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1 Historical Remarks

It is really hard to overestimate the role which studies of hydrogen have played
in establishing modern physics. Regularities in the spectrum of atomic hydrogen
(known now as Lyman, Balmer, Paschen and Bracket series) inspired the ap-
pearance of Bohr’s theory of the atom and the so-called old quantum mechanics .
This model explained general features of hydrogen physics but not in full de-
tail. A crucial success of the Schödinger theory was a calculation of the second-
and the third-order terms of the perturbative expansion for the Stark effect in
the hydrogen atom [1]. The non-relativistic theory was still not perfect and in
particular it was not capable of dealing with the fine structure of hydrogenic
lines. The problem was resolved with the discovery of the Dirac equation, which
explained the fine structure and also a specific value for the spin component of
the magnetic moment of the electron (g = 2). Some historical overview can be
found in Ref. [2,3].
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Fig. 1. Some low-lying levels in the hydrogen atom (not to scale)

Later, after experiments performed by Rabi, Lamb and Kusch and their col-
leagues, it was discovered that the actual hydrogen spectrum was in part in con-
tradiction to Dirac theory (see Fig. 1). In particular, the theory predicted a value
of hyperfine structure interval in the ground state of the hydrogen atom, differ-
ent from the actual one by one part in 103, and no splitting between 2s1/2 and
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2p1/2 states, however the latter was observed. It was actually clear at that time
that the theory was incomplete but there was no way to use any perturbation
expansion because any perturbative radiative corrections contained numerous di-
vergencies. A trial to resolve this discrepancy in the hydrogen spectrum led [4]
to the introduction of the renormalization method and the method of Feynman
diagrams, which are now an essential part of any quantum field theory. After a
successful application of these and other methods, the problem was set and both
the Lamb shift and the anomalous magnetic moment (g−2) of the electron are
now an usual part of any university courses in modern physics. The progress in
quantum physics with respect to the hydrogen spectrum is summarized in Fig. 1.

2 Precision Physics of Simple Atoms

Simple atoms are a basic physical object and their simplicity has been a challenge
for theory and experiment for some time. One could expect that a simple atom
should be explained with a physically transparent and simple theory and studied
with experiments based on simple ideas. At present-day the field is still attractive
to physicists because of the clear physical nature of different phenomena and
a possibility to perform both precise calculations and measurements. After a
century of work in the physics of simple atoms, the list of such atoms available
for study is quite long:

• hydrogen, and its isotopes: deuterium and tritium;
• pure leptonic atoms: muonium and positronium;
• muonic atoms ;
• the helium ion;
• highly-charged few-electron ions at medium and high value of the nuclear
charge Z;
• exotic atoms , pionic atoms , antiprotonic atoms etc;
• antihydrogen;
• the neutral helium atom;
• the Rydberg states etc;

where we use italic letters for atoms, presented in this edition (see subject index
for detail).

The list of related studies of applications of simple atoms includes:

• precision determination of fundamental constants ;
• precise tests of QED and bound state QED ;
• study of proton structure and other particle properties;
• study of nuclear structure;
• search for variation of fundamental contants;
• search for violation of fundamental symmetries;
• new frequency standards ;
• advanced quantum mechanics of Coulomb systems.

An introduction to the theory of simple atoms can be found in Refs. [1,2] and
the state of the art work in this filed as it was twelve years ago in Refs. [3,5].
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3 Studying the Simple Atoms

3.1 Hydrogen and deuterium (see [6,7] and Part VI)

Precision measurements of the hydrogen atom have played an important role in
the development of frequency standards and for a long time the 1s hyperfine
structure interval was the most accurately known physical quantity, and the
hydrogen maser was a candidate for a primary frequency standard. The study
of the hydrogen atom is now a way to determine the Rydberg constant (R∞)
and to develop a natural standard of the frequency, based on the value of R∞.
That became possible after the development of the Doppler-free two-photon
spectroscopy methods [6]1. The appearance of a new generation of frequency
chains [8] and successful cooling of hydrogen atoms [7] offer us an opportunity
for further progress in a way to a R∞-based frequency standard. However, the
possibility of reaching an even higher precision is limited by our knowledge of
the Lamb shift. In the case of the latter the largest source of uncertainty are
the effects due to the proton structure which are not known with a sufficient
accuracy [9]. The proton structure effects also limit a possibility to precisely test
bound state QED in the case of the hyperfine structure and the Lamb shift. The
same problem arises with the deuterium atom and helium ion.

Indeed, since the atomic levels are affected by the nuclear structure, the
study of the isotopic shift takes advantage of a significant cancellation of the
QED uncertainty and offers an opportunity to study the nucleus. In particular,
the study of the hydrogen [6] and the helium [10] isotope shift provides us with
information about proton and two- and three-nucleon systems.

Perhaps a problem more important for applications is to eliminate the nuclear
effects and to test the bound state QED precisely or use the bound state QED for
the determination of some fundamental physical constants. There are a few ways
to manage this problem [11] and to expand the accuracy of the tests of bound
state QED beyond a level of our knowledge of the nuclear structure effects.

• The proton can be simply removed from the atom and substituted for a
lepton, a particle which is not involved in strong interactions. Such atoms,
muonium (µ+e−) [12] and positronium (e+e−) [13], were successfully studied
for decades.
• One can study muonic atoms [14,15,16]. The muon orbit lies lower and much
more close to the nucleus and its energy levels are much more affected by the
strong interactions. However, to determine the nuclear contributions (for e.
g. the one for the Lamb shift, which is completely determined by the nuclear
charge radius) it is not necessary to know the QED part with an accuracy as
high as in the case of the hydrogen atom. As a result, one can try to determine
the parameters due to the nuclear structure and apply them afterwards to
“normal” atoms.
• One more way is to try to study specific quantities which are only slightly
affected by the nuclear structure. One example of which is the fine structure

1 For detail see contributed papers (Part VI) in the attached CD.
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of the p states, the wave function of which vanishes in the vicinity of the
nucleus. Another example is a specific difference in the results for the 1s and
2s states.

3.2 Muonium and Positronium (see [12,13] and Part VII)

Both pure leptonic atoms, muonium and positronium, are not stable: the muon
lives 2.2 µs and the positronium atom annihilates into photons in a much shorter
time. However, they are compatible with the hydrogen atom as an object to test
bound state QED.

The hyperfine structure interval in hydrogen is known experimentally on a
level of accuracy of one part in 1012, while the theory is of only the 10 ppm
level [9]. In contrast to this, the muonium hfs interval [12] is measured and
calculated for the ground state with about the same precision and the crucial
comparison between theory and experiment is on a level of accuracy of few parts
in 107. Recoil effects are more important in muonium (the electron to nucleus
mass ratio m/M is about 1/200 in muonium, while it is 1/2000 in hydrogen)
and they are clearly seen experimentally. A crucial experimental problem is an
accurate determination of the muon mass (magnetic moment) [12], while the
theoretical problem is a calculation of fourth order corrections (α(Zα)2m/M
and (Zα)3m/M) [11].

In the case of the positronium spectrum the accuracy is on the MHz-level
for most of the studied transitions (1s hyperfine splitting, 1s− 2s interval, fine
structure) [13] and the theory is slightly better than the experiment. The decay
of positronium occurs as a result of the annihilation of the electron and the
positron and its rate strongly depends on the properties of positronium as an
atomic system and it also provides us with precise tests of bound state QED.
Since the “nuclear” mass (of positronium) is the positron mass and me+ = me− ,
such tests with the positronium spectrum and decay rates allow one to check a
specific sector of bound state QED which is not available with any other atomic
systems. A few years ago the theoretical uncertainties were high with respect
to the experimental ones, but after attempts of several groups [17,18,19,20] the
theory became more accurate than the experiment. It seems that the challenge
has been undertaken on the experimental side [13].

3.3 Muonic Atoms and Nuclear Structure (see Part VIII)

The muon is about two hundred times heavier than the electron and its orbit
lies 200 times closer to the nucleus. The nuclear structure effects scale with the
mass of the orbiting particle as m3R2 (for the Lamb shift; R is a characteristic
value of the nuclear size) and as m2R2 (for the hyperfine structure), while the
linewidth is linear in m. That means, that from a purely atomic point of view
the muonic atoms offer a way to measure the nuclear contribution with a higher
accuracy than “normal” atoms. However, there are a number of problems with
formation and thermalization of these atoms and with their collisions with the
buffer gas.
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3.4 Nuclear-Structure Independent Differences

The nuclear effects (both for the hyperfine structure and the Lamb shift) are a
result of short-distance contributions and in the leading order are proportional
to the Schrödinger-Coulomb wave function at the origin,

(
ϕnl(r = 0)

)2

=
1

π a3
0 n

3
δl0 , (1)

where a0 is the Bohr radius. The value (1) vanishes for l �= 0 states and for a
specific difference

E(1s)− n3 ·E(ns) . (2)

A number of data are available for 1s and 2s hfs intervals in hydrogen, deuterium
and the helium-3 ion. The potential of this difference for the hfs intervals in
the helium-3 ion [21] with respect to testing bound state QED is compatible
with the ground state hfs in muonium: both values are sensitive to fourth-order
perturbative contributions. The difference of the Lamb shift plays an important
role in the evaluation of optical data on the hydrogen and deuterium spectrum
[22].

3.5 Fine Structure in Helium (see [23] and Part VI)

The fine structure in hydrogen cannot be measured precisely because of the nat-
ural radiative width of the 2p state, but it can be easily calculated. In contrast,
while there was a problem with the accuracy of theoretical predictions, the he-
lium fine structure has been measured precisely [23,24]. A higher experimental
accuracy is possible because the helium triplet 2P states, 23PJ , have a lifetime
about 60 times bigger than the 2p states in the hydrogen atom because of a
forbidden (in the nonrelativistic approximation) 23PJ −1S transition in helium.
On the other hand, neutral helium, in contrast to the hydrogen atom, is a three-
body system and even in the leading non-relativistic approximation, no exact
solution is available, which causes troubles on the theoretical side. Fortunately,
recently a significant progress in theory was obtained (see Ref. [23] and the ref-
erences therein). Other options for the study of an interval which is not affected
by the nuclear structure and can be measured accurately [25], are given by the
hyperfine structure of 2S and 2P levels, caused by the spin-spin electron-electron
interaction.

Helium is not the only three body system under study, but it is likely the
most complicated one. The electron-electron interaction is comparable with the
electron-nucleus interaction and cannot be considered as a perturbation. The
situation is different with helium-like (and lithium-like) ions, where the electron-
electron interaction is as small as 1/Z with respect to the interaction of an
electron and the nucleus.
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3.6 Few-Electron Ions (see [26,27] and Part XI)

A few-electron ion at moderate or high Z is a good example of a simple atom
which is actually more simple than the neutral helium or lithium. The nuclear
charge is large Z � N (N is the number of electrons, N = 1−3) and all electrons
are essentially hydrogen-like ones and that differs significantly from neutral he-
lium and lithium. The electron-electron interaction is a small perturbation of the
same order as the radiative corrections. It is sometimes not even possible to split
a calculation of radiative corrections (e. g. the self energy of an electron) and
electron-electron interactions (the exchange-photon contribution). The problem
is that the few-electron wave function is an asymmetrical combination of prod-
ucts of the single-electron wave functions and the two-electron Green function
contains the electron-exchange diagram. The gauge invariant set must include
interactions of any electron in the initial state with every electron in the final
state (see e.g. Fig. 2).

� � � �
Fig. 2. Correction in linear order of α to the two-electron Green function

Recently, in addition to the Lamb shift [26] and hyperfine structure, one more
value was measured with a high accuracy – the g factor of an electron bound in
a hydrogen-like ion [27].

Recent progress in the study of high- and medium-Z ions [26,27] make cal-
culations of two-loop corrections an important problem and that involves more
QED effects in the study and now the status of high-Z and low-Z physics is very
similar: both need to take into account α2 terms and both cannot only apply an
expansion in Zα.

3.7 Medium-Z Physics (see [26,27] and Part XI)

A special case of few-electron ions is the medium-Z case, when

Zα� 1 and Z � N.

One can hope that both technics, 1/Z-expansion (high-Z technics) and Zα-
expansion (low-Z technics), can be applied. At medium Z one can try to pro-
vide a cross check of both theoretical approaches. Both use some expansion and
that means that both are incomplete. It is necessary to somehow estimate the
higher-order corrections which cannot be calculated now. The estimation of such
corrections is a kind of art and it is very helpful [11] if we can try to verify these
estimates in the case of medium Z.
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3.8 Higher-Order Corrections

Recently, a problem of one- [28] and three-loop [29] corrections at low Z was
resolved with sufficient accuracy, while the two-loop effects are known only in
part [30,32] (for detail on theoretical calculation see a review [31]). After the first
calculation of some α2(Zα)6m terms [32] there were few medium-Z calculations
[33] which contradicted each other. They have showed that the α2(Zα)6m term
is expected to be large.

There are two kinds of higher-order corrections that now limit the accuracy
of theoretical calculations [11]:

• two-loop corrections in order α2(Zα)6mc2;
• radiative-recoil corrections in order α(Zα)6m2c2/M3 and pure recoil terms
in order (Zα)7m2c2/M3.

The latter presents the largest sources of uncertainty in the theory of the muo-
nium hfs interval, positronium energy spectrum and the specific nuclear-structure-
independent difference for the hfs in the helium ion. The former are crucially
important for the theory of the Lamb shift in hydrogen and medium-Z ions,
for the difference in Eq. (2) applied to the Lamb shift and hyperfine structure
in hydrogen and helium ion, and for the bound electron g-factor. In the case
of high-Z, the Lamb shift, g-factor and hyperfine structure require an exact
treatment of the two-loop correction.

3.9 Bound State QED

The higher-order two-loop corrections are to be calculated within the so-called
external filed approximation (i. e. neglecting by the nuclear motion), while the
recoil effects require an essential two-body treatment. There are a few approaches
to solve the two-body problem (see e.g. [31]). Most start with the Green function
of the two-body system which has to have a pole at the energy of the bound
state

G(E → En) ∼
|n〉 〈n|
E − En

. (3)

The theory is needed to construct a perturbative approach to find a position of
this pole.

Bethe-Salpeter Equation

The most straightforward way refers to the Bethe-Salpeter equation, i.e. an equa-
tion for the two-body Green function. It may be solved for the Coulomb potential
and a two-body perturbative theory can be developed starting from this solu-
tion. This method was rarely used in the bound state QED calculations, being
very complicated.
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Effective Dirac Equation

An obvious disadvantage of this approach is a complicated two-body pertur-
bation theory. Actually, if one studies the Green function with some particular
kinematics (i.e. with the nucleus in the rest, or with the nucleus on the mass shell)
the Green function still has a pole. We can study equations for this Green func-
tion with reduced kinematics. Since the nuclear degrees of freedom are strongly
reduced, it is possible to find an effective single-particle equation. The price of
this reduction is the appearance of new diagrams for interaction. This approach
was applied numerous times to hydrogen and muonium. It is a single body per-
turbation theory – the wave functions and the Green function are essentially
the single-particle ones. Any two-body effects (beyond a kind of reduced mass
effects) are put into a perturbative Hamiltonian. While nucleus is a real parti-
cle and often treated non-relativisticly, the electron is a relativistic one and can
be real (on the mass shell) or virtual (off the mass shell). It is described with
the help of an effective Dirac equation which allows for the easy solution of the
“unperturbed problem” with the Coulomb interaction.

Effective Schrödinger Equation

Reducing the degrees of freedom of the only nucleus is fruitful in the case of
a heavy nucleus. In the positronium atom the nucleus has the same mass as
the electron and it is useful to treat both particles symmetrically. It is well
known that the α4m terms originate not only from relativistic effects, but also
from annihilation contributions and the Fermi interaction. Due to that, the most
useful approximation is a non-relativistic one and the final single-body equation
is an effective Schrödinger equation with Coulomb interaction. This approach,
based on an effective equation, was also developed for the few-body problem in
nucleus physics.

Effective Non-Relativistic Hamiltonian

An alternative method was developed starting in the thirties. It was an approach
with an effective non-relativistic Hamiltonian. The clear advantage is that if
theory can be described with the help of a non-relativistic Hamiltonian, the two-
body problem is not a problem at all. It is just a question of the introduction of a
reduced mass. One of the equations of this kind is know as a Breit equation. One
of the problems of any non-relativistic approaches is a divergency due to short-
distance contributions. That is not a divergency which leads to renormalization
of mass and charge. It has a different nature – any non-relativistic expansion is
incomplete, because corrections become large with high momentum and some
integrals are needed to be cut at relativistic momenta. An example of such
a cut-off is a well-known calculation by Bethe of the Lamb shift, where the
contributions of high and low energy were separated.
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Different non-relativistic approaches developing these ideas were introduced.
The most effective one, used successfully in positronium and muonium calcula-
tions was introduced by Caswell and Lepage and is known as NRQED (Non-
Relativistic QED) [34]. Some applications to positronium are presented in this
edition in Refs. [17,20].

A similar approach (NRQCD) is applied to some quark-antiquark system.
The idea of this approach is close to the so-called operator approach in particle
physics. A cut-off is introduced everywhere to split distance/momentum/energy
into two parts. The one uses perturbative physics and the other cannot. In the
case of NRQED the perturbative effects are non-relativistic and they deal with
the Schrödinger wave function and Green function. The non-perturbative part
comes from relativistic contributions to effective operators and has to be de-
termined beyond the non-relativistic expansion within NRQED. The relativistic
operators are usually found by calculating relativistic scattering amplitudes and
matching them with a phenomenological non-relativistic hamiltonian.

3.10 Exotic Atoms (see [35,36] and Part IX)

The situation is similar to when one used to deal with an object of a simple struc-
ture of the states, but a complecated nature. There are a number of examples of
such objects in atomic, nuclear and particle physics. An effective hamiltonian,
described with a few parameters, is usually introduced and the parameters must
be determined experimentally. A well-known example is the nuclear contribu-
tions to the atomic energy levels in the hydrogen-like atoms

∆E(nl) =
2
3
(Zα)4mc2

n3

(
mcR

�

)2

δl0 . (4)

We cannot calculate the nuclear structure but we can describe the leading cor-
rection to the Lamb shift with the help of a simple delta-like potential, which
depends on a single parameter, the nuclear charge radiusR, calculated as

√
〈R2〉.

The parameter must be found experimentally. Usually this contribution is small
enough and if necessary some corrections can be calculated.

There is a kind of atom where the nuclear effects are very large – exotic
atoms, containing hadrons, i.e. particles that can interact strongly: pions, an-
tiprotons, kaons etc. In such atoms any advanced high-accurate QED theory
is not necessary and a goal to study such atoms is to measure these nuclear
parameters. An important feature of any spectroscopic measurement is its high
accuracy in respect to non-spectroscopic methods. That is very important for ex-
otic atoms, because some, like e.g. pionium (π+π−-system or bound πµ-system),
are available in very small quantities (a few hundreds) [35].

Pionic Atoms and Antiprotonic Atoms

Recently, serious progress was made in pionic and antiprotonic atoms and that
gave new results about scattering lengths and the pion mass. The work with
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these atoms is limited by the their lifetime because of the unstability of the pion
and the annihilation of the antiproton with the nucleus. However, it was found
that some atomic states in antiprotonic helium can have a long life time, because
of a high value of the orbital momentum and, thus, a low annihilation rate of
the orbiting antiproton and nuclear proton [36]. For such an atom we can expect
some really precise measurements which can provide us with e.g. an accurate
value of the (anti)proton mass.

3.11 Antihydrogen and CPT Violation (Part IX)

There is an atom which contains an antiproton and nevertheless it is stable. That
is antihydrogen2. Its spectrum must be the same as the hydrogen spectrum, it
is questionable if it really is the same. A goal of two large international collabo-
rations projects running at CERN is the production and spectroscopic study of
slow (trapped) antihydrogen atom in order to test CPT invariance, which implies
the same mass, charge, magnetic moment etc of particles and their antiparticles.

3.12 Exotic Events

While experiments with an antihydrogen atom (after experimental success in its
trapping, cooling and keeping for a while in the trap) look like routine measure-
ments (but an extremely accurate one), another kind of search for new physics
is a search for exotic events which are forbidden within the Standard model but
can nevertheless occur within its extensions. A few of them deal with simple
atoms.

One is based on a study of the possibility of the conversion of muonium
(µ+e−-system) to antimuonium (µ−e+-system) [12]. This is possible in the case
of non-conservation of electronic charge (i.e. the number of electrons and elec-
tronic neutrinos minus the number of positrons and antineutrinos) and muonic
charge (i.e. the number of muons and muonic neutrinos minus the number of their
antiparticles). Both must be conserved separately with the Standard Model.

Another example is dealing with the search for different exotic modes in the
decay of positronium [13]. Some of them involve no new particles but violates C
and P symmetry, the others are supposed to produce new neutral particles.

3.13 Variation of Constants (Part X)

In contrast to the search for exotic events with a low probability, one can try
to learn new physics with the help of high accuracy. The most promising way
now is likely to look for a variation of results due to different circumstances.
One possibility is a variation of fundamental constants with time. Some of these
comparisons can be done over an astronomical time [37].
2 The couple atom-antiatom produced for the first time, was actually an exotic sys-
tems: π+µ− and µ+π− (see [35] for detail). However, only in the case of antihydrogen
some precision study can be possible.
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3.14 Precision Frequency Metrology ([38] and Part X)

Precision frequency metrology is now compatible for the search of a variation of
the constants [38]. A new generation of frequency chains [8] allows to easily do
two kind of frequency measurements which were hardly available previously:

• the comparison between two arbitrary optical lines;
• the comparison between an optical line and a microwave signal.

Recent progress in the development of the chain was inspired by the study of
the 1s− 2s transition at MPQ [6].

3.15 Determination of Fundamental Constants ([39,40] and Part X)

Another metrological application of simple atoms is the determination of values
of the fundamental physical constants. In particular, the use of the new frequency
chain for the hydrogen and deuterium lines [6] provided an improvement of a
value of the Rydberg constant (R∞). But that is not the only the constant
determined with help of simple atoms. A recent experiment on g factor of a
bound electron [27,11] has given a value of the proton-to-electron mass ratio.
This value now becomes very important because of the use of photon-recoil
spectroscopy for the determination of the fine structure constant [41] (see also
[8]).

The fine structure constant α can be determined with the help of several
methods. The most accurate test of QED involves the anomalous magnetic mo-
ment of the electron [40] and provides the most accurate way to determine a
value for the fine structure constant. Recent progress in calculations of the he-
lium fine structure has allowed one to expect that the comparison of experiment
[23,24] and ongoing theoretical prediction [23] will provide us with a precise value
of α. Since the values of the fundamental constants and, in particular, of the fine
structure constant, can be reached in a number of different ways it is necessary
to compare them. Some experiments can be correlated and the comparison is
not trivial. A procedure to find the most precise value is called the adjustment
of fundamental constants [39]. A more important target of the adjustment is to
check the consistency of different precision experiments and to check if e.g. the
bound state QED agrees with the electrical standards and solid state physics.

Fundamental physical constants are universal and their values are needed
for different problems of physics and metrology, far beyond the study of simple
atoms. That makes the precision physics of simple atoms a subject of a general
physical interest. The determination of constants is a necessary and important
part of most of the so-called precision test of the QED and bound state QED
and that makes the precision physics of simple atoms an important field of a
general interest.

4 About This Publication

Precision physics of simple atoms offers the opportunity of interdisciplinary ex-
change between atomic spectroscopy, nuclear and particle physics and quantum
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field theory. Our publication is devoted to the following main topics: the hy-
drogen atom, muonium and positronium, the neutral helium atom and helium
ion, few-electron highly-charged ions at medium and high Z, muonic and exotic
atoms, and the determination and variation of fundamental physical constants.
This publication is based on oral and poster presentations from the Hydrogen
Atom 2 meeting, which took place in Castiglione della Pescaia (May, 31–June,
3, 2000). The Hydrogen Atom 2: Precise Physics of Simple Atomic Systems was
the second conference, following the initial Hydrogen Atom meeting in 1988. This
publication consists of a book and a CD with reviews and contributed papers to
both Hydrogen Atom meetings.

The review contributions of the more recent meeting, Hydrogen Atom 2, form
the book, which presents the state of the art in

• high-resolution spectroscopy of hydrogen and helium;
• the study of muonium and positronium;
• precision spectroscopy and the determination of the fundamental constants;
• spectroscopy of highly-charged ions;
• the formation and spectroscopy of exotic atoms.

The consideration of the basic problems and recent progress in the field is contin-
ued in an electronic book of contributed papers, which is on the CD. To simplify
the use of the books we also put onto the CD the book of reviews.

The Hydrogen Atom 2 meeting covers advances in the physics of simple atoms
made over more than a decade since the first meeting the Hydrogen Atom, which
took place in Pisa in June, 30–July 2, 1988. The proceedings of this meeting [5]
were published by the chairmen, G. F. Bassani, M. Inguscio and T. W. Hänsch,
and their scanned content is also included on the CD.

Thus, this publication consists of:

• The book The Hydrogen Atom: Precision Physics of Simple Atomic Systems,
edited by S. G. Karshenboim, F. S. Pavone, G. F. Bassani, M. Inguscio and
T. W. Hänsch (XXIII, 293 pages);
• The CD which contains, in pdf form,
– The contents of the above book;
– The Hydrogen Atom: Precision Physics of Simple Atomic Systems. Con-
tributed papers, edited by S. G. Karshenboim, F. S. Pavone (509 pages)
as a pdf file;

– A scanned copy of the book The Hydrogen Atom of 1989, edited by
G. F. Bassani, M. Inguscio and T. W. Hänsch (351 pages).

The book contains the author and subject indexes for the whole publication.
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6. F. Biraben, T. W. Hänsch et al.: this book, pp. 17–41
7. L. Willmann and D. Kleppner: this book, pp. 42–56
8. Th. Udem et al.: this book, pp. 125–144
9. S. G. Karshenboim: Can. J. Phys. 77, 241 (1999)
10. F. S. Pavone: Phys. Scripta T58, 16 (1995)
11. S. G. Karshenboim: invited talk at ICAP 2000, to be published, e-print hep-

ph/0007278; invited talk at MPLP 2000, to be published, e-print physics/0008215
12. K.-P. Jungmann: this book, pp. 81–102
13. R. Conti et al.: this book, pp. 103–121
14. R. Pohl et al.: this edition, pp. 454–466
15. K. Jungmann: Z. Phys. C 56, S59 (1992); M. G. Boshier et al.: Comm. At. Mol.

Phys. 33, 17 (1996)
16. D. Bakalov et al.: Phys. Lett. A 172, 277 (1993)
17. G. Adkins: this edition, pp. 375–386
18. K. Pachucki and S. G. Karshenboim: Phys. Rev. Lett. 70, 2101 (1998); Phys. Rev.

A 60, 2792 (1999)
19. A. H. Hoang et al.: Phys. Rev. Lett. 79, 3383 (1997)
20. A. Czarnecki et al.: this edition, pp. 387–396



14 Savely G. Karshenboim and Francesco S. Pavone

21. S. G. Karshenboim: this edition, pp. 335–343
22. S. G. Karshenboim: Z. Phys. D 39, 109 (1997).
23. G. Drake: this book, pp. 57–78
24. P. Cancio et al.: in Atomic Physica 16, ed. by W. E. Baylis and G. W. F. Drake

(AIP, Woodbary, NY, 1999) pp. 42–57
25. F. Marin et al.: Z. Phys. D 32, 285 (1995)
26. E. G. Myers: this book, pp. 179–203
27. G. Werth et al.: this book, pp. 204–220
28. U. D. Jentschura, P. J. Mohr and G. Soff: Phys. Rev. Lett. 82, 53 (1999)
29. K. Melnikov and T. van Ritbergen: this edition, pp. 344–351
30. K. Pachucki: Phys. Rev. Lett. 72, 3154 (1994); M.I. Eides and V.A. Shelyuto:

JETP Lett. 61, 478 (1995); Phys. Rev. A 52, 954 (1995)
31. M. I. Eides, H. Grotch and V. A. Shelyuto: Phys. Rep. 342 (2001) to be published
32. S. G. Karshenboim, JETP 76, 541 (1993)
33. S. Mallampalli and J. Sapirstein: Phys. Rev. Lett. 80, 5297 (1998); I. Goidenko

et al.: this edition, pp. 619–636; V. A. Yerokhin: this edition, pp. 800–809
34. W. E. Caswell and G. P. Lepage: Phys. Rev. A 20, 36 (1979)
35. L. Nemenov: this book, pp. 223–245
36. T. Yamazaki: this book, pp. 246–265
37. V. A. Dzuba et al.: this edition, pp. 564–575
38. S. G. Karshenboim: Can. J. Phys. 78, 639 (2000); e-print physics/0008051
39. P. Mohr and B. N. Taylor: this book, pp. 145–156
40. T. Kinoshita: this book, pp. 157–175
41. S. Chu: invited talk at ICAP 2000, to be published; D. Pritchard: invited talk at

ICAP 2000, to be published
42. http://www.unifi.it/∼sat
43. http://www.mpq.mpg.de/pro/psas/book/
44. http://www.vniim.ru/sgk/psas/book/


	Start Screen
	Foreword by Norman F. Ramsey
	Preface
	Table of Contents
	List of Contributing Participants
	Introduction to Simple Atoms
	Part I Hydrogen and Helium
	Precision Spectroscopy of Atomic Hydrogen
	Ultracold Hydrogen
	Review of High Precision Theory and Experiment for Helium

	Part II Positronium and Muonium
	Spectroscopy of the Muonium Atom
	Experimental Tests of QED in Positronium: Recent Advances

	Part III Fundamental Constants and Frequency Metrology
	A New Type of Frequency Chain and Its Application to Fundamental Frequency Metrology
	Fundamental Constants and the Hydrogen Atom
	Present Status of g - 2 of Electron and Muon

	Part IV Few-Electron Highly-Charged Ions
	Laser Spectroscopy of Hydrogen-Like and Helium-Like Ions
	The g Factor of Hydrogenic Ions: A Test of Bound State QED

	Part V Exotic Atoms
	Elementary Relativistic Atoms
	Antiprotonic Helium – An Exotic Hydrogenic Atom

	Appendix: Abstracts of Contributed Papers
	Subject Index
	Author Index
	Part VI Hydrogen and Helium (on CD only)
	Towards a Precise Measurement of the He+ 2S Lamb Shift
	High Precision Measurements on Helium at 1083 nm
	Absolute Frequency Measurement of the 1S-3S Transition in Hydrogen
	2s Hyperfine Structure in Hydrogen Atom and Helium-3 Ion
	Three-Loop Slope of the Dirac Form Factor and the 1S Lamb Shift in Hydrogen
	Radiative Decay of Coupled States in an External dc Field
	Atomic Interferometer and Coherent Mixing of 2S and 2P States in the Hydrogen Atom
	Ground State Energy of the Helium Atom

	Part VII Muonium and Positronium (on CD only)
	Two-Loop Corrections to the Decay Rate of Orthopositronium
	Recent Results in Positronium Theory
	Test of CPT and Lorentz Invariance from Muonium Spectroscopy
	Positronium: Theory Versus Experiment
	Highly Accurate Theoretical Simulation of the Resonant Multiphoton Ionization Processes With Simplest Atoms

	Part VIII Muonic Atoms (on CD only)
	Time-of-Flight Spectroscopy of Muonic Hydrogen Atoms and Molecules
	Hyperfine Structure in Muonic Hydrogen
	Towards a Measurement of the Lamb Shift in Muonic Hydrogen

	Part IX Exotic Atoms (on CD only)
	Antihydrogen Production and Precision Spectroscopy with ATHENA/AD-1
	Precision Spectroscopy of X-rays from Antiprotonic Hydrogen
	Charged Pion Mass Determination and Energy – Calibration Standards Based on Pionic X-ray Transitions
	Pionic Hydrogen: Status and Outlook
	Antiprotonic Helium “Atomcule”: Relativistic and QED Effects
	Towards Laser Spectroscopy of Antihydrogen
	Hyperfine Structure Measurements of Antiprotonic Helium and Antihydrogen

	Part X Precision Spectroscopy, Fundamental Constants and Fundamental Symmetry (on CD only)
	Indium Single-Ion Optical Frequency Standard
	Matter Neutrality Test Using a Mach-Zehnder Interferometer
	Relativistic Corrections in Atoms and Space-Time Variation of the Fine Structure Constant
	Frequency Comparison and Absolute Frequency Measurement of I2-stabilized Lasers at 532 nm

	Part XI Few-Electron Ions (on CD only)
	A QED Calculation of Electron Interaction for He-Like and Li-Like Highly Charged Ions
	The gJ Factor of an Electron Bound in Hydrogen-Like Carbon: Status of the Theoretical Predictions
	Second-Order Self-Energy Calculations for Tightly Bound Electrons in Hydrogen-Like Ions
	Lamb Shift in Light Hydrogen-Like Atoms
	The g Factor of a Bound Electron in a Hydrogen-Like Atom
	Laser Spectroscopy of the 2S Lamb Shift in Hydrogenic Silicon
	Ground-State Hyperfine Structure of Heavy Hydrogen-Like Ions
	Measurement of the 1s2p 3P0 - 3P1 Fine Structure Interval in Helium-Like Magnesium
	Towards a Precision Measurement of the Lamb Shift in Hydrogen-Like Nitrogen
	Absolute Test of Quantum Electrodynamics for Helium-Like Vanadium
	Relativistic Recoil Corrections to the Atomic Energy Levels
	X-Ray Spectroscopy of Hydrogen-Like Ions in an Electron Beam Ion Trap

	Part XII Advanced Quantum Mechanics and QED (on CD only)
	CPT-Invariant Eight-Component Two-Fermion Equation
	The Two-Time Green’s Function and Screened Self-Energy for Two-Electron Quasi-Degenerate States
	Higher-Order Stark Effect on Magnetic Fine Structure of the Helium Atom
	Radiation Properties of Diamagnetic Manifolds in Atomic Hydrogen: Line Intensity Dependence on a Magnetic Field
	Precise Evaluation of the Electron (g-2) at 4 loops: The Algebraic Way
	Relativistic Dipole Dynamic Polarizabilities of Lowest ns1/2-States in Hydrogen-Like Atoms
	Loop-After-Loop Contribution to the Second-Order Self-Energy in Hydrogen

	Contents of the 1989 Hydrogen Atom Book1 (on CD only)
	Preface
	Part I Precision Spectroscopy of Hydrogen: Fundamental Physics and Universal Constants
	The Hydrogen Atom (An Historical Account of Studies of Its Spectrum)
	Interference of the Hydrogen Atom States (n=2)
	Separated Oscillatory Field Measurement of the Lamb Shift in H, n=2*
	Hydrogen Spectroscopy and Fundamental Physics
	DoppIer-Free Two-Photon Spectroscopy of Hydrogen Rydberg States: Remeasurement of ...
	Two-Photon Transitions Between Discrete States
	Two-Photon Spectroscopy of Hydrogen 1S-2S
	1S-2S Transition-Frequency Calibration
	High Resolution Spectroscopy of Hydrogen
	Trapped Atomic Hydrogen
	Atomic Hydrogen in a Magnetic Trapping Field
	Frequency Standards in the Optical Spectrum
	Precision RF Spectroscopy of Circular Rydberg Atoms

	Part II Positronium, Muonium, and Other Hydrogen-Like Systems
	Laser Spectroscopy of Positronium and Muonium
	Positronium Decay Rates
	New Schemes for the Production and Spectroscopy of Positronium
	Some Recent Advances in Muonium
	Transitions in Muonic Helium Ions Induced by Laser Radiation
	Positrons for Low Energy Antihydrogen Production
	Antihydrogen by Positromum-Antiproton Interaction
	Antiprotonic Hydrogen
	The Spectroscopy of Hydrogen-Like Highly Ionised Atoms

	Part III Quantum Electrodynamics and Beyond
	The Bound State Problem in QED*
	Electron g - 2 and High Precision Determination of ...
	General QED/QCD Aspects of Simple Systems
	Search for Parity Nonconservation in Hydrogen

	Part IV Hydrogen in Strong Fields and Chaos
	Multiphoton Transition to the Continuum of Atomic Hydrogen
	Hydrogen in Strong DC and Low Frequency Electric Fields - One Dimensional Atoms
	Hydrogen Atoms in Strong Magnetic Fields - in the Laboratory and in the Cosmos
	Theory of Chaos in the Atomic Hydrogen
	Quantum Chaos and the Hydrogen Atom in Strong Magnetic Fields
	Highly Excited Hydrogen in Strong Microwaves:Experimental Tests for Classically Chaotic Semiclassical Dynamics and for Quantum Localization
	Quasi-Landau Spectrum of the Chaotic Diamagnetic Hydrogen Atom


	Help

	suchen: 
	treffer: 
	hilfe: 
	search: 
	hits: 
	help: 


