed originally as a theory
to explain behavior of large number (ensembles) of microscopic objects, such as
atoms or electrons [29–31]. However, over the last decades, considerable interest
in the application of quantum theory to individual systems—mesoscopic and even
macroscopic systems where a small number of collective degree of freedom show
genuine quantum behavior (see, e.g. [32, 33]). One exciting aspect of this devel-
oping fundamental research is its technological potential. Its results that might be
termed quantum information technology. As we know well, the first deep insight
into quantum information theory came with Bell’s 1964 analysis [34, 35] of the
paradoxical thought experiment by Einstein and co-workers in 1935 [36]. Bell’s
inequality draws attention to the importance of correlations between separated quan-
tum objects which have interacted in the past, but which no longer influence one
another. In essence, his argument shows that the degree of correlation which can be
present in such systems exceeds that which could be predicted on the basis of any
law of physics which describes particles in terms of classical variables rather than
quantum states. The next link between quantum mechanics and information theory
came about when it was realized that simple properties of quantum systems, such as
the unavoidable disturbance involved in measurement, could be put to practical use
in quantum cryptography (see, e.g. review [38] and references therein). Quantum
cryptography covers several ideas, of which the most firmly established is quantum
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key distribution. This is an ingenious method in which transmitted quantum states
are used to perform a very particular communication task. The significant feature is
that the principles of quantum mechanics guarantee a type of conservation of quan-
tum information, so that if the necessary quantum information arrives at the parties
wishing to establish a random key. They can be sure it has not gone elsewhere, such
as to spy. This part of the book considers not only the theory of cryptographybut also
its practical application [38].
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Chapter 2
Introduction to Isotope Effect

2.1 The Nucleons and its Constituents

An atom consists of an extremely small, positively charged nucleus (see Fig. 2.1)
surrounded by a cloud of negatively charged electrons. Although typically the nucleus
is less than one ten-thounsandth the size of the atom, the nucleus contains more than
99.9% of the mass of the atom. Atomic nucleus is the small, central part of an
atom consisting of A-nucleons, Z-protons, and N-neutrons (Fig. 2.2). The atomic
mass of the nucleus, A, is equal to Z + N. A given element can have many different
isotopes, which differ from one another by the number of neutrons contained in
the nuclei [1, 2]. In a neutral atom, the number of electrons orbiting the nucleus
equals the number of protons in the nucleus. As usually nuclear size is measured
in fermis (1 fm = 10−15 m, also called femtometers). The basic properties of the
atomic constituents can be read in Table 2.1.

As we can see from Table 2.1, protons have a positive charge of magnitude e =
1.6022 × 10−19 C (Coulombs) equal and opposite to that of the electron. Neutrons
are uncharged. Thus a neutral atom (A, Z) contains Z electrons and can be written
symbolically as A

Z XN (see also Fig. 2.2). Here X is chemical symbol and N is neutron
number and is equal N = A − Z. The masses of proton and neutron are almost the
same, approximately 1836 and 1839 electron masses (me), respectively. Apart from
electric charge, the proton and neutron have almost the same properties. This is why
there is a common name of them: nucleon. Both the proton and neutron are nucleons.
As we well know the proton is denoted by letter p and the neutron by n. Chemical
properties of an element are determined by the charge of its atomic nucleus, i.e., by
the number protons (electrons). It should be added, that although it is true that the
neutron has zero net charge, it is nonetheless composed of electrically charged quarks
(see below), in the same way that a neutral atom is nonetheless composed of protons
and electrons. As such, the neutron experiences the electromagnetic interaction. The
net charge is zero, so if we are far enough away from the neutron that it appears to
occupy no volume, then the total effect of the electric force will add up to zero. The
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