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Abstract

The new era in X-ray spectroscopy of exotic atoms is based on high-resolution reflection-type
crystal spectrometers, state-of-the-art X-ray detectors, and sophisticated set-ups to stop the negatively
charged particles provided by modern accelerator facilities. Measurements on the elementary systems
formed with hydrogen and helium isotopes yield a precision unprecedented in low-energy strong-
interaction physics. Spin–spin and spin–orbit effects were identified in antiprotonic hydrogen and
hadronic effects were observed for the first time in antiprotonic deuterium. In kaonic hydrogen
strong-interaction effects could finally be identified unambiguously. For the pion–proton and
pion–deuteron system the measurements reachan accuracy for the hadronic shift of a few per
mill, which demands further theoretical effort to extract the scattering lengths at the same level. To
allow a precise determination of the pion–nucleon coupling constant, which constitutes a stringent
test of the approach for quantum chromodynamics in the non-perturbative regime, a new series
of measurements has been started aiming at anaccuracy of 1% for the hadronic width in pionic
hydrogen. The mass of the charged pion was re-measured by using light pionic and muonic atoms
and the first direct observation of Coulomb explosion was achieved for exotic atoms. Tests of bound-
state quantum electrodynamics became possible at an accuracy which in turn can be used now to
establish X-ray standards in the few keV range by the pionic atoms themselves.
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1. Introduction

Systems in which a heavier particle of negative charge is bound into atomic orbits by
the Coulomb field of the nucleus are calledexotic atoms. Predicted in the 1940s [1–3],
their existence was first established by the observation of Auger electrons in photographic
emulsions [4]. Characteristic X-rays from pionic and muonic atoms were identified for the
first time in the early 1950s. Up to now, X-radiation from exotic atoms with muons [5],
pions [6], kaons [7], antiprotons [8], and sigma hyperons [9] has been established.

In leading order, given by theBohr formula,1 the binding energiesBn are proportional
to the reduced massmred of captured particle andnucleusA(Z, N). Bohr radii rB and
consequently the expectation values of orbit radii〈rn〉 are proportional to 1/mred:

Bn = mredc
2α2Z2/2n2 (1)

rB = �c/mredc
2αZ (2)

〈rn〉 = rB · [3n2 − �(�+ 1)]/2. (3)

The transition energies are increased approximately by the ratiom/me of the masses
of the captured particle and the electron. Even for light elements such atomic systems
reach nuclear dimensions for the low-lying states (Table 1). This allows a large variety of
investigations:

• hadronic interaction at threshold [10–18],
• masses and magnetic moments of negatively charged particles [19–22],
• tests of bound-state quantum electrodynamics (QED) [23, 24],
• interaction with the electron shell of atoms and molecules [25],
• nuclear properties [17, 26],
• electro-weak interaction [27–30], and
• muon-catalyzed fusion [31–33].

Table 1
Binding energiesB1s of the atomic ground state and “Bohr radii” rB of “electronic” and “exotic” hydrogen for a
captured particle of massm. �haddenotes the angular momentum states noticeably affected by strong interaction.
Hadronic decayindicates the corresponding most important final state

m/MeV/c2 B1s/keV rB/10−15 m Accessible interactions �had Hadronic decay

ep 0.511 13.6 × 10−3 0.53× 105 Electro-weak – –
µp 105.7 2.53 279 Electro-weak – –
πp 139.6 3.24 216 Electro-weak+ strong s → π◦n
Kp 493.7 8.61 81 Electro-weak+ strong s, p → Σπ
p̄p 938.3 12.5 58 Electro-weak+ strong s, p → mesons

1 The symbols α, Z, n, and� denote the fine structure constant, thenuclear charge, the principal quantum
number and the angular momentum. The present value of the conversion constant�c is 197.326 9602±
0.000 0077 MeV fm [34].
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From the beginning, strong-interaction physics was a major motivation for studying
exotic atoms. Atomic binding energies of light systems are in the keV range, which is far
below the hadronic scale of about 1 GeV. Hence, exotic atoms offer the unique possibility
to perform experiments equivalent to scattering at vanishing relative energy. This allows
the determination of the hadron–nucleus interaction at threshold without extrapolation
as necessary in the case of low-energy scattering data. Of particular interest for exotic-
atom experiments are studies of the systems formed with hydrogen isotopes, as these
give access to the basic low-energy parameters—the hadron–proton scattering lengths and
volumes. Deuterium enables access to the hadron–neutron system. Other light elements
and especially isotope effects yield information on how to construct the particle–nucleus
interaction from the elementary reactions. It is noteworthy that light exotic atoms can be
obtained electron-free, which makes them true hydrogen-like systems. This opens new
potentialities for high-precision measurements due to the absence of any screening effects.

The theoretical description of the low-energy hadronic interaction has reached different
levels, which is also reflected in the differentapproaches applied to hadronic atoms. There
is the workhorse even today, theoptical potentialand the more microscopic view of
meson exchange. Finally with chiral perturbation theory(χPT) a framework has been
developed, which is based on the fundamental description of strong interaction—the
quantum chromodynamics (QCD).

The progress in the understanding of exotic atoms is closely related to the development
of experimental techniques. Whereas the early experiments measured X-rays from several
tens of keV to the MeV range by using NaI(Tl) scintillators, the advent of high-resolution
semiconductor detectors immediately led to substantial progress in the spectroscopy of
exotic atoms [12, 35]. A further step was achieved by introducing crystal spectrometers
[36] when meson factories at the Paul-Scherrer-Institut (PSI) [37], TRIUMF, and LAMPF
provided high-intensity muon and pion beams. From 1983 until 1996, at CERN, high-
quality antiproton beams were available at the low-energy-antiproton ring (LEAR) [38].
With all that, exotic-atom research became high-precision physics [39].

This article outlines recent results obtained from light exotic atoms. They were achieved
with dedicated techniques developed for high-precision measurements of X-rays in the
few keV range. Experiments include reflection-type crystal spectrometers, new-generation
X-ray detectors such as charge-coupleddevices (CCDs) and trigger capabilities on particles
in the final state to allow background suppression, cryogenic targets, and a particle
concentrator—the cyclotron trap—in order to produce bright X-ray sources. Such efforts
are mandatory to compensate for the low count rates inherent to high-resolution devices
even at the high-flux beam lines at LEAR and PSI or to counteract severe background
conditions.

Besides X-ray spectroscopy, additional important methods for investigating exotic
atoms were developed, which are not subjects of this review. Laser techniques are used
for studies of the meta-stable high-lying levels in antiprotonic helium, which give detailed
insight into cascade processes and test QED at the ultimate precision [40]. To access the
pion–nucleon s-wave interaction in heavy nuclei, deeply bound pionic states have been
populated in proton–nucleus collisions in recoilless kinematics [41, 42].

During the last decade, antiprotonic atoms were studied with a crystal spectrometer for
the first time and the first unambiguous observation of kaonic hydrogen could be achieved.
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Experiments are going on at the continuously improved pion beams of PSI investigating
the pion–nucleon interaction with increasing precision. High resolution allows one to
resume the tradition of testing bound-state QEDand, beyond that, new insights into exotic-
atom and exotic-molecule formation and de-excitation [43]. Supplementary studies of
fluorescence X-rays from electronic atoms demonstrate the potential of exotic atoms to
serve as X-ray standards and to take over calibration methods from other fields.

The experiments discussed in the following comprise aspects of the

• hadronic interaction in exotic hydrogen and helium,
• mass of the negatively charged pion,
• tests of bound-state QED in pionic and antiprotonic atoms, and
• cascade effects in muonic and pionic atoms.

2. Exotic atoms

2.1. From capture to quantum cascade

The negatively charged particles, after being slowed down to a kinetic energy of a few
tens of eV, are bound into highly excited atomic states at about the radius of the outermost
electrons. Deceleration at the lowest energies is caused by processes similar to friction
acting on the particle when moving through the electron cloud [44]. Kinetic energy is
absorbed by electron emission or electron excitation to unoccupied atomic states.

As a rule of thumb, the quantum cascade of the heavy captured particle starts where
the overlap of the wavefunctions is maximal with the outermost electrons of the atom or
molecule. The initial principal quantum number is aboutn ≈ ne

√
m/me, wherene is the

principal quantum number of the outermost electron shell. The value for the square-root
expression is 14, 16, 31, and 40 for muons, pions, kaons, and antiprotons, respectively.

Because of the large number of degrees of freedom, capture is generally very complex.
It depends on atomic and molecular structure and the range of values forn and angular
momentum states� at capture is specific to the element or compound under consideration
[45, 46]. Cascade models mostly use a modified statistical distributionP� ∝ (2�+1)eα� for
the angular momentum states starting the calculation atn = √

m/me which isonly a crude
approximation for the initial population. Hence, the X-ray yields of the transitions between
states of low n contain only indirect information on capture and the first de-excitation
steps. The parameterα is fitted to the data and the modulus of its value is typically�0.2 or
less [345]. Detailed descriptions of capture and atomic cascade may be found in [47, 48]
and [25], respectively.

2.2. General aspects of the atomic cascade

For atoms with Z > 2, the development of the subsequent quantum cascade
is determined by the different energy dependences of the two leading de-excitation
mechanisms,Auger emission of electrons andradiative decay. For hydrogen (Fig. 1),
however, and to some extent for helium, other mechanisms such asStark mixing and
Coulomb de-excitation become dominant (see below). The typical cascade of exotic
atoms withZ > 2 may bedivided into three parts:
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Fig. 1. Atomic cascade in antiprotonic hydrogen. The strong interaction, leading to a repulsion in the case ofp̄p,
manifestsitself in an energy shiftε and broadeningΓ of the low-lying and inner atomic levels. The hadronic
parametersε andΓ scale with the geometrical overlap (Section 3). In this article, a positive (negative) sign ofε
stands for an attractive (repulsive) interaction, i.e.,ε ≡ Eexp− EQED. Eexp denotes the measured andEQED the
(calculated) pure electromagnetic transition energy.

• Depletion of the electron shell.The emission of remaining electrons proceeds
shell by shell through successive Auger emissions as soon as the energy difference
between the exotic-atom levels exceeds the ionisation energy for an electron.
Because Auger transitions prefer a small energy difference between initial and
final state (ΓA ∝ 1/

√
�Enn′ and �� = ±1 [49]), the initial distribution of

the angular momentum states� does not change significantly in the upper part
of the cascade. Auger transition rates exceed radiative de-excitation for�n = 1
transitions (ΓX ∝ n−5 for n � 1 [50, 51]) down to aboutn ≥ 5 andn ≥ 9
in the case of mediumZ muonic and antiprotonic atoms, respectively, as can be
seen from inspecting Ferrell’s formulaΓA/ΓX = σ

(Z−1)
γe (E)/[(Z − 1)2σT ] [52].2

2 σγe(E) andσT denote the photoelectric and the Thomson cross sections.
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Therefore, X-ray transitions from above those levels are suppressed as long as
electrons are present.

• Point-nucleus regime. In lighter exotic atoms andwhen using dilute targets,
hydrogen-like systems are formed by depletion of the electron shell. This is in
particular true for antiprotons, where the large value of the initial principal quantum
numbern provides enough de-excitation steps in the cascade to empty all electron
shells completely. A pure radiative cascade already develops in the intermediate
part of the cascade without satellite transitions because of the absence of electron
screening [53–55]. Due to the strong energy dependence of the radiative decay
(ΓX ∝ �E3

nn′ [51]), the population of the states with maximum angular momentum
(n, � = n − 1) is strongly enhanced by�n � 1 transitions. In light exotic atoms,
from such so-called circular states, further decay can proceed exclusively by�n = 1
electromagnetic electric dipole(E1) transitions.

In the intermediate part finite-size effects can be neglected and the transition
energies are determined exclusively by the electromagnetic interaction, the mass
A of the nucleus, and the mass of thecaptured particlex. In dilute gas targets the
line intensities inZ > 2 systems are saturated even for largen, i.e., line yields are
of the order of 90% (Fig. 5). In heavier atoms and dense or solid targets, where
electron capture (refilling)(x− A)n�Ne− + e− → (x−A)n�(N + 1)e− from the
surrounding atoms occurs, de-excitation continues at first by Auger emission. In
general the remaining electron configuration de-excites immediately to its ground
state, before the next transition of the captured particle occurs.

In the lower part of the cascade, X-ray emission dominates even when electrons
are left due to the sharp increase of the energy gain per transition. The cascade time
is basically given by the first radiative transition because of the much faster Auger
transitions. As the radiative width strongly depends on the nuclear charge (ΓX ∝ Z4

[50]), the cascade time becomes quickly shorter with increasingZ.

• Particle–nucleus interaction.During the very last stepsof the cascade, the finite
size of the nucleus affects the atomic level structure even in the lightest exotic atom.
In the case of strongly interacting particles such as pions, kaons, or antiprotons,
electromagnetic de-excitation finally has to compete with hadronic reactions. The
presence of a hadronic potential causes an energy shiftεn� of the atomic levels as
compared to the pure electromagnetic interaction. The reaction channels opened by
strong interaction reduce the lifetime of the low-angular-momentum states, which
appears as a line broadeningΓn� of the X-ray transitions.

2.3. Cascade in exotic hydrogen and helium

Exotic hydrogen occupies a special position regarding the interaction with the target
material. It is electrically neutral and rather small on the atomic scale and, therefore,
approaches closely nuclei of neighboring atoms and experiences their Coulomb field. The
frequent collisions are most important for the evolution of the cascade because of the
slow radiative de-excitation (Table 2). The cross sections of all collisional processes are
of geometrical order of magnitude, i.e., of about the size of the exotic atomσcoll ≈ π〈rn〉2.
Non-radiative mechanisms also from collisional processes prefer�n = 1 transitions and
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Table 2
Processes occurring during the atomic cascade of exotic atoms, transition ratesΓnl for n � 1, and the main
decay mode of the unstable particles. Because of the short cascade time only a few per cent decay for the lightest
elements and at low densities.τ0 denotes the decay time of the free particle [34] and N the number of electrons

Process Example Γnl

El. dipole (E1) (x−p)n� → (x−p)n′,�−1 + γ Z ≥ 1 ∝ n−5

Internal Auger effect (x− A)n�Ne− → (x− A)n′�′ (N − 1)e− + e− Z ≥ 2 ∝ n7

External Auger effect (x−p)n� + H → (x−p)n′�′ + P+ e− Z = 1
Stark mixing |n�m〉 ↔ |n(�± 1)m〉 Z ≤ 1 2× 109/s(n = 30)b

Coulomb de-excitationa (x−p)n� + H2 → (x−p)n′�′ + H + H Z = 1 1× 109/s(n = 30)b

Elastic scattering (x−p)n� + H2 → (x−p)n� + H2
∗ Z = 1 1× 109/s(n = 12)b

Electron capture (x− A)n�Ne− + e− → (x− A)n�(N + 1)e− Z > 2

Weak decay µ− → e− + ν̄e + νµ τ0 = 2.2µs
Weak decay π− → µ− + ν̄µ τ0 = 26 ns
Weak decay K− → µ− + ν̄µ τ0 = 12 ns

a Coulomb de-excitationcomprises thechemicalde-excitationas introduced in [58] to take into account the
missingnon-radiative de-excitation strength.

b Transition rates in̄pp for a kinetic energy of 1 eV at 10−4 of liquid hydrogen density (from [78]).
∗ Denotes a (possibly) excited H2 molecule. The exotic atom remains in the same quantum state.

are able to change the velocity of the exotic atom significantly during the de-excitation. All
these effects counteract the development of a distinct circular cascade. Recently developed
cascade models, so-calledextended standard cascade models[56, 57], take into account
the evolution of the kinetic energy distribution. A review of progress in the cascade theory
of exotic hydrogen may be found in [48].

• Stark mixing. When passing through a Coulomb fieldduring collisions with other
target atoms, the electric fieldE mixes the pure parity states|n�m〉 because of the
non-vanishing matrix element〈n�m|E|n�′m′〉. Mixing occurs between states of the
same principal quantum numbern but different angular momentum according to the
selection rules�� = ±1 and�m = 0 [51].

Stark mixingprevails over all other internal and external de-excitation processes
except radiation from low-lying states and,therefore, primarily determines the
density dependence of the X-ray line yields. It can be described by introducing
(�� = ±1,�m = 0) transition ratesΓStark. For high-n states the transition rates
ΓStark are large enough to allow numerous transitions between� states during the
typical collision timeτStark of 10−14–10−13s. In hadronic hydrogen the induced
s- and p-wave contributions in high-angular-momentum states lead with high
probability to absorption or annihilation [25, 49, 58–63]). As shown inFig. 2, Stark
mixing leads to a drastic reduction of the X-ray yields with increasing target density
(Day–Snow–Sucher effect [64]). A further consequence is the very short time from
Coulomb capture to absorption or annihilation in dense targets (cascade time), which
has been observed already from bubble chamber data [65].

Assuming the splitting of the energy levels�En,�±1 ΓStark andτStark· ΓStark �,
the mixing is complete and a statistical population is re-established for eachn.
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Fig. 2.Left: X-ray spectrum from̄pH measured with a 30 mm2 Si(Li) showing the almost fully developed Balmer
transitions. The Lymanα line is suppressed due the strong p-state annihilation (from [62]). Right: Absolute line
yields of Balmer transitions. Data arefrom LEAR experiments PS171 [89], PS174 [90], and PS175 [62]. Dashed
lines show the results of the cascade code of Borie and Leon [58] with the parameters fitted to the line yields for
Tkin = 1 eV (from [62]). The solid lines result from the recently developedextended standard cascade modelof
Jensenand Markushin [48, 78], which follows the development of the kinetic energy distribution during cascade.

In the case of hadronic atoms mixing is suppressed for the low-lying low-angular-
momentum states by the large level shift due to the strong interaction. For example,
in p̄H andp̄He below n∼= 9 s–p and p–d mixing, respectively, no longer occurs.

In exotic heliumStark mixingis much less pronounced than for hydrogen, but is
still the process which dominates the pressure dependence of the line yields [66–69].
At higher densities, above about 10 bar, inaddition molecule–ion formation has to
be taken into account [66]. The formation of the positively charged exotic helium
(x−He)+ with another He atom into a moleculecould explain an anomaly observed
in π 4He for liquid helium, where the Kα yield was found to be lower than the Kβ
yield [70].

• Coulomb de-excitationis a non-radiative cascade process competing withexternal
Auger emissionandradiative decay[56, 71]. It occurs during a collision of exotic
hydrogen and the energy release�Enn′ for stepn → n′ is converted into kinetic
energy of thex−p system and H (from a molecule H2). Coulomb de-excitation
wasobserved directly as a broadening in thetime-of-flight (TOF) spectrum of the
monoenergetic neutrons from the charge-exchange reactionπ−p → π0n at rest
[72–75]. The TOF spectrum turned out to be a superposition of several Doppler
broadened contributions corresponding to various de-excitation stepsn → n′. The
fastest component identified corresponds to a kinetic energy of 200 eV and, therefore,
is attributed to the (3–2) Coulomb transition.�n = 1 transitions are preferred in
agreement with calculations, but evidence for�n = 2 has been found from the TOF
measurement.Coulomb de-excitationhas been considered so far only for hydrogen,
but isnot in principle excluded for exotic helium.

• Elastic scattering and Stark collisions counteract the acceleration byCoulomb de-
excitation, but they are not assumed to be sufficient to thermalise the exotic-hydrogen
atom. In a detailed consideration of the various cascade processes the cross sections
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for Coulomb and Stark transitions and scattering were calculated simultaneously for
largen instead of fitting strength parameters to the line yields [76–78]. It turned
out thatCoulomb de-excitationis the dominant process forn > 20 but remains
important also for lower-lying states. The large energy gain leads to a significant
Doppler broadening of subsequent X-ray transitions. For that reason, the inclusion
of the evolution of the kinetic energybecame mandatory in cascade theory.

• External Auger effect.Auger emission off H2 molecules reaches a similar rate to
Coulomb and Stark transitions when the energy gain for�n transitions exceeds the
electron’s binding energy. Auger emission therefore contributes significantly in the
rangen ≈ 6–10 [78, 79].

• Cascade timeshave been measured in̄pH at 1 bar (NTP)by the ASTERIX
collaboration [80] to 5.1 ± 0.7 ns andboth in p̄H andp̄He at very low pressures by
the OBELIX experiment [81, 82]. For p̄H at 3.4 mbara cascade time of 84± 10 ns
was obtained. A comparison of a recent calculation which accounts for the strong
Coulomb de-excitation[78] leads to shorter cascade times than a previous one
using an effective cross section for chemical de-excitation given byπ〈rn〉2—the
geometrical size of thēpp system [59]. Shorter cascade times are in much better
agreement with data, especially below 10 mbar. Recently, at 3 mbar a cascade time
of 30 ns has been reported by the ASACUSA collaboration when starting from the
(n = 31, � = 30) state inp̄He [83]. This is less than half the value given by Bianconi
et al. [82] but thetime elapsed from Coulomb capture to the arrival at this particular
level is not included here.

• Influence of the strong interaction.For exotic hydrogen and helium when formed
with hadrons, the use of low-pressure gas targets is essential to achieve high X-ray
yields, in particular for̄pH where the strong p-state annihilation further suppresses
the K transitions (Fig. 2). Due to the large s- and p-state annihilation� = 1 states
are fed almost exclusively from that part of the atomic cascade which did not pass
through any s or p state. For that reason the line yields are hardly sensitive to
the annihilation widthsΓnp andΓns [58, 84]. As expected, no isotope effect was
identified from the line yields within the present experimental accuracy [62], but at
the 20% level from a precise measurement of the capture probabilities of pions in
HD and H2 + D2 mixtures [85].

If a direct measurement of the level widthis excluded, a yield measurement of the
p̄H Lymanα permits the determination of the 2p annihilation width from the intensity
balance of the Lymanα and the whole Balmer series.3 The quantityΓ bal

2p derived in
this way, however, coincides with the true spin-averaged hadronic widthΓ2p only
in the limit of equal annihilation rate fromall 2p hyperfine states [14, 62, 86] (see
Section 5.1.2).

3 In theBohr model, the terms Lyman and Balmer lines denote any transitions to then = 1 andn = 2 states
from excited states. Lines are labeled by Greek letters starting withα for the one with the lowest energy. Ignoring
substructures the labeling of an exotic-atom transition by, e.g., Balmerα is not absolutely precise. Following
Siegbahn’snotation [91], in the case of̄pp Balmerα represents the three (3d–2p) fine structure lines Lα1, Lα2,
and Lβ1.
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In antiprotonic helium strong-interaction effects occur in s, p, and d states
(Section 5.3). The relative contribution of the various partial waves can be calculated
by cascade models almost with the accuracy given by the knowledge of the hadronic
widths [68, 84]. Stark mixingis still important. Temperature or equivalent kinetic
energy determine in certain limits the relative s-, p-, and d-wave annihilation. For
example, a cascade calculation yields for a density of 1 bar for s-/p-/d-absorption
the ratios 6%/47%/47% at 300 K and 1%/41%/58% at 5 K inp̄4He [68, 84]. The
percentage given here represents almost the full range of variation, unlike the case
for p̄H, where s- to p-state annihilation changes from about 0.1 to 10 from dilute gas
(�1 bar) to liquid hydrogen [87, 88].

3. Hadronic effects

In light exotic atoms, binding energies and, consequently, kinetic energies are in the
keV range (Table 1), which is small compared to the typical hadronic scale represented
by the nucleon mass of∼1 GeV. Therefore, X-ray spectroscopy of exotic atoms offers the
possibility of performing a scattering experiment directlyat threshold. The connection
between low-energy scattering and strong-interaction effects in exotic atoms may be
illustrated by inspecting the partial wave expansion of the scattering amplitudef (Θ) =∑
� f�(Θ), where f�(Θ) = (2�+1)a�k2�P�(cosΘ). For vanishing momentumk → 0, the

amplitude f (Θ) reduces tothe s-wave scattering lengthas, which is the basic parameter
representing the interaction at threshold. Besides scattering, absorption or annihilation
occurs and in analogy to optics, where the complex refraction index takes into account non-
coherent processes, a complex(optical) potentialis introduced. Then the scattering length
as becomes a complex number too.4 Detailed discussions may be found in the reviews of
Hüfner [10] and Klempt et al. [16] or the textbook of Ericson and Weise [18].

The relation between shift and broadening of the atomic ground state and the complex
s-wave scattering length is givenby an expansion in the parameteras/rB, whererB =
�c/mredc2αZ is the Bohr radius of the particle–nucleus system. The leading order using
hydrogen-like wavefunctionsΨns and taking the value of the wavefunction at the origin
yields the Deser formula [92]

εns + i Γns/2 = −(2π�
2/mred) · |Ψns(0)|2 · as

= −(2�
2/mredr

3
B) · as/n3. (4)

For thenext term in the low-energy expansion, for the p-wave, the scattering volumeap
reads in lowest order [93]

εnp + i Γnp/2 = −(6π�
2/mred) · |∇Ψnp(0)|2 · ap

= −(3�
2/16mredr

5
B) · ap · 32(n2 − 1)/3n5. (5)

Similar relations hold for higher-angular-momentum states [18, 94–96]. Corrections
due to interference of the Coulomb and nuclear interaction are taken into account by

4 Scattering lengths are printed inbold facewhencomplex.
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Table 3
Theoretical approach, exotic-hydrogen X-ray transition, and accessible hadron–nucleus properties

Meson exchange p̄H Kα N̄N spin–spin force
+ optical potential Lα N̄N spin–orbit force

p̄D Kα multiple scattering+ annihilation strength
Lα multiple scattering+ overlap

HBχPT KH, KD Kα KN isospin scattering length, KN sigma term

HBχPT πH Kα πN isovector and isoscalar scattering length,πN sigmaterm
πD Kα πN isoscalar scattering length+ 3-body effects, isospin breaking

higher-order terms (Trueman expansion) [93]. Second-order terms, proportional to
(a�/rB)

2, are significant for s states of kaonic or antiprotonic systems. It is worth
mentioning that in second order also the imaginary part of the scattering length contributes
to the hadronic shift [93]. In the case of protonium the validity of theTrueman expansion
was shownwhen a coupling of channels (̄pp and n̄n) occurs and tensor forces are
present [97, 98].

As mentioned above the scattering lengths and volumes determined in this way do not
yet represent the pure hadronic parameteras

�, but describe the interaction resulting from
the superposition of electromagnetic and strong potential and are denoted byacs

� . In p̄p,
such Coulomb corrections are sizable (up to 20%) for the s-states but already small for p-
states [97, 99, 100] and thelightest pionic atoms. A rigorous treatment including the finite
size of thenuclear potential was given by Mandelzweig and applied to medium-Z pionic
atoms [101].

The scattering lengths may be regarded as the interface of experiment and theoretical
understanding. The experimentally determined parameters have to be compared with
the results from theory based on the most fundamental approach available. The level
of “microscopic” understanding achieved is different forN̄ A, K A, and πA atoms
corresponding approximately to the internal complexity of the hadrons involved (Table 3).

In the simplest version, thelocal optical potentialis given by aphenomenological ansatz

Ulocal = V(r )+ iW(r ) = −(4π�/2mred)(1 + mred/M)ρ(r )b̄, (6)

where the nuclear matter density distributionρ(r ) is normalized toA. It was found that
the variation of the hadronic effects over the whole periodic table could be described
(except for a few special cases) by a few common quantities [10, 15, 18, 102–104].
They are understood aseffectivescattering lengths and volumes and the imaginary parts
represent absorption or annihilation. Necessarily this procedure averages out details of the
elementary interactions. In contrast to antiprotons or kaons, for pionic atoms andA > 1
nuclei terms proportional toρ2 must be included because pion absorption at rest takes
place with two nucleons [10, 18]. The success of parametrising theoptical potentialin
terms of effective scattering parameters is based on the validity of a multiple-scattering
approach for the hadron–nucleus interaction and was developed first for pionic atoms by
Ericson and Ericson [105, 106].
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For thedescription of pionic atoms in� > 0 states anon-local—i.e., a momentum-
dependent—part of the potential of the formUnon-local(r ) = (4π�/2mred)(1 +
mred/M)c̄∇ρ(r )∇ [107] was found to be necessary in addition. The strong influence of the
p-waveπN interaction even at threshold is obvious from the large strength and width of the
�(1232) resonance. TheπN s-wave interaction is atypically weak for a hadronic process,
which is now understood from chiral symmetry [18] (see below). Generally speaking, a
local potential is sufficient in the case of K− and p̄ because of their short mean free path
in nuclear matter [15, 108].

Meson exchangeconstitutes an understanding of the strong force mediated by various
mesons and describing the medium- and long-range part. In the quark model, mesons and
baryons are composite particles consisting of bound quark–antiquark and of three-quark
combinations, respectively, where the strong force is mediated by the exchange of gluons.
In the meson-exchangepicture the strength of the consequently effective interaction and the
internal degrees of freedom are condensed in (effective) couplings attributed to a specific
mesonNN vertex and thepotential is build up from the sum of the contributing mesons.
Commonly used startingpoints are the so-calledParis [109] and theBonnpotential [110].

QCD as a partof the standard model is today’s basictheory of the strong interaction
based on colored fermions—the quarks—and colored massless field quanta—the gluons.
At highest energies, perturbative methodsare applied with great success because of the
decreasing strength of the interaction as described by a running strong coupling constant
αs (asymptotic freedom). At low energies, in the non-perturbative regime, a modern
framework (χPT) has been developed, which is based on the symmetry of the QCD
Lagrangian for theideal world of two (or three) massless quarks u, d (and s), where
chirality is conserved for ever. The symmetry of the strong force is broken by the Higgs
field being an essential element in the description of the electroweak interaction. The Higgs
mechanism leads to finite but small (current) quark masses of about 4, 6 and 125 MeV/c2

for the light quarks u, d, and s, respectively [34]. Symmetry breaking together with the
properties of the QCD vacuum, being responsible for the bulk part of the masses, is the
basis of our existence and manifests itself in the particles observed in thereal world. On
the strong-interaction scale of about 1 GeV/c2, thezero mass limit is closely approached
for the first quark doublet and an expansion around thechiral limit mu = md = (ms =) 0
should provide a reasonable description at low energies.χPT relates unambiguously the
symmetry properties of the QCD Lagrangian to observables by low-energy theorems.
Being an effective field theory, the unknown structure of the theory at short distances
is parametrised by so called low-energy constants (LECs) to be taken from experiment
[111–115].

The mass of a pseudoscalar meson is given by the average (current) mass of the
quark–antiquark pair and the matrix element of the pair between QCD vacuum states
B · F2

π = 〈0|q̄q|0〉, whereFπ is the pion decay constant. For the case of pions the Gell-
Mann–Oakes–Renner relation reads [346]

m2
π = 1

2(mu + md)|〈0|q̄q|0〉|/F2
π + higher orders. (7)

The constantB—the chiral condensate, equal for all pseudoscalar mesons—adjusts the
physical masses of the pseudoscalar octet [112, 113, 116]. Though principally calculable
within lattice QCD, precise numerical values forB and Fπ are still derived from



146 D. Gotta / Progress in Particle and Nuclear Physics 52 (2004) 133–195

experiment. Similarly, sigma terms are measures of the chiral symmetry breaking. They are
basically the product of current quark masses and densities given by〈hadron|q̄q|hadron〉
matrix elements betweenhadronstates evaluated in the limitof vanishing quark masses
and momentum transfer. The sigma terms are related to thes̄s contents of meson or
nucleon [117, 118] and, hence, probe the non-valence quark part, e.g., of the nucleon
wavefunction. Located outside the physical region, sigma terms are not directly accessible
by experiment, but they can be connected to hadron–hadron amplitudes by extrapolation
into the unphysical region [118, 119]. Hence, scattering lengths are of great importance
because they represent the closest approach in thereal world.

3.1. Nucleon–antinucleon

At present ab initio calculations in the framework of non-perturbative QCD are limited
to special cases [120–125]. Therefore, a potential must be constructed from symmetry
considerations and plausible ad hoc assumptions.

Symmetries conserved in the strong interaction allow one to derive the real part of
the antinucleon–nucleon potential including its spin dependence in the framework of
meson-exchangemodels from the nucleon–nucleon interaction. At medium and long
range, the real part of thēNN potential is directly obtained by the so-calledG-parity
transformation [126] from the NN potential [123, 127–131]. For the short distance a
phenomenological short-range part is commonly used. In most cases theParis potential
is applied [128, 129, 132] (Dover–Richardpotential). At low energies, it is sufficient to
include the lightest mesonsπ , ρ, andω and the non-resonant 2π(σ) and 3π(ε) exchange
for a proper description of the scattering cross section. The low-energyN̄N interaction was
recently reviewed by Klempt et al. [16].

ForN̄N, a strong annihilation to mesonic final states occurs, which is of short range and
may change considerably the predictions based on the real part of the potential and hence
the level shifts in̄pH (Fig. 9). In addition strong distortions of the Coulomb wavefunctions
are expected, which has a significant effect on the ratios of branching into meson final
states [121, 122, 133–135]. The annihilation part of the potential is still best described by
a phenomenological complex ansatz with a radial behavior close to the matter distribution
(e.g., a Wood–Saxon distribution).

TheG-parity transformation yields totally different shapes for the real part of the NN
andN̄N potential. Simplified, the strongly repulsive part of the NN potential (mainly from
ω exchange) changes into strongly attractive in theN̄N case. Spin–orbit forces in theN̄N
interaction are rather weak, whereas spin–spin forces are strong in contrast to the NN
interaction [128]. Consequently, knowledge from individual hyperfine states is essential to
discriminate between various theoretical approaches. In the case of hydrogen, the detection
of Lyman or Balmer transitions makes sure that the antiproton–proton system ends in a pure
1s or 2p state, respectively.

Because of the small proton–neutron mass difference the coupling of the| p̄p〉 to the
|n̄n〉 state, e.g., by pion exchange, has to be considered [136, 137]. Including the|n̄n〉
component yields a dramatic effect for the hadronic broadening of the3P0 hyperfine state
in protonium. It is predicted to increase by afactor of about 2, which can be traced back to a
strongly attractive isoscalar tensor interaction [97, 128, 138, 139]. At short distances, where
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annihilation takes place, the isospin content of the final state is significantly changed by the
charge-exchange potential. The3P0 state is predicted to be almost pure isospin 0 and not a
half–half configuration| p̄p〉 = 1

2

√
2(ψ0 + ψ1) of I = 0 andI = 1 states as for the| p̄p〉

approximation [138–140]. Such an isospin mixing, however, could not be confirmed from
the study of branching ratios of meson finalstates, which indicates a sizeable isovector
component [141]. A possible explanation may come from the fact that annihilation from
atomic states and into meson final states probes the interaction at different distances.
Atomic widths describe more the peripheral part, whereas annihilation, especially into
heavier mesons, must be of very short range, where pion exchange plays a minor role.

Annihilation is very strong, which is illustrated by the short mean free path of
1.2 nucleon diameters of antiprotons in nuclear matter (black sphere) [136, 142, 143].
Therefore, the black-sphere model is able to describe reasonably the hadronic width for
nuclei A ≥ 4 by using theN̄N annihilation cross section [144]. Consequently, annihilation
is a peripheral process except for the lightest nuclei, but can in turn be used to probe
the nuclear halo [145, 146]. The distortions of atomic wavefunctions are significant
in the presence of such a strong annihilation and, as mentioned before, are crucial in
the calculations of branching ratios for the numerous mesonic final states. Therefore,
much effort went into the calculation and quality of realistic wavefunctions. Shifts and
broadenings of the atomic levels explicitlytest the medium- and long-range part of the
interaction at threshold and involve all final states [97, 128, 129, 139].

Low-energy scattering experiments provide complementary access to the scattering
lengths by extrapolation to threshold [147–150]. The results must be consistent with the
ones from exotic-atom data. Any disagreement between the methods of effective range
theory and exotic-atom data indicates either an incompleteness of the physical processes
taken into account or necessitates a check of the experimental and theoretical methods.

An anomalous threshold behavior could be evidence for exoticN̄N bound states close
to threshold. Such objects have been considered in the framework of quark models to be
“meta-stable” quark–antiquark combinations with or without gluon admixture [151, 152].
Potential models predict such bound states (“baryonium”) because of the strongly attractive
short-rangeN̄N interaction, which may show up in an enhanced p-wave annihilation
[128, 153–157].

3.2. Kaon–nucleon

Like the N̄N system the kaon andnucleon are composed ofI = 0 and/or I = 1
isospin states. The scattering length readsaK−p = (a0 + a1)/2 and the individual isospin
components may be determined by fits to data from several kaonic atoms with a different
composition of the nucleus [158]. Ideally, the individual components are determined
by combining kaonic hydrogen and deuterium, but to date no measurements on kaonic
deuterium have been performed (seeSection 7). The scattering length in kaonic deuterium

is given byaK−d = 1
2

(
1+mK /M
1+mK /Md

)
(a0+3a1)+C, where the kinematic factor is due to shift

from the KN tothe Kd center of mass.5 The three-body corrections are sizable and involve

5 M andMd denote the proton and deuteron mass, respectively.
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large imaginary parts due to the inelastic KN channels, which complicates the description
of the K−p interaction at low energies.

Close to threshold the isospin 0Λ(1405) and isospin 1Σ (1385) resonances exist. The
nature of theΛ(1405) particle is still poorly understood [159]. Its mass is only 26 MeV/c2

below the K−p threshold (and even closer in the case of helium because of the large binding
energy) and has a lifetime of about 50MeV decaying exclusively into theΣπ channel [34].
Such a situation usually requires a more sophisticated approach such as coupled channels
[160–162]. Primarily the I = 0 amplitude may then change rapidly with energy because
of the nearby resonance [163, 164].

The importance of the KN interaction at threshold is due to the possibility of testing
χPT for systems involving the “heavy” lightquark s. Low-energy theorems have to be
workedout in the framework of(χPT) using constraints from coupled channel techniques
[165, 166].

3.3. Pion–nucleon

According to its origin, the methods ofχPT work bestfor the lightest quarks u and d as
combined in the lightest strongly interacting particle—the pion. Therefore, the pion–pion
interaction [113] is regarded to be the best testing ground for non-perturbative QCD.
Unfortunately, experimental circumstances prevent a determination of theππ scattering
length to the few per cent level [167–169], which would be required for a decisive test of
the theory [170–173].

It has been shown that such an effective field-theory approach can also be applied to the
meson–nucleon case labeledheavy-baryon chiral perturbation theory(HBχPT), where
a special transformation bypasses the problem of the non-vanishing nucleon mass in the
chiral limit mquark → 0 [113, 174, 175]. The chiral expansion, ordered by counting the
powers of (small) momenta, the quark-mass difference(md − mu), and the fine structure
constantα [111], allows one to include on the same footing the strong isospin breaking
effects based on the mass difference(md �= mu) and those of electromagnetic origin
[176–179].

In the case ofπN, the two basic parameters at threshold are the isoscalar and isovector
s-wave scattering lengthsa+ anda−. They aregiven in terms of the elastic reactions by

a± = 1
2(aπ−p→π−p ± aπ+p→π+p) (8)

or when expressed in terms of the two possible isospin combinationsI = 1/2 andI = 3/2
by

a+ = 1
3(a1/2 + 2a3/2) (9)

a− = 1
3(a1/2 − a3/2). (10)

If isospin conservation is exactly fulfilled, the elastic channels are related to charge
exchange by

aπ−p→π−p − aπ+p→π+p = −√
2aπ−p→π◦n, (11)

i.e., thestrongπN interaction at threshold is described completely by two (real) numbers.
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The leading order result fora+ anda− derived from current algebra [180, 181] already
revealed an important feature of the underlying symmetry—the vanishing of the isoscalar
combinationa+ in the chiral limit:

a+ = 0 (12)

a− = −0.079/mπ (13)

a+ further on remains small also when higher orders are taken into account [177] (Fig. 16).
A fundamental quantity of theπN interaction, theπN coupling constantf 2

πN, is
connected to the isovector scattering lengtha− by current algebra and dispersion relation
theory through the Goldberger–Miyazawa–Oehme (GMO) sum rule [182]. If isospin
symmetry holds, the GMO sum rule directly relatesΓ1s to f 2

πN (Eqs. (11) and (17)):

(
1 + mπ

M

) a−

mπ

= 2 f 2
πN

m2
π − (m2

π/2MN)2
+ 1

2π2

∫ ∞

0

σ tot
π−p(kπ)− σ tot

π+p(kπ)

ω(kπ )
dkπ . (14)

At present, the value of the integral is known with an accuracy of about 1% [183–
185]. The leading order result forf 2

πN, derived within current-algebra, is known as the
Goldberger–Treiman relation: [18, 186].

f 2
πN

4π
= m2

πg2
A

16πF2
π

= m2
π

4M2

g2
πN

4π
= 0.072. (15)

The relation betweenf 2
πN, the pion decay constantF2

π , and the axial vector constantgA,
determined from neutron decay, demonstratesthe connections between strong forces, QCD
vacuum, and weak interaction.M andmπ denote the proton and the charged-pion mass by
convention. The deviation from the value of 0.072 is again directly related to higher orders
in the chiral expansion (Goldberger–Treiman discrepancy). The order of magnitude of the
discrepancy is about 2–4% [187].

Nowadays, up to fourth-order calculations in the framework of HBχPT havebeen
performed [188]. Consequently, the experimental information obtained from the hadronic
shift ε1s and level broadeningΓ1s of the atomic ground state in the pionic hydrogen should
at least reach a precision at that level. Expressed in a Deser-type formula [189], the relation
between exotic-atom parameters and scattering lengths may be written as6

ε1s

B1s
= − 4

rB
aπ−p→π−p(1 + δε) (16)

Γ1s

B1s
= 8

q0

rB

(
1 + 1

P

)
[aπ−p→π0n(1 + δΓ )]2. (17)

Obviouslyε1s ∝ a+ + a− and, assuming isospin invariance,Γ1s ∝ (a−)2 holds.
The parametersδε,Γ prevent a direct extraction of the pure hadronic scattering length

from the experimental results. They accountboth for nuclear–Coulomb interference and
terms arising from the chiral expansion treating electromagnetic corrections and isospin

6 q0 = 0.1421 fm−1 is the center-of-mass momentum of theπ0 in the charge-exchange reactionπ−p → π0n
andP = 1.546± 0.009 [190] the branching ratio of charge exchange and radiative capture (Panofsky ratio).
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breaking effects. The LECs contained in the higher-order terms of the chiral expansion
[178, 191] have to come from experiment and not all of them are well known. These
corrections are of the order of a few to several per cent and are at present the subject
of detailed theoretical studies [178, 179, 183]. Older results, based on a potential approach
[192], are assumed to underestimate both the magnitude and the uncertainty ofδε,Γ [179].

An important independent source of information fora+ is the ground-state shiftε1s of
pionic deuterium, which is proportional to the real part of the pion–deuteron scattering
length Raπd according to the Deser formula. Assuming charge symmetry, i.e.,aπ+p =
aπ−n, the sum (difference) of the freeπ−p andπ−n scattering lengths exactly yields
the isoscalar (isovector) combinationa+(a−). To profit from the precise results for the
deuterium ground-state shift,Raπd must be resolved in the framework of a multiple-
scatteringapproach [18]. Because of the smallness ofa+ compared toa−, the double-
scattering termD dominates over the single-scattering contributionS by an order of
magnitude:7

Raπd = S+ D + · · ·
= 1 + mπ/M

1 + mπ/Md
a+

+ 2
(1 + mπ/M)2

1 + mπ/Md

[(
a+

2

)2

− 2

(
a−

2

)2
]

〈1/r 〉 + · · · . (18)

Evidently, like for the Kd case, an elaborate multi-body calculation is mandatory for the
precise determination ofa+ [184, 185, 193].

4. Experimental techniques

High-resolution spectroscopy of X-rays from exotic atoms demands the maximization
of the X-ray count ratesimultaneouslywith an adequate resolution. Semiconductor
detectors, used for the direct measurement of the radiation emitted from a target volume,
usually cover a few per mill of the solid angle. The efficiency of an ultimate-resolution
device such as the crystal spectrometer described here is another two to three orders of
magnitude smaller. This requires:

• Highest possible yields of the exotic-atom X-ray transitions, for which in general
dilute targets are needed.

• High stop densities, i.e., small stop volumes in the dilute targets, to overcome the
low efficiency of high-resolution semiconductor detectors or crystal spectrometers.

• Efficient background suppression to handle the high background level in particle-
accelerator environments.

Such conditions are achieved in an experimental set-up combining thecyclotron trap, a
focussing low-energy Bragg spectrometer, andCCDs for X-ray detection (Fig. 3).

7 〈1/r 〉 is the inverse deuteron radius.
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Fig. 3. The experimental approach for a crystal spectrometer experiment. The focussing Bragg spectrometer is
equipped with spherically bent crystals and two-dimensional position-sensitive detectors. The diameterR of the
Rowland circle is equal to the (horizontal) radius of curvature ofthe crystal. The X-ray source is provided by a
particle concentrator—the cyclotron trap.

4.1. Cyclotron trap and X-ray source

In the cyclotron trap the range curve of the particle beam is wound up in a weakly
focussing magnetic field, which is produced by a superconducting split-coil magnet [194].
Between the coils a target chamber is installed containing a suitable degrader arrangement.
Entering the target chamber, the beam is degraded immediately to a momentum of about
65 MeV/c to be trapped in the magnetic field. Further on, the particles lose their kinetic
energy first in additional degraders and then in the target gas itself, thus approaching the
center of the magnet on spiral orbits. Different scenarios exist (Table 4):

• Stable particles such asantiprotons can be decelerated slowly. The low-emittance
beam of LEAR was stopped almost completely in a few cm3 at very low pressures.

• Because of thepion’s short lifetime, the beam must be stopped within a few ns.
The fast deceleration by rather thick degraders requires an additional gas cell in the
center of the trap. In this way a concentrated and radially homogeneous X-ray source
is obtained.

• At pion beamsmuonic atomsare formed when slow pions decay close to the target
cell. The use of the decay muons permits the simultaneous measurement of pionic
and muonic transitions.

With the cyclotron trap, a gain in stop density over a linear arrangement is achieved by
factors of 106 and 200 for antiproton and pion beams, respectively.



152 D. Gotta / Progress in Particle and Nuclear Physics 52 (2004) 133–195

Table 4
Exotic-atom X-ray sources achievable with the cyclotron trap.φsourceandlaxial are the extensions perpendicular
and along the symmetry axis of the magnet

pbeam/MeV/c Intensity/s Target Pressure/mbar fstop% φsource× laxial/mm× mm

p̄ 105 106 H2 20 ≈90 20× 30 FWHM
π− 110 109 N2 1000 ≈2 60× 40 gas cell
µ− Fromπ decay O2 1000 ≈0.1 60× 150 gas cell

4.2. Crystal spectrometer

When X-rays are scattered off the electrons of atoms, arranged regularly in lattice planes
having the distanced, according to Bragg’s law

nλ = 2d · sinΘB, (19)

a coherent superposition for one wavelengthλ occurs only close to the Bragg angleΘB,
wheren is the order of reflection. The theoretical limit for the energy resolution is given by
the widthω f at FWHM of the angular distribution of a parallel beam reflected by a perfect
plane crystal (rocking curve).

For X-radiation below 20 keV energy, because ofthe absorption losses, reflection-type
crystal spectrometers are normally used. In the few keV range, quartz or silicon are the
only materials suitable for ultimate-resolution studies. These are ideal crystals and their
reflection properties can be calculated reliably from the dynamical theory except in the
close vicinity of absorption edges [195, 196]. The intrinsic resolutionω f of perfect plane
crystals is in the range�E/E = 10−5–10−4 (Table 5).

For the investigation of broad X-ray lines or multiplets, cylindrically bent crystals
are widely used (Johann geometry [197]), because in this case an energy interval
corresponding to the width of the source canbe recorded simultaneously with position-
sensitivedetectors. For X-rays reflected at the Bragg angleΘB the focussing condition
in the direction of dispersion is fulfilled on the Rowland circle at the distanceR · sinΘB
(Fig. 3).

Spherically bent crystals in addition have (angle-dependent) focussing properties in the
vertical direction, perpendicular to the direction of dispersion, which reduces the height
of the image [198]. This allows an efficient use of rather small pixel detectors such as
CCDs. The two-dimensional position information permits correction for the curvature of
the reflection [199, 200].

4.2.1. Resolution
As a consequence of crystal bending, a decrease in resolution owing to the finite size of

the crystal and source must be accepted. For the experiment, a compromise between count
rate and aberration has to be achieved. In the set-ups described here, aberration is mainly
due tothe (full)horizontalextensionb of the crystal. Itcauses a shift, which depends on the
absolute value of the Bragg angle and alwaysreduces the reflection angle in relation to the
central ray (Fig. 3). The maximum angular shift�ΘJ , for X-rays reflected from the left or
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Table 5
Calculated and measured resolutions�Ecal and�Eexp (FWHM) of the crystal spectrometer. The radiative widths
ΓX of the exotic-atom transitions are negligibly small compared to the intrinsic resolutionω f (FWHM of the
rocking curve). The crystal parameters are given ascalculated with the code of Brennan and Cowan for plane
crystals [196] and the code XOP [206]. The resolutionachievable with the bent crystal spectrometer is obtained
by convolution of the rocking curve with imaging properties of the set-up

EQED/eV ΓX /meV Reflection w f /meV �Ecal/meV �Eexp/meV

p̄ 3He(5g–4f) 1686.477 0.26 qu 100 129 150 285± 8
p̄ 20Ne(13p–12o) 2444.035 10 Si 111 272 320 333± 34

π 20Ne(7i–6h) 2718.751 4.2 Si 111 348 400 478± 29
π 12C(5g–4f) 2973.826 4.4 quartz 101̄ 402 425 477± 26
π 20Ne(6h–5g) 4509.894 11 Si 220 265 460 550± 17
π 20Ne(5g–4f) 8306.449 32 Si 440 72 300 725± 32

right boundary of the crystal, is given in leading order for both cases by

�ΘJ = 1/2(b/2R)2 · cot2 ΘB. (20)

Hence, an angle-dependent (asymmetric) broadening and a shift of the reflection towards
higher energies appear (Johann broadening and shift) [198, 201]. Further corrections
necessary to achieve the “true” Bragg angle for calculating the wavelength are due to the
change of the refraction index for the radiation inside the crystal (index of refraction shift)
[196, 202] andthe penetration depth, which is sensitive to distortions of the lattice constant
from the bending [203]. More details may be found in [86, 204].

In theory the resolution of a bent crystal is given by the convolution of the rocking
curve and the geometrical broadening. However, forcing a disk into a sphere is in principle
impossible without causing non-linear distortions. In addition at low energies, lattice
distortions at the surface due to polishing become important. To exclude volume effects
on the uniformity of the bending, the crystal disks of 0.3 mm thickness were mounted on
glass lenses of high quality by optical contact [86, 204]. For bending radii ofR = 3 m and
crystal diameters of 100 mm the measured resolutions approach the theoretical values in
the majority of cases to closer than a factor of 2 (Table 5).

Exotic-atom transitions not affected by strong interaction or screening by remaining
electrons have much smaller natural linewidthsΓX than fluorescence X-rays (Figs. 6
and11, Table 6). Though beam time consuming, these transitions are currently the only
possibility for determining the spectrometer response function in a comparable geometry
(Fig. 5—left). Narrow nuclearγ -rays with sufficient intensity are not available in the few
keV range for practical cases. Hydrogen-like electronic atoms may help to solve this
problem in the future (Section 7.2).

4.2.2. Energy and efficiency calibration
Semiconductor detectors.The method of saturated X-rays in dilute targets allows an

in-beam energy and efficiency calibration. Selected low- and medium-Z exotic atoms are
depleted completely from electrons inthe medium part of the atomic cascade. Energies are
given with the precision of calculation. The relative efficiency is determined from the line
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Table 6
Fluorescence X-rays and exotic-atom transitions used for energy calibration. The calibration was applied to the
transitions given in the last column. The Bragg angles are given without the index of refraction shift

Calibration E/keV ΓX /meV Reflection ΘB Transition

Si Kα1 1739.986± 0.019 524± 35 qu 100 56◦50′53.7′′ p̄H(3d–2p)
S Kα1 2307.886± 0.034 769± 26 Si 111 58◦56′40.0′′ p̄D(3d–2p)
Cl Kα1 2622.441± 0.039 925± 86 Si 111 48◦55′45.2′′ πD(2p–1s)
Cu Kα1 8047.838± 0.006 2260± 20 Si 440 53◦21′10.0′′ πN(5g–4f)

πO(6h–5g) 2880.506 4 Si 111 43◦20′34.0′′ πH(3p–1s)
µO(5g–4f) 4023.997 10 Si 220 53◦20′52.0′′ πN(5g–4f)

intensities, which all have about the same absolute yield in dilute gases (Fig. 5—right). The
absolute efficiency is obtained by a calibrated radioactive source within the used energy
range. An important feature of this method is that it can be extended to lower energies than
are available from common calibrated radio-active sources.

Crystal spectrometer.An absolute determination of the Bragg angle from the measured
position on the X-ray detector is considered to be impossible for the required accuracies
up to 1 ppm. Therefore, relative measurements are performed using radiation of well-
known wavelength and close in energy to the transition to be studied. For small angle
differences, the higher-order corrections to the Bragg angle are well under control and
possible uncertainties in the lattice distance have no effect. Two different cases occur:

• The angle difference between the calibration line and the transition under
investigation is small enough for measuring both lines simultaneously as indicated
in Fig. 3. Theposition difference directly yields the energy difference ifR · sinΘB is
sufficiently well known. This method rules out systematic errors regarding long-term
stability.

• If the angle difference exceeds the size ofthe source or detector, the crystal is
rotated so that the two reflections appear at the same position on the detector and
the spectrometer is readjusted to the source. The rotation of the crystal is measured
with a high-precision angular encoder (�Θ = ±0.15 s of arc or±0.5 ppm).

At present two sets of calibration lines are available (Table 6):

• Fluorescence X-rays.Among others, the Kα lines from silicon, sulphur, chlorine
[207, 208], argon [208, 209], and copper [210] have been re-measured recently with
improved precision tobe used for calibration purposes. However, the large natural
linewidths, the presence of satellite transitions originating from multiple ionisation,
and line splitting due to the coupling of vacancies (seeSection 6.4) limit the accuracy
to a few ppm when relating the peak position to the wavelength. For low-Z atoms,
the analysis is also complicated by the incomplete separation of the doublet (Figs. 6
and11).

• Exotic X-ray transitions. Suitable calibration lines from exotic atoms are rare
because sufficient yields are achievedonly for a few elements in the medium and
lower part of the atomic cascade. Again, the transitions must not be affected by
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electron screening or strong interaction to make use of the precise QED calculations,
which nowadays reach an accuracy of a few meV [211].

4.3. X-ray detectors

CCDs are ideally suited for low-energy X-ray detection in a high-background
environment because of their distinguished two-dimensional position resolution together
with the excellent energy resolution of semiconductor devices [212–217]. Charge created
by the short-range photo-electron from conversion of the X-ray quantum is deposited in one
or two pixels only, whereas particle- or Compton-induced events produce larger clusters
(Fig. 7). The pixel structure of the CCDs allows an almost complete separation of X-ray
and background events by the analysis of the hit pattern (cluster analysis) when the fraction
of hit pixels is kept below a few per cent (Fig. 6).

For the direct measurement of exotic-atom X-rays the CCDs were placed close to the
stop volume inside one bore hole of the magnet of the cyclotron trap (Fig. 4). Due to
the background suppression achieved with theposition information, the performances of
CCDs are superior to those of conventional semiconductor detectors. Used as focal-plane
detectors of the crystal spectrometer, the CCDs can be shielded from the direct radiation of
the source. In that way, for extremely small count rates also almost background-freespectra
are obtained (Fig. 6). The CCDs used so far, however, are not triggerable, which limits
their rejection capability if the background is dominatedby low-energy electromagnetic
radiation.

4.4. Linear stop arrangement and triggered X-ray detectors

Currently available kaon beams sufferfrom low kaon fluxes and simultaneously a large
contamination with pions. In order to achievereasonable background conditions, a trigger
condition is imposed on X-ray recording. The kaonic hydrogen experiment, set up at the
low-energy separated beam line of the KEK proton synchrotron (Japan), used a linear
arrangement to stop kaons ina cryogenic hydrogen target [218, 219].

Up to 60 X-ray detectors placed inside the gas volume were used to achieve a maximum
solid angle (Fig. 8). Background suppression was performed by tagging on two fast
coincident charged pions originating from the branchK −

stopp → Σ±π∓ followed by
Σ± → nπ± decay, which occurs in about 50% of all reactions. Vertex reconstruction with
multiwire proportional chambers ensured thatthe pions were created inside the hydrogen
target. A sharp timing was achieved by scintillation counters. In this way a background
rejection of almost three orders of magnitude was achieved in face of aπ/K ratio of 90.

5. Strong-interaction results

5.1. Antiprotonic hydrogen

5.1.1. 1s ground state
In a first generation of LEAR experiments, X-rays fromp̄H andp̄D were detected by

using conventional semiconductor and gas-filled devices. An accuracy of 3% and 6%
was achieved for the spin-averaged shiftε1s and broadeningΓ1s (experiments PS174
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independently adjustable sphericallybent quartz crystals. Each crystal was directed to its own CCD detector to
avoid any reduction of resolution from a matching of reflections. CCDs for the direct measurement of X-rays
were mounted in the second bore hole close to the stop volume.

[90, 220] and PS175 [62]). A first glance at the spin dependence (Fig. 9) wasobtained
from results of the experiments PS171 by tagging X-rays with neutral final states
[221] and PS175 by using a high-resolution Si(Li) detector [62] for the 1S0 and 3S1
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hyperfine states, respectively, which could, however, be obtained only with additional
assumptions.

The situation was improved by a measurement with higher statistics using CCDs [222–
224]. For the first time the hadronic shift and broadening of both hyperfine components3S1
and1S0 were determined fromone single spectrum (Fig. 10). The still limited statistics,
however, prevented the achieving of a comparable accuracy for theindividual hyperfine
components as for the spin average without additional constraints. ThēpH data were fitted
by using a background shape found in thep̄D experiment and including further constraints
on thep̄Be linesand fluorescence X-rays obtained from ap̄N measurement. In addition,
a contribution tentatively ascribed to inner Bremsstrahlung from annihilation [225] was
introduced to achieve a satisfactory description of the background shape [223]. The two
hyperfine components were represented by two Voigt functions. The fit did not allow a
variation of all parameters at the same time. Therefore, the final fit for the hyperfine states
was made by freezing thēpH background shape. Furthermore, to obtain all four strong-
interaction parameters the3S1/

1S0 intensity ratio had to be fixed to about 2, which is in
accordance with the value suggested by the different widths of the 2p hyperfine levels
(Table 9).

Spin-averaged strong-interaction effects are given inTable 7 together with typical
results from optical model calculations based on meson exchange and a phenomenological
annihilation potential. The theoretical approaches labeled DR1 and KW differ from each
other slightly in the meson contents for the real part of theN̄N potential, but more in
the parametrisation of the absorptive part. The inclusion of decay channels into close-
to-thresholdN̄N bound states also does not change significantly the values for the spin-
averaged shifts and widths. For sensitivity to such details, a better decomposition of
the hyperfine structure is necessary, which mainly has to come from a substantially
improved statistics and, in addition, from a better knowledge of the background shape.
The measurement of thēnp annihilation cross section at low energies by Mutchler et al.
[226] yields an estimate on the pureI = 1 s-wave annihilation strength. Together with̄p
atom data, theI = 0 part also becomes accessible (Table 8).
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5.1.2. 2p state
The essential assumption for the analysis of the spectra measured with the crystal

spectrometer is a statistical population of the 3d states, which is justified by the negligibly
small annihilation froml ≥ 2 states [139]. Hence the relative intensities of the hyperfine
transitions can be fixed [86].

In antiprotonic hydrogen, the 23P0 hyperfine state plays a particular role. It is an
indispensable prediction of the meson-exchange model that the electromagnetic splitting
of about 200 meV should be increased byanother 100 meV by the long-rangēpp
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potential (Fig. 9). In fact, the shoulder on the high-energy side of the Balmerα line profile
amounts to the expected statistical population of the 23P0 hyperfine state. The close-lying
components 23P2, 2 3P1 and 21P1 are not resolved (Fig. 11). The value for the hadronic
shift ε(2 3P0) even exceeds the results obtained from most of the theoretical calculations
(Table 9). The broadeningΓ (2 3P0)—much larger than the spin-averaged value—is in the
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range of the predictions as are the measured mean shift and width of the group (23P2,
2 3P1, 2 1P1).

Obviously, the level structure originatingfrom the real part of the hadronic potential
is not destroyed by the very fast annihilation. The experimental results are considered as
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strong support for the validity of the meson-exchange models for the medium- and long-
range real part. The outstanding strong p-wave interaction, in particular of the shift of the
2 3P0 state, may suggest discussing again close-to-thresholdN̄N bound states [230].
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Table 7
Spin-averaged hadronic shifts and broadenings in antiprotonic hydrogen anddeuterium compared to theoretical
predictions. The largest contribution to the error ofε2p is due to the uncertainties in energy for the Kα lines of

silicon and sulphur! The strong suppression of K transitions becomes obvious from the small radiative widthΓX
2p

compared to the hadronic broadeningΓ2p

ε1s /eVa Γ1s /eV ε2p /meVa Γ2p /meV ΓX
2p /meV

p̄H 0.38
Experiment −714± 14 1097± 42 [223] +15± 20 38.0 ± 2.8 [86]
DR1 −707 933 [139] +6 33.5 [139]
KW −698 1062 [139] +7 35 [139]
Eff. range −600 1080 [147] +9 39 [147]
N̄N bound states −730 ≈1400 [156] −18 36 [156]

p̄D 0.51
Experiment −1050± 250 1100± 750 [224] −243± 26 489± 30 [86]
Geometrical scaling 2300± 300 [86]
Mult. scatt. ≈ − 4000 ≈5500 [227] −52 422 [227]
3-body cal. ≈ − 1600 ≈1000 [228]
Potential cal. ≈ − 4000 ≈2000 [229]

a For the definition of the sign ofε seeFig. 1.

Without the crystal spectrometer results, only an average 2p-level broadening is
accessible from the intensity balance between the total Balmer series and the Lymanα
transition. This value, however, is equal to the spin-averaged hadronic width only in the
limit of equal broadening for all 2p hyperfine levels [86]. Hence, the large value for
Γ (2 3P0) yields dramatic consequences. Whereas a value ofΓ bal

2p = 32.5 ± 2.1 meV
is obtained from the intensity, the true spin-averaged 2p-level width is found to be 20%
larger when corrected by using the crystal spectrometer result (Table 7). The larger value
is in good agreement with recent results from low-energy scattering experiments [150].

5.2. Antiprotonic deuterium

5.2.1. 1s ground state
Evidence was found for thēpD Lymanα transition [224] (Fig. 10—right). The Lymanα

yield of YK = 2.3 ± 1.3 × 10−3, deduced from yield ratios in the direct measurement, is
only in fair agreement with the values derived from the 2p annihilation width measured
with the crystal spectrometer (YK = 5.2 ± 0.7 × 10−4 [86]) and a recent fit to thēpD
cascade data by Batty (YK = 3.2 × 10−4 [231]). Besides the low statistics the analysis
described by Augsburger et al. [224] is additionally complicated by the background shape
and contamination lines, but the signals from all three CCDs used in the experiment were
found to be still consistent.

Surprising is the small value for the broadening, comparable to the ground-state
broadening in hydrogen. From scaling of the hadronic 2p level widths based on the
geometrical overlap of (hydrogen-like) wavefunctions a value is derived, which is a factor
of about 2 larger. It is just consistent with the result of the direct measurement [86]
(Table 7). Considering the low expected yield, however, it is questionable that the small



D. Gotta / Progress in Particle and Nuclear Physics 52 (2004) 133–195 163

Table 8
Spin-averaged̄pp scattering lengthsas, volumesap, andN̄N isospin scattering lengthsaI

Experiment Theory

p̄H Scattering DR1f KWf Eff. rangeg

acs
s,p̄p/fm 0.913± 0.018 –

i0.694± 0.027a
−i0.69± 0.03e 0.83 – i0.59 0.82 –i0.67

as
s,p̄p/fm 0.95± 0.02 –

i0.73± 0.03b
0.91 – i0.72 0.88 –i0.82 0.4 – i0.6

�as,I=1/fm −0.83± 0.07c −0.62 −0.76 −0.83
�as,I=0/fm −0.63± 0.08d −0.87 −0.92 −0.60

as
p,p̄p/fm

3 −0.61± 0.81 –
i0.77± 0.06a

−i0.75± 0.06e −0.26 – i0.71 −0.40 – i0.75 −0.6 – i0.2

a Scattering length in the presence of the Coulomb fieldacs as obtained with the Trueman formula to second
order fromp̄H atom data [150].

b The pure strong-interaction scattering lengthas determined fromacs by using the method of Kudryavtsev
and Popov [99]. At present the correction can be neglected for p waves [97].

c �as,I=1 is obtained from a measurement of then̄ p annihilation cross section [226].

d Obtained with the isospin relationas,p̄p = 1
2(as,I=0 + as,I=1).

e Analysis of p̄ scattering data of Protasov et al. [150].
f Coulomb strong interference for the potentials DR1 and KW as discussed by Carbonell et al. [97].
g Effective range analysis of Pirner et al. [149].

extra intensity at about 11.5 keV can be identified unambiguously with the Kα line in p̄D.
A confirmation of the experimental result would be highly desirable.

5.2.2. 2p state
From the (3d–2p) line shape, no evidence was observed for a hyperfine structure

though a large electromagnetic splitting was predicted [232] (Fig. 11: p̄D—asymmetric
line shape). A much better description of the line shape was achieved by introducing a
2p level splitting as calculated recently by Boucard and Indelicato [211] (Section 6.3). It
allowed determination of the spin-averaged hadronic broadeningΓ2p from a fit to the line
shape using a single Lorentzian (Fig. 11: p̄D—symmetric line shape), the width of which
exceeds by far the level splitting. Hence, thep̄H system remains the only one where 2p
hyperfine components are accessible. Again a statistical population of the sub-levels is
assumed.

Though more than one order of magnitude larger, the measured hadronic broadening
Γ2p is consistent with geometrical scaling taking into account the different proton and
deuterium radii [86]. Such a large broadening is predicted by a multiple-scattering ansatz,
which has been successfully used for pion absorption. The magnitude of the shiftε2p,
however, is underestimated by a factor of about 5 [227].

5.3. Antiprotonic helium and lithium

In the helium and lithium isotopes hadronic effects occur in s, p, and d states, but
antiprotonic K transitions cannot be observed because of the too strong p-state annihilation.
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Table 9
Strong-interaction effects in hyperfine states ofp̄H. The approach DPS [156] includes close-to-threshold̄NN
bound and resonance states

ε(11S0)/eV Γ (11S0)/eV ε(13S1)/eV Γ (13S1)/eV ε(23P0)/meV Γ (23P0)/meV

Experiment
PS171 [221] −740± 150 1600± 400
PS175 [62] −850± 42 770± 150
PS207 [223]a −440± 75 1200± 250 −785± 35 940± 80
PS207 [86] +139± 38 120± 25

Theory
DR1 [139] −540 1010 −750 680 +74 114
KW [139] −500 1260 −750 880 +69 96
DPS [156] ≈ − 1300 ≈2800 −470 290 +27 39

a Obtained from a fit using a fixed background shape and a3S1/
1S0 intensity ratio of 2 (seeSection 5.1.1).

The hadronic p-level broadening is measured directly (Fig. 12), whereasΓ3d has to be
determined from the intensity balance of the feeding transitions (nf–3d) to the (3d–2p) line
(Table 10). Annihilation dominates even 3d states as can be seen from the comparison of
the hadronic and radiative widths. A compilation of the existingp̄He X-ray data is given
by Schneider et al. [233].

A combined analysis of antiprotonic atom and low-energy antiproton–nucleus scattering
data indicates an unexpected saturation of the annihilation strength [150, 230, 234, 235].
The imaginary part of the antiproton–nucleus scattering length of antiprotonic protonium,
deuterium, and helium does not increase in line with increasing atomic weightA or,
for atoms, with the overlap of the antiproton’s wavefunction with the nucleus. For the
scattering volumes, i.e., the p-wave interaction, after an increase saturation may occur
from aboutA = 4 (Fig. 13). A deviation from the scaling with overlap for targets with
A up to 23 has been found also forΓ3d by Poth et al. [236] and forΓ4f by Rohmann et al.
[237], whereas shift values perfectly follow the scaling law [236]. Such a behavior is not
understood up to now.

Isotope effects are sensitive to the relative strengthsR of thep̄p andp̄n annihilation. As
single-nucleon annihilation dominates in the lightest nuclei and effects from absorption in
the nuclear halo must not be taken into account, the ratio for annihilation on neutrons to
protons, when corrected for the proton–neutron ratio, reflects approximately the conditions
of the freep̄p andp̄n reactions. Rewriting the relative annihilation probability in terms of
isospin scattering lengths and volumes�as, �ap, and�ad, respectively, this ratio is also
sensitive to isospin effects. For thepartial wave� the relative annihilation strength is given
by R� = 2�a�,I=1/(�a�,I=0+�a�,I=1). For the s-waveone obtainsRs = 1.14±0.13 from
protonium and̄n p scattering data (Table 8).

The relative strength of̄pp to p̄n annihilation was measured by detecting the charge of
the final state toRb = σ( p̄n)/σ ( p̄p) = 0.467±0.035 for3He [242] andRb = 0.42±0.05
for 4He [243–245]. The indexb indicates possible modifications for a bound system.
The small value obtained forRb, which differs significantly from the threshold valueRs,
suggestsI = 0 dominance also observed in low-energyN̄N scattering [246].
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Assuming single-nucleon annihilation, the relative absorption strength in3He to 4He
is given by (2 + 2Rb)/(2 + Rb) and results in 0.84 ± 0.02. Exploiting the isotope
effect in p̄He and assuming50% annihilation both from p and d states, the average for
the ratiosΓ (3He)/Γ (4He) of the 2p and 3d level broadenings yields in good agreement
0.83± 0.12 [233].

From measurements ondeuteriumRb = 0.81±0.03 [247] andRb = 0.75±0.02 [248]
is obtained. The value ofRb, smaller thanRs, reflects the dominance of p-wave absorption
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in p̄D at all target densities [231]. It is corroborated by fits to low-energy scattering data
resulting in Rp = 0.35 and 0.2 for the p-wave [147, 148].

In terms of isospin, the ratioRb = 2 σ(I =1)/σ (I =0)
(1+σ(I =1)/σ (I =0) . Evidence for isospin-dependent

annihilation strength has been found in the helium isotopes both from the detection of the
final state [244, 245], p̄He X-ray measurements [233], and from the analysis of̄pp andn̄p
cross sections [147, 148]. For a conclusive result to corroborate thep̄p data, the quality
of the p̄He data isnot sufficient (Table 8). To determine therelative annihilation strength
an accuracy of at least 10% is required, which is feasible with present day experimental
techniques.

5.4. Kaonic hydrogen and helium

Kaonic atom experiments suffer currentlyfrom the worldwide non-availability of low-
energy kaon beams, which in the past never reached the quality of pion or antiproton
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Table 10
Spin-averaged hadronic shiftsε and broadeningsΓ in the helium and lithium isotopes compared to theoretical
predictions. The 2p width was measured directly with semiconductor detectors as a line broadening. The 3d-level
broadening is determined from the intensity balance of the (nf–3d) and the (3d–2p) transitions and the radiative
width of the 3d stateΓX

3d

ε2p/eV Γ2p/eV Γ3d/meV Reference ΓX
3d/meVa

p̄3He 1.56
Experiment −17± 4 25± 9 2.14± 0.18 [233]
Optical potential fit −6 ± 1 24± 2 1.30± 0.15 [239]
Multiple scattering −17.3 42.1 2.16 [240]

p̄4He 1.44
Experiment −18± 2 45± 5 2.36± 0.10 [233]
Optical potential fit −8 ± 1 25± 2 1.67± 0.16 [239]
Multiple scattering −18.2 40.4 2.46 [240]

p̄6Li 6.48
Experiment −215± 25 660± 170 135± 16 [236]

p̄7Li 6.48
Experiment −265± 20 690± 170 129± 13 [236]

a ΓX
3d is corrected for a contribution from the center-of-mass motion (Fried–Martin correction [241]).

sources. For hydrogen, several attempts to measure kaonic X-ray transitions at the highly
pion contaminated beams were performed [249–251] in the 1970s and 1980s. But only
a recent measurement was able to establish unambiguously the K−p K X-ray pattern
(Fig. 14) by using a highly sophisticated target–detector set-up (Fig. 8) [218, 219].

The hadronic effects for the 1s ground state as determined from this experiment result
in a value for the complex scattering lengthaK−p which is consistent with a multichannel
analysis of low-energy scattering data [163] (Table 11). The negative sign ofRaK−p for
the scattering length corresponds to a repulsive interaction as expected, in contrast to the
results of the first-generation experiments, which indicated a positive sign for the shift.
Furthermore, from the relative intensities of the K transitions—by using the cascade code
of [58]—a guess forΓ2p ≈ 0.3 meV is obtained. The result of this experiment suggests that
thekaonic hydrogen puzzledisappeared and the K−p system exhibits a normal threshold
behavior.

Whereas the severe discrepancy between the first exotic-atom data and low-energy
scattering seems to be resolved for KH, the situation in K4He is still puzzling, because
neither optical potential [239] nor microscopic calculations [164, 252] were able to
reproduce the atom data (Table 11). A small imaginary part, however, is common to all
solutions. Explanations offered are (i) phase-space limitations because of a strong binding
[253, 254], and (ii) kaon–nucleus bound states causing such an anomalous threshold
behavior [255–258]. On the other hand,the KH results of [218, 219] are not in favor of
an anomalous threshold behavior as given by the standard form of the optical potential.

Modern theories go beyond the optical potential approach and are based onχPT
formulated with three flavors, i.e., incorporate also the s quark [116, 260]. For conclusive
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Table 11
Hadronic effects in light kaonic atoms. The total errors for shift and width were calculated quadratically from
statistical and systematic errors as given by [218, 219]. The values for the scattering lengthsa0 anda1 of the
isospin channels are taken from a multichannel analysis of low-energy KN data by Martin (“Low-energy scatt.”
[163]). The resulting shift and broadening, obtained from the scattering lengthaK−p with the Deser formula,

are consistent with the result of the KEK measurement [218, 219]. Experimental values for K4He represent the
average of the results of [249–251]. No convergence of optical potential parameters is obtained when fitting to
the K4He data (“Optical pot.”(Z = 2)). Vice versa, the fit to heavier kaonic atoms (“Optical pot.”(Z > 2)) does
not reproduce the helium measurement

ε1s/eV Γ1s/eV aK−p/fm Reference

KH
Experiment −323± 64 407± 230 (−0.78± 0.15) + i(0.49± 0.28) [218, 219]
Low-energy scatt. a0 = −1.70+ i0.68 [163]

a1 = 0.37+ i0.60
aK−p = (a0 + a1)/2 −274 527

K4He
Experiments −43± 8 55± 34 [249–251]
Optical pot. fit(Z = 2) (1.2 − 3.7) + i(0.01− 0.03) [239]
Optical pot. fit(Z > 2) −0.13± 0.02 1.8 ± 0.1 (0.34± 0.003)+ i(0.84± 0.03) [259]
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tests, higher-quality data are indispensable. A new experiment has been started at the
facility at the e+e− collider DAΦNE at Frascati [261, 262]. Kaons originating fromΦ
decays are used and stopped in a hydrogen container surrounded by X-ray detectors. The
goal is to determineε1s andΓ1s with a relative precision of 1% and 5%, respectively. As a
first result a clear signal from KH transitions was reported [263].

In addition to a precision studyon hydrogen and deuterium, alsofor the helium isotopes
an experiment using up-to-date experimental feasibilities is also lacking. Count rates are
still limited and for systematic investigations of other light elements also the installation
of dedicated low-energy kaon beams is highly desirable. Such a facility is being discussed
within the project of theJapanese Hadron Facility (JHF) [264].

5.5. Pionic hydrogen and deuterium

5.5.1. Cascade effects
A conclusive test ofχPT requires the knowledge of both isospin scattering lengthsa+

anda− at about 1%, to be determined from correspondingly precise measured hadronic
shift andbroadening inπH. The pure hadronic parameters, however, are obscured in
pionic hydrogen by two cascade effects—(i)Coulomb de-excitationand (ii) resonance
formation.

• At present, the correction for Doppler broadening fromCoulomb de-excitationis
the basic limitation in the determination of the hadronic width inπH from the
experiments of Sigg et al. [265] and Schröder et al. [266, 267], where theπH(3p–1s)
transition was measured at a density equivalent to 15 bar. The consequences of this
process for the linewidth are so far not yet sufficiently understood. A large part of
the uncertainty of 7% of the hadronic broadening is given by the poorly known
correction to the measured linewidth [267].

• Resonance formationof complex molecules such as(πH)nl +H2 → [(ppπ)nv j p]2e−
is known to occur in muon-catalyzed fusion [32, 268] andduring the lifetime of the
µH system even at lowest densities [269]. The quantum numbersv and j denote
vibrational and total angular momentum of the three-body molecular state. Though
the three-body system(ppπ)nv j is assumed to de-excite mainly by Auger emission,
it cannot be excluded that a fraction of theπH atoms bound into such molecules
may decay radiatively to the ground state.Small line shifts—in this case always
to lower energies—cannot be resolved and, hence, falsify the extracted hadronic
shift [270].

To identify cascade effects originating from collisional processes, the measurement of the
density dependence is the natural strategy. The above-mentioned cascade processes are
being studied in more detail in a new experiment, aiming finally at an accuracy of 0.2%
and 1% forε1s andΓ1s, respectively [271].

5.5.2. Ground-state shift inπH
Effects originating fromresonance formationwere searched for by measuring the

pressure dependence of theπH(3p–1s) transition energy from 3.5 bar equivalent pressure
up to liquid H2, i.e., over a density range of about 200. The density was adjusted by a
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Table 12
Recent results on strong-interaction effects in pionic hydrogen and deuterium.EQED represents the pure
electromagnetic transition energy. The method ofenergycalibration and determination of the spectrometer
resolution function (res. f.) is indicated (Table 5)

Transition EQED/eV ε1s/eV Γ1s/eV p/bar Calibration
energy/res. f.

Reference

πH(3p–1s) 2878.808 +7.108± 0.036 0.865± 0.069 15 Ar Kα/πBe(4d–3p) [267]
+7.120± 0.012 4–LH2 πO(6h–5g)/– [272,

273]
πH(4p–1s) 3036.094 <0.85 10 –/πC(5g–4f) [272,

273]
πD(3p–1s) 3077.95 −2.43± 0.10 1.02± 0.21 15 Ar Kα/πBe(4d–3p) [277]
πD(2p–1s) 2695.527 −2.469± 0.055 1.093± 0.129 2.5 Cl Kα/πNe(7i–6h) [278]

cryogenic target. No density dependence was observed and it is concluded that radiative
de-excitation within molecules does not play a role for the currently achieved precision
[272, 273]. The weighted average of the results for the individual densities isε1s =
7.120± 0.008+0.009

−0.008 eV. The first error represents the statistical accuracy. The second one
includes all systematic effects, which are due to the spectrometer set-up, imaging properties
of extended Bragg crystals, analysis, and instabilities.

The agreement forε1s in the two recent experiments is remarkable in view of the
completely different methods used for the energy calibration (Table 12). For energy
calibration either the precisely measured Ar K fluorescence line or theπO(6h −
5g) transition as calculated from QED were used. At lower densities a simultaneous
measurement of theπH(3p–1s) and theπO transitions (Fig. 15) was performed. At lower
temperatures, measurements with H2 and O2 filling had to alternate.

It is noteworthy that the present accuracy of the QED calculation for the (3p–1s)
transition energy amounts to±6 meV or about 50% of the systematic error of the
experiment of Hennebach et al. [273]. In addition, the uncertainty of the pion mass
hardly contributes here because the energycalibration was performed with a pionic atom
transition as compared to the calibration with argon Kα fluorescence X-rays by Schr¨oder
et al. [267]. Unfortunately only in the case of the (3p–1s) transition is a nearby calibration
line available.

5.5.3. Ground-state broadening inπH
A significant improvement ofbackground conditions by about one order of magnitude

wasachieved at theπE5 channel at PSI with a dedicated concrete shielding (Fig. 15). Low
background is indispensable for sensitivity to the tails of the line shape which basically
contain the information on the Lorentz and Doppler contributions to the total width.
Furthermore, by measuring the total line width of three different transitionsπH (2p–1s),
πH (3p–1s), andπH (4p–1s) the effects ofCoulomb de-excitationcould be studied in more
detail. After deconvolution of the crystal spectrometer response an increased total linewidth
was found for the (2p–1s) line compared to the (3p–1s) transition, which is attributed to
the higher energy release available for theacceleration of the pionic hydrogen system. This
result is corroborated by a reduced linewidth of the (4p–1s) line.
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Kinetic energy distributions for the 4p, 3p, and 2p initial states have been reconstructed
in the framework of the cascade model of Jensen and Markushin, which takes into account
the development of the velocity distribution during the atomic cascade [76–78]. The
velocity distribution—adjusted to the Doppler broadening observed in liquid H2 for the
neutron TOF following charge exchangeπ−p → π0n [75]—cannot explain the measured
X-ray line shapes. The charge-exchange reaction, however, occurs only from s states
(mainly fromn = 2–5), whereas the pions finally generating the K X-ray transitions follow
a de-excitation path through states with high angular momentum.

Obviously a better approach to the kinetic energy distribution is essential for the width
determination, but a safe upper limit ofΓ1s < 0.850 eV has now been derived from
the (4p–1s) transition where the contribution fromCoulomb de-excitationis smallest
[272, 273]. This upper limit is still consistent with the result obtained from theπH (3p–1s)
transition [267].

A more precise value forΓ1s clearly depends on cascade studies in hydrogen. It is
planned to exploreCoulomb de-excitationby measuring the pressure dependence of the
line shape of Lyman transitions frommuonic hydrogen, where any strong-interaction
broadening is absent [271]. In µH, the line yields are much larger than inπH [274, 275]
balancing the lower stop efficiency for muons. A realistic picture of the influence of
Doppler broadening will evolve with thecascade code, which takes into account the
velocity distribution at all stages of the de-excitation [78]. The knowledge will then be
applied to the pionic hydrogen cascade by using theextended cascade model[276].

5.5.4. Ground-state shift inπD
To circumvent the problemarising fromCoulomb de-excitationthe ground-state shift

ε1s in pionic deuterium was exploited in combination withε1s of pionic hydrogen. In this
way better constraints fora+ anda− are obtained than using the experimental result forΓ1s
in πH. Two measurements performed at different conditions [277, 278] yielded accurate
valuesand agree well within the errors (Table 12). However, cascade effects on the strong-
interaction shift havenot been studied up to now.
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The use ofε1s from deuterium to determine the isospin scattering lengths and the
pion–nucleon coupling constant requires a sophisticated treatment of the three-body
systemπD. Studies have been performed using the multiple-scattering ansatz including
corrections for absorption by Baru and Kudryavtsev [193]. A recent re-examination by
Ericson et al. exploits the GMO sum rule (Section 3.3) yielding constraints ona+, a−
and f 2

πN [184, 185]. A treatment by using Faddeev equations was given by Deloff [279].
Beane et al. derive the constraints within a chiral perturbation approach together with a
phenomenological deuteron wavefunction [280, 281].

It should be mentioned that inπD after molecule formation,radiative decays could be
strongly enhanced in contrast to the case for pionic hydrogen [282, 283]. Measurements
covering a larger density range and improved statistics could clarify the situation.

5.5.5. Scattering lengths a± and theπN coupling constant
The efforts to improve on the accuracy of the scattering lengths face the problem that

the linear combinationa+ + a− to be determined fromε1s suffers from the uncertainty of
δε (see Eq. (16)). In the framework of HBχPT the relation between exotic-atom parameters
anda± has been calculated by Gasser et al. [178, 284]. At present the correction forε1s
is calculated to beδε = (−7.2 ± 2.9)%, the uncertainty of which is given mainly by
one particular LEC—f1 [178, 179]. As seen fromFig. 16, the experimental accuracy is
significantly better than the uncertainty originating fromδε . Progress in the determination
of f1 may come from constraints for LECs derived in the framework of the chiral quark
model [285].

The correctionδΓ for the level broadeningΓ1s (see Eq. (17)) is subjectto detailed
theoretical studies and will be worked out within a short time. Heref1 does not appear
in next-to-leading order, which reduces the uncertainty substantially [179]. Therefore, a
precise experimental value forΓ1s provides an accurate value for the isovector scattering
lengtha− and the pion–nucleon coupling constantf 2

πN. An independent source fora− is
thephotoproductionγn → π−p [286].

Schröder et al. combined their experimental results forε1s and Γ1s from πH and
ε1s from πD [265, 267, 277] using electromagnetic corrections to theπH shift and
width as givenby Sigg et al. [192] (see below).They obtaina+ = 0.0001+0.0009

−0.0021/mπ ,

a− = 0.0885+0.0010
−0.0021/mπ , andg2

πN/4π = 13.21+0.11
−0.05. The combined analysis of Ericson

et al. [185] usingε1s(πH) from [267] andε1s(πD) from [278] assumes isospin symmetry
and yields

a+ = −0.0012± 0.0002 (statistical)± 0.0008 (systematic)/mπ , (21)

a− = 0.0895± 0.0003 (statistical)± 0.0013 (systematic)/mπ, (22)

g2
πN/4π = 14.11± 0.05 (statistical)± 0.19 (systematic). (23)

It must be emphasised that theπ−p scattering length used here also includes the
electromagnetic correctionδε = (−2.1 ± 0.5)% as given bySigg et al. [192], which
disagrees significantly from the result of Gasser et al. [179] (see above). The determination
within the framework of HBχPT in third order using constraints fromπH and πD
yieldeda+ = −0.0029± 0.0009/mπ anda− = 0.0936± 0.0011/mπ [280, 281]. For
a+ a range of−0.0040 to−0.0026/mπ is obtained from the Faddeev approach [279].
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This result fora+, however, is in contradiction to the Karlsruhe–Helsinki phase-shift
analysis yieldinga+ = −0.0083± 0.0038/mπ [287]. The other way around, the precision
of a+ is insufficient by far for predictingRaπd within an effective field theory approach
[288].

A significant difference appears for the coupling constantg2
πN/4π from the two

analyses. A value well below 14 is also favored by thephase-shift analysis of the VPI/GWU
group [289]. The larger value, however, is consistent with the KH’80 analysis [287] and
np measurements as discussed in detail by Ericson et al. [185].

At present an identification of isospin violating effects in pionic hydrogen—predicted to
be 1–2% forπ−p—is farfrom attainable. Before any missing intercept of the three bands
representing the relations betweena+ anda− can be interpreted as isospin violation, it
is indispensable to achieve (i) a better knowledge off1 to determinea+ + a−, (ii) an
accurate correction for Doppler broadening to extracta−, and (iii) a reliable treatment of
the three-body and density effects inπD. Evidence for isospin violation was reported from
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Table 13
Most recent measurements for the isotope effects in pionic helium. Because of the proton excess only in pionic
hydrogen and3He anattractive interaction(ε1s> 0) occurs for the s states

ε1s/eV Γ1s/eV Γ2p/meV Reference

π 3He +34± 4 36± 7 [297]
+32± 3 28± 7 1.6 ± 0.8a [293]
+32.3 ± 3.0 31.8 ± 11.0 0.69± 0.10a [298]

π 4He −75.7 ± 2.0 45± 3 0.72± 0.33a [70]
2.2 ± 0.32b [66]

−91± 12 35± 26 [299]
−75.5 ± 2.0 43.7 ± 2.0 2.24± 0.38c [298]

a Γ2p deduced from a cascade fit to the K yields.
b Prediction of the cascade model including ion–molecule formation usingε1s andΓ1s from experiment.
c From the intensity balance of the Lymanα line and the total Balmer series.

the analysis of low-energyπN scattering data [290]. However, the validity of the applied
model has been criticized [291].

5.6. Pionic helium

A successful description of pionic helium was achieved by a microscopic approach
for the optical potential based on the elementary reactionsπ−p andπ−n and absorption
included by πNN reactions in a semiphenomenological way [105, 106, 292]. The
assumption, that for the lightest nuclei theinteraction can be traced back to elementary
channels, is supported by examining scattering lengths and absorptive strengths from a
combinatorial point of view. The real part of theπ 3He scattering length appears as the sum
of a deuteron and a neutron. The imaginary part, however, is about twice that ofπD [293],
which isunderstood from the fact that absorption onI = 0 NN pairs dominates [294, 295].
The nuclear structure effects are approximated by the proton and neutron densities, which
quickly become important forA > 4 ascan be seen from pion absorption in oxygen [293]
or lithium isotopes [296], whereT , 3He, andα subclusters are clearly identified.

Atom data are dominated by the s-wave interaction. This is justified because
experiments used dense targets (60 bar equivalent or liquid He). A fraction of 87± 6%
s-wave absorption is obtained from the cascade model, which includes molecule–ion
formation [66] (seeTable 13andSection 2). The validity of this model is corroborated
by a measurement of the intensity balance of the Balmer series and the Lymanα transition
described by [298].

Recently, first attempts have been made to applyχPT to three-nucleon systems [300].
The real part of theπ 3He scattering lengthRaπ−3He wascalculated from the elementary
isospin scattering lengthsa+ anda− and yielded reasonable agreement.8 A comparison of
π 3He andπT , if available, providesanother source for determininga+ anda− separately.

8 A recent QED calculation yielded about 3 and 1 eV larger values for the electromagnetic transition energies
in π 3He andπ 4He, respectively [322] and consequently decreased the tabulated shift values.
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Table 14
π−-nucleus scattering lengthsa

π−A . Assuming charge symmetry,aπ−n is given bya+–a−

a
π−A/m−1

π

p +0.0883± 0.0008 [267]

n −0.0907± 0.0016 Usinga± from [185]

d −0.0261± 0.0005 +i −0.0063± 0.0007 [278]
3He +0.0430± 0.004 +i 0.019± 0.005 [293]
4He −0.098± 0.003 +i 0.030± 0.002 [303]

The imaginary parts of theπA scattering length obtained from the level widths yield
important constraints for pion threshold production from nucleon–nucleus collisions by
detailed balance [301], which in the end should be calculable withinχPT. At present,
calculations underestimate pion production significantly [302].

6. Supplementary results

6.1. Mass of the charged pion

For short-lived particles such as pions, X-ray spectroscopy offers a precise method for
determining the particles’ rest mass. Capture and cascade times forZ > 2 elements are in
the femtosecond range and therefore fast enough that the X-ray part of the cascade is also
completely passed.

The precise determination of the pion mass from the X-ray energy depends strongly
on the knowledge of the status of the atomic shell. In solid state targets the number of K
electrons, the only electrons contributing significantly to an energy shift, is usually not well
defined because of the competition of refilling and Auger emission. Though very precise,
a previous measurement using theπMg(5g–4f) transition led to an ambiguity of 16 ppm.
The decision for one of the solutions (B) came also from the fact that the resulting mass
squared for the limit of the muon neutrino should not become negative [304, 305].

By using gaseous targets for low-Z elements all electrons are emitted in the upper part of
the atomic cascade. Because electron refilling is strongly suppressed under such conditions,
X-ray emission occurs in the intermediate part from hydrogen-like exotic atoms where the
nucleus can still be treated as point-like (Fig. 17).

From the measurement of theπN (5g–4f) transition, the above-mentioned ambiguity
in πMg was resolved [204]. At a pressure of 1 bar, the probability for one remaining K
electron was found to be less than or equal to 2% when the pion reaches the 5g level, as
predicted from a cascade calculation based on the code of Akylas and Vogel [306]. Finite-
sizeeffects in the(n, l ) = (5,4) and (4, 3) levels are at the ppb level and, hence, can be
neglected. In this experiment, the copper Kα1 fluorescence line in the parametrisation of
Deutsch et al. [210] served as energy calibration (Fig. 18).

The mass determined from pionic nitrogen is in agreement with the solution B of the
experiment with pionic magnesium, which assumes two remainingK electrons. Both
valuesare consistent with the result of theπ+-decay experiment, which yields a lower
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limit for mπ whenmνµ = 0 and CPT invariance is assumed [307] (Fig. 19). From the
present world average

mπ = (139.57018± 0.00035)MeV/c2 (24)

with an error of 3 ppm, an upper limit of 190 keV/c2 is derived for the muon neutrino
mass [34].

A further increase in accuracy requires a new method for the absolute energy calibration.
The limitation in accuracy using the Cu Kα fluorescence line comes from two aspects:

• Multiple ionisation with the subsequentcoupling of the vacancies creates a
complicated line shape, which prevents a precise assignment of the center of gravity
of theline to a wavelength.

• The πN(5–4) transition and the Cu Kα line are measured in different orders of
reflection (Fig. 18). The corrections due to the index of refraction and the different
penetration depths are uncertain to 2–3 ppm.

Exploiting the fact that the mass of the positively charged muon is known to 0.05
ppm [34] and again assuming CPT invariance, muonic atom transitions can be used to
improve the absolute energy calibration [308]. Measuring two transitions of almost equal
energy, equal in terms of quantum numbers, and at the same pressure ensures comparable
experimental conditions and a similarly developing atomic cascade.

The most suitable case was found for the pair pionic nitrogen and muonic oxygen and
the (5–4) transitions, again using the Si 220reflection. The radiative decay widths are
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negligibly small compared to the intrinsic resolution of the silicon crystal (Table 5). To
avoid any systematic errors from a change of the crystal spectrometer set-up, the two lines
were measured simultaneously with a large-area CCD detector [217]. The count rate was
adjusted to be about 15/h in each of the circular transitions using an N2/O2 gas mixture
of 90%/10%. A small defocussing error due to the slightly different focal lengths can be
corrected by means of Monte Carlo simulations. Almost 10000 events have been recorded
both in theπN and theµO transitions which will result in an accuracy of 1–2 ppm for the
charged pion mass [309].

Such an improvement in accuracy is desirable in various respects:

• The ongoing high-precision experiments will use pionic atom transitions for energy
calibration, which are supposed to replace fluorescence X-rays as standards in the
few keV range [310, 311] (Section 6.4). For example, the error�mπ of 3 ppm
contributes 7 meV or 0.13% to the uncertainty of the hadronic shiftε1s in the
experiment of Schr¨oder et al. [267] (Section 5.5).

• The upper limit for the muon neutrino massmνµ has been determined from the muon
momentum in the decayπ+

at rest→ µ+νµ [307]. Here, the uncertainty is dominated
by the charged pion mass. The sensitivity can be improved by a factor of about 2–3 to
below 70 keV/c2, which allows one to test certain classes of theories going beyond
the Standard Model of particle physics.Taking into account cosmological bounds,
a mass range between 35 eV/c2 and 3 GeV/c2 is possible for unstable neutrinos
[312, 313]. For the sum of the masses of light stable neutrinos, the matter density of
the universe yields an upper bound of 1 eV/c2 [334]. Recent results from neutrino-
oscillation experiments, though measuringonly the difference of masses squared for
pairs of neutrinos, suggest much smaller masses of well below 1 eV/c2 [314].

• A recent search for muonium-to-antimuonium conversion(MM̄) yielded a limit of
GM M̄/GF ≤ 3 × 10−3 for the coupling constantGM M̄ given in units of the Fermi
coupling constantGF [315]. In combination with this, a significantly lower limit for
the muon neutrino mass also excludes certain types of theory extending the Standard
Model [313].
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• High-precision X-ray standards are not available in the few keV range
(Section 4.2.2). With pionic transitions, preferably from noble gases (Section 6.4),
the precision in energy is basically limited only by the knowledge of the pion mass.

6.2. Coulomb explosion

In pionic nitrogen and muonic oxygen much larger linewidths have been measured for
the (5g–4f) transitions than expected from the spectrometer resolution obtained with the
πNe(6h–5g) transition (Fig. 21andTable 5). The broadening is attributed to theCoulomb
explosionof diatomic molecules such as N2. Here, theπN system gains kinetic energy,
when after Auger emission of several electrons the binding of the molecular systemπN2
breaks and the two charged fragments of almostequal mass are accelerated by the Coulomb
force.

Such effects are well known, e.g., in laser-induced reactions [316], but now havebeen
observed directly for the first time in the case of exotic atoms [317]. Formerly, the only
evidence was deduced from the different pressure dependences of the K X-ray line yields
in muonic nitrogen and neon [318]. As expected, a similar effect was measured in muonic
oxygen since due to the symmetry of the diatomic molecules N2 and O2 the acceleration is
expected to be maximal.

The best fit to the line shape was obtained assuming an additional broadening from a
single box-like distribution. This implies that the velocity and, hence, the charge state of the
molecular system is rather well defined. The measured Doppler broadening of the (5g–4f)
transition corresponds to a velocity of aboutv/c = 10−4 for theπN or µO system at the
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time of the X-ray emission. Starting from the timescales for the depletion of the electron
shell and electron refilling, fragmentation happens approximately at the molecular bond
length as explained in the following.

Auger emission is by far the fastest process in the upper and medium parts of the
atomic cascade. Radiative decay rates are several orders of magnitude smaller [50, 319].
Therefore, the pion (muon) is able to remove several if not all binding electrons in less
than 1 fs. Over such a short period, the (heavy) ions cannot change their relative distance
substantially compared to the original molecular bond lengths of about 1.1 × 10−10 m.
Only a few collisions can occur at gas pressures around 1 bar before the emission of
the (5g–4f) X-ray and the mean energy loss per collision is small. Hence, the velocity
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derived from the Doppler broadening is close to the one originating from Coulomb
repulsion.

For a fragmentation distance of about the molecular bond length, the possible range
of one fragment’s charge is between 2e and 6e (Table 15). Most likely, a symmetric
configuration occurs, i.e.,q1q2/e2 ∼ 3×3 to∼ 3×4, which corresponds approximately to
the complete removal of the 6binding electrons from the N2 molecule with a subsequent
fast emission of the remaining 2s electrons from the atom to which the pion is finally
attached. A second possibility, resulting in asymmetric charge states, is separation after
removal of four binding electrons leaving a N2+ and a(πN)2+ system. In the(πN)2+
system, however, all remaining electrons must be emitted before the distance deviates from
the molecular bond length.

6.3. Bound-state QED

Level energies of bound states in the Coulomb field of a nucleus are obtained from the
relativistic approach as given by the Dirac and the Klein–Gordon equation for fermions
and bosons, respectively, together with the contributions from QED and recoil corrections.
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Table 15
The measured linewidths�Emeasuredrepresent the convolution of the spectrometer response function and
a Doppler contribution�ECoulomb caused by Coulomb repulsion. To calculate the charge productq1q2/e

2,
separation is assumed at the molecular bond length (adapted from [317])

�Emeasured/meV �ECoulomb/meV q1q2/e
2

π 14N(5g–4f) 744± 26 805± 35+30
−110 10± 1+1

−2

µ 16O(5g–4f) 775± 100 990± 100+230
−280 19± 4+9

−11

The QED contributions are dominated by vacuum polarisation in contrast to self-energy as
is the case for electronic atoms. Corrections arising from the anomalous magnetic moment
are important in the case of antiprotons and finite-size effects have to be taken into account
for the low-lying levels.

6.3.1. Hyperfine structure in̄pH and p̄D
In light antiprotonic atoms, the masses of the “nucleus” and the “orbiting” particle

are (almost) equal and, therefore, so also are the corresponding magnetic moments.
Consequently, for the hydrogen isotopes fineand hyperfine structure splittings are both
of the order�EFS ≈ �EH FS ≈ α2 · B1. Owing to the large mass, the recoil corrections
due to the large anomalous magnetic moment of the proton and antiproton are significant.
For that reason, the level ordering in protonium is different from that in the analog system
positronium [51].

The determination of hadronic effects relies on the preciselyknown values of the
pure electromagnetic energy levels, especially for the complex multiplet structures in
antiprotonic hydrogen, where not all components can be resolved (Fig. 11). Here, the
electromagnetic level splitting is a mandatory input for the analysis [86].

In the case of̄pD, the line shape could not be understood if the analysis was based
on an existing prediction of [232] for the electromagnetic level splitting. According to
this calculation the electromagnetic interaction dominates the splitting in a way that the
(3d–2p) line shape becomes approximately a “doublet” structure formed by the groups
(4P3/2,

4P1/2) and(4P5/2,
2P3/2,

2P1/2) (Figs. 11and22—old). The measured line shape,
however, does not show any evidence for such a structure (Fig. 11: p̄D —asymmetric fitto
the line shape using the five displayed hyperfine components).

The discrepancy between observed and expected line shape initiated a recalculation for
the level splitting in both hydrogen and deuterium, which yields much smaller splittings
[211] (Fig. 22—new). With that, a good description of the line shape was obtained with a
single-line Lorentzian convoluted with the spectrometer response function (Section 5.2.2).
The origin of the discrepancies is not understood so far. A critical review of the spin-
averaged pure electromagnetic transition energies yielded slightly different results of the
order of a few tens of meV between the former calculations by Barmo et al. [232] and Borie
[321] and the recent one by Boucard and Indelicato [211] for practically all antiprotonic
transitions investigated.

For the hyperfine splittings inp̄H the deviations are significant (Fig. 22—new).
The new valuesled to a substantially improved description of thep̄H Lα line shape.
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The origin of the discrepancies is supposed to stem from the treatment of the(g − 2)
corrections [322].

6.3.2. Antiprotonic helium
For p̄He, the parallel transition (5f–4d) is well resolved from the circular transitions

(5g–4f) (Fig. 11). The QED contributions to the energy difference are of the order 0.3 eV
in the 5g and 1.4 eV in the 4f levels. Corrections due to the magnetic moment and recoil are
one and two orders of magnitude smaller, respectively. As seen fromTable 16, the recent
theoretical approach is in agreement with experiment.

6.3.3. Test of the Klein–Gordon equation
In pionic nitrogen, the measurement of the (5g–4f) and (5f–4d) transitions allows for

a precise test of the pure electromagnetic binding in a bosonic system [204]. Electron
screening effects are negligibly small when using low-density targets and only s, p, and d
levels are affected to more than 1 ppm by the hadronic interaction.

The measured energy difference between the circular transitionπ 14N(5g–4f) and the
next inner parallel transitionπ 14N(5f–4d) (Fig. 23) is in good agreement with the result
obtained from a full QED calculation (Table 16). The precision achieved now exceeds by
a factor of about 5 that of an earlier test usingpionic titanium. In the calculation of the
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Table 16
Measured and calculated energy separations�Eexp and�EQED between the circular and next inner transition

�Eexp(5g–4f)/(5f–4d) Reference �EQED(5g–4f)/(5f–4d) Reference

p̄ 3He 907± 12 meV [323] 390 meV [232]
913 meV [211]

p̄ 4He 987± 72 meV [323] 460 meV [232]
969 meV [211]

πTi 87.6 ± 1.8 eV [324] 88.1 ± 1.2 eV [324]
πN 2.3082± 0.0097 eV [204] 2.3129 eV [211]
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πTi binding energies, the largest contribution to the uncertainty (≈1 eV) stems from a
level shift caused by the strong interaction. The advantage to forming a pure hydrogen-like
exotic atom at principal quantum numbers large enough to suppress any finite-size effects
is obvious.

6.4. Fluorescence X-rays

In the few keV range, narrow and sufficiently intenseγ lines from nuclear decay
are not available in practical cases and, hence, the only calibration standards easily
accessible are fluorescence X-rays excited by means of X-ray tubes or radioactive sources.
Precision experiments, however, may suffer twofold from properties of the fluorescence
radiation.

• A precise energy determination is hindered by large natural linewidths owing to
fast Auger transitions. Furthermore, multiple-hole excitations lead to complex line
shapes [210], which normally make it impossible to relate unambiguously the center
of gravity of the diagram line (stemming from atoms with one K-shell vacancy only)
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to a wavelength with a precisionof better than a few ppm. The creation of the inner-
shell vacancies depends on the excitation mechanism itself and strong chemical shifts
have been found even for Kα X-rays [325].

• The natural linewidth exceeds typical values for the resolution of crystal
spectrometers by at least a factor of 3. A precise determination of response functions,
however, is mandatory for line-shape analysis to extract, e.g., hadronic effects or a
Doppler broadening.

A new method for achieving low-energy standards in the few keV range comes from
completely ionised exotic atoms. On the basis of the high-intensity pion beams at PSI,
at present pionic atoms are the most promising case [310, 311]. Up to 500 X-rays from
specific “hydrogen-like” pionic atom transitions can be recorded per hour with a crystal
spectrometer. Besides experimental limitationsthe accuracy is then determined only by the
mass of the negative pion. A further improvement formπ may come from a new calibration
method using one- or two-electron systems (seeSection 7.2).

The examples studied up to now are the pairsπ 14N(5g–4f)/Sc Kα1 and π 20Ne
(6h–5g)/Ti Kα (Fig. 24). The accuracy for the electronic transition energy was increased
by factors 12 and 3, respectively, compared to the values given in the literature (Table 17).
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Table 17
Energies of Kα1 fluorescence X-rays determined by using pionic atom transitions [310] compared to previously
tabulated values (from [327, 328]). The errors do not contain a contribution from the uncertainty of the pion mass

From pionic atoms Calibration line Previous determination

Sc Kα1 4090.735± 0.017 eV π 14N(5g–4f) 4090.62± 0.20 eV
Ti Kα1 4510.903± 0.019 eV π 20Ne(6h–5g) 4510.869± 0.049 eV

Exotic-atom transitions from diatomic targets such as N2 are well suited for energy
calibration but, because ofCoulomb explosion, show an additional (symmetric) Doppler
broadening. Hence, noble gases are preferred for measuring the spectrometer response.
A precisely known resolution function allows detailed line-shape studies of fluorescence
X-rays like the one performed for metallic Sc [326]. The resolution function was
determined fromπ 20Ne [210].

7. Conclusions

Recent precision experiments provided an unprecedented view of the physics of light
exotic atoms in various respects. At the high-intensity pion and antiproton beams at PSI
and CERN (LEAR), a novel combination of high-resolution crystal spectrometer, cyclotron
trap, and X-ray detection by CCDs was used. Kaonic atom experiments using linear stop
arrangements are confronted with a significant background requiring dedicated trigger
capabilities.

7.1. Summary of results

7.1.1. Strong interaction
• For the two elementaryantiprotonic systemsp̄H and p̄D, the strong-interaction

shif t and broadening of both the atomic ground state 1s and the first excited state 2p
are now determined from experiment. In hydrogen, hadronic effects for the hyperfine
levels in the 1s and 2p states were shown to be a sensitive test for the predictions of
the long-range antiproton–proton interaction.

The results from̄pH strongly support the approach of meson-exchange models,
which is deduced from the nucleon–nucleon interaction. The large strong-interaction
shift of the 2 3P0 hyperfine state is being re-discussed as evidence for close-to-
thresholdN̄N bound states.

Evidence for a decreasing annihilation strength with increasing nuclear mass
number was found from both the low-energy scattering and the level widths of
antiproton–nucleus systems. Such a mass dependence is not yet understood.

• The recently finishedkaonic hydrogenexperiment resulted in a normal threshold
behavior of the K−p interaction.Kaonic helium data, however, yield a value for the
scattering length contradictory to the expectations.

• Precise values for thehadronic shifts inπH and πD are available now and
notable progress was achieved in the determination of the strong-interaction widths.
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Combining with the most recent theoretical treatment of the three-body problem,
new constraints on theπN isospin scattering lengths andπN coupling constant are
imposed.

7.1.2. Pion mass and electromagnetic properties of exotic atoms
• From a study of pionic nitrogen an ambiguity of 16 ppm could be removed for the

mass of the charged pionyielding an accuracy of lessthan 3 ppm for the world
average value. From the ongoing analysis of a recent measurement an improvement
of about a factor of 2 may be expected.

• From the energy separation of theπN(5g–4f) andπN(5f–4d) transitions the best test
of theKlein–Gordon equation up to now was obtained.

• Coulomb explosion in exotic systems formed from molecules has been directly
observed by the Doppler broadening of the (5–4) transitions inπN andµO.

• The measurement of antiprotonic hydrogen and deuterium initiated a recalculation
of electromagnetic binding energies, leading to the discarding of some of the earlier
QED calculations.

• A new method ofenergy calibration has been established for fluorescence X-rays
in the fewkeV range by using transitions from “hydrogen-like” pionic atoms.

7.2. Outlook

At existing and future facilities, a variety of efforts are being made or discussed as
regards approaching new high-precision results. Besides improved crystal spectrometers,
fast-read-out CCDs [329] and new generations of triggerable X-ray detectors [330, 331]
will add to existing devices.

X-ray transitions from hydrogen-like exotic atoms will become additional X-ray
standards in the few keV range. They will be supplemented by high-intensity narrow
electronic X-rays emitted from few-electron atoms produced in an electron–cyclotron-
resonance ion trap (ECRIT). Such a device is currently set up at PSI [332].

7.2.1. Hadronic interaction
• In antiprotonic hydrogen a more precise knowledge of the strength of theN̄N

spin–spin interaction requires a high-statistics measurement of thep̄H Kα transition.
This would allow an unbiased determination of the shift and width of thep̄H 1s
hyperfine levels. Such a measurement may become feasible at the new Antiproton
Decelerator (AD) facility at CERN [333] together with a slow extraction scheme
(MUSASHI [334]) combined with the ASACUSA set-up [335] and high-rate-
capable CCDs [329]. For p̄D, the confirmation of the results for the s-wave
strong-interaction effects would be highly desirable. To clarify the dependence of
the annihilation strength and isospin effects on the nuclear mass, a significantly
improved accuracy for the strong-interaction effects in antiprotonic helium isotopes
is necessary.

• In the case ofkaonic hydrogena precision experiment aiming at an accuracy of 1%
for the hadronic shift of the K−H ground state has been started at the e+e− collider
DAΦNE—theΦ factory at Frascati [261, 262]. The experiment will go on after the
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installation of triggerable X-ray detectors [330, 331]. A continuation to K−D system
is planned to access the K−n interaction to separate the isospin 0 and 1 contributions.
Also a determination ofΓ2p from a measurement of the intensity balance would be
desirable.

• The newpionic hydrogen experiment aims at a determination of the isovector
πN scattering lengths and theπN coupling constant to 1% [271]. The increase in
precision relies on new advanced techniques in the study of crystal spectrometer
properties by using narrow X-rays from few-electron atoms produced in an ECRIT
and a detailed study ofCoulomb de-excitationwith muonic hydrogen.

7.2.2. Particle properties
• At the AD the laser experiments on antiprotonic helium performed at LEAR have

been resumed and will be continued by the investigation ofp̄p Rydberg states. A
precision measurement of theantiproton magnetic momentis aimed at, which will
surpass the accuracy of a LEAR result obtained from the level splitting inp̄ 208Pb
[21] by about three orders of magnitude [336]. Because antiprotons do not decay,
further progress will come from future trap experiments [337].

• The accuracy for themass of the charged pioncan be improved by applying a new
method for the energy calibration, which is combining few-electron systems and
hydrogen-like pionic atoms. This method avoids the problem of the low count rates
from muonic atoms.

• At present, theknowledge of the root mean squareproton charge radius rp limits
the tests of bound-state QED in hydrogen [338]. A laser-based experiment will
measurer p by determining the 2 5P3/2–2 3S1/2 level splitting in the hyperfine
structure ofmuonic hydrogen[339, 340]. The experiment aims at an improvement
of the actual value ofr p = 0.880 ± 0.008 fm [34] by at least one order of
magnitude.

7.2.3. Multidisciplinary problems
• With an ECRIT, the gap of energy calibration standards of 1 ppm or better in the

few keV range may be closed by correlating the energies from “true hydrogen-
like” pionic atoms and fluorescenceX-rays from low- and medium-Z one-electron
systems. The multitude of transitions yields a dense set ofcalibration standards
[341].

• Level energies of hydrogen-like electronic and exotic atoms are measurable and
in principle calculable to better than 1 ppm [342]. Advanced tests ofbound-state
QED could be performed, e.g.,vacuum polarisation of medium-Z pionic atoms
[343, 344].

• Further applications are studies of helium-like or few-electron atoms in order to
examine various theoretical approaches to theelectron–electron interaction or
nuclear structure effectsin muonic atoms.

• Finally, X-rays from the ECRIT allow one to gauge curved Bragg crystals—
mandatory for ultimate-precision experiments—without the necessity to use
accelerators.
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Table 18
Selected problems for a wish list of future precision studies of hadronic interactions and particle properties with
the elementary exotic atoms

Parameters Method

N̄N Spin–spin interaction p̄H 1s hyperfine splitting
Annihilation strength p̄D 1s level shift and broadening

KN Scattering lengthsaK−p andaK−n K−H and K−D 1s level shift and width
πN Isospin scattering lengthsa± π−H 1s level width

πN coupling constantg2
πN/4π

QED Proton charge radiusr p µ−H 2s–2p laser spectroscopy
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