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Abstract

The new era in X-ra 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 reegctaccuracy 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 acuracy 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
estaltish X-ray standards in the few keV range by the pionic atoms themselves.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Systems in which a heavier particle of negative charge is bound into atomic orbits by
the ulomb field of the nucleus are callexotic atoms Predicted in the 1940s13],
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
firsttime in the early 1950s. Up to now, X-radiation from exotic atoms with mué&hs [
pions 6], kaons [7], antiprotons 8], and sigma hyperon$®] has keen established.

In leading order, given by thBohr formula? the binding energie®,, are proportional
to the reduced massyeq Of captured partie andnucleusA(Z, N). Bohr radii rg and
consequently the expectation values of orbit ragijj are proportional to Amyeq:

rg = AC/MredC2aZ 2)
(r) =Trg - [3n? — £(€ + D)]/2. 3)

The transition energies are increased approximately by the matioe of the nesses
of the captured particle and the electron.eBvor light elements such atomic systems
reach nuclear dimensions for the low-lying statéalle 1. This dlows a large variety of
investigations:

hadronic interaction at thresholti(-18],

masses and magnetic moments of negatively charged parti€e2],
tests o bound-state quantum electrodynamics (QEZB p4],
interaction with the electron shell of atoms and molecuké&s [
nuclear propertiesl7, 26],

electro-weak interactior?[-30], and

muon-catalyzed fusiorBfl—33].

Table 1

Binding energie®1s of the atomic ground state anB¢hr radi” rg of “electronic” and “exotic” hydrogen for a
captured particle of mass. ¢34 denotes the angular momentum statesaeatibly affected by strong interaction.
Hadronic decayindicates the corresponding most important final state

m/MeV/c2  BjgkeV rg/1071m  Accessible interactions €pag  Hadronic decay
ep 0511 1%x103 053x10°  Electro-weak - -~
up  105.7 2.53 279 Electro-weak - -
7p  139.6 3.24 216 Electro-weak strong s — 7°n
Kp  493.7 8.61 81 Electro-weak strong s,p —2Xn
pp 938.3 12.5 58 Electro-weak strong s,p — mens

1The synbols @, Z, n, and¢ denote the fine structure constant, thelear charge, the principal quantum
number and the angular momentum. The present value of the conversion cdistEntl97.326 9602+
0.000 0077 MeV fm B4].
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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 peform 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 parametéhg-hadron—proton scattering lengths and
volumes. Deuterium enables access to the diadneutron system. @¢r light elements
and especially isotope effects yield information on how to construct the particle—nucleus
interaction from the elementary reactionsislnoteworthy 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-egghadronic interaction has reached different
levels, which is also reflected in the differegiproaches applied to hadronic atoms. There
is the workhorse even today, theptical potentialand the more microscopic view of
mesan exchange Findly with chiral perturbation theory(xPT) 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 Nal(Tl) scintillators, the advent of high-resolution
semiconductor detectors immediately led to substantial progress in the spectroscopy of
exotic atoms 2, 35]. A further step was achieved by introducing crystal spectrometers
[36] when meson factories at the Paul-Scherrer-Institut (PS$T),[TRIUMF, and LAMPF
provided high-intensity muon and pion beams. From 1983 until 1996, at CERN, high-
qudity antiproton beams were available at the low-energy-antiproton ring (LERB) [

With all that, exotic-atom research became high-precision phy38s [

This article outlines recent results obtained from light exotic atoms. They were achieved
with dedicated techgues developed for high-precision measurements of X-rays in the
few keV range. Experiments include reflectigqme crystal spectrometers, new-generation
X-ray detectors such as chargoupled devices (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
ewven 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 lev@h antiprotonic helium, which give detailed
insight into cascade processes and test QED at the ultimate preel§loiiq access the
pion—nucleon s-wave interaction in heavy nuclei, deeply bound pionic states have been
populated in proton—nucleus colbss in recoilless kinematicgl], 42].

During the last decade, antiiomic 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 Q&tid, beyond that, new insights into exotic-
atom and exotic-molecule formation and de-excitatidf].[ Supplementary studies of
fluorescence X-rays from eleohic atoms demonstrate the potential of exotic atoms to
save 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 enesgis caused by processes similar to friction
acting on the particle when moving through the electron clotd. Kinetic energy is
absorbed by electron emissior electron excitation to unoccupied atomic states.

As a rule of humb, the quantum cascade of the heavy captured particle starts where
the overlap of the wavefunains is maximal with the outermost electrons of the atom or
molecule. The initial prinipal quantum number is abont~ ne./m/me, whereng 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 ofdem, capture is generally very complex.

It depends on atomic and molecular structure and the range of valuasafudt angular
momentum state&at capture is specific to the element or compound under consideration
[45, 46]. Cascade models mibpuse a modified statistical distributidh o (2¢+1)e*¢ for

the angular momentum states starting the calculatiamat.,/m/me which isonly a crude
approximation for the initial population. Hea, the X-ray yields of the transitions between
staks of lown contain only indirect information on capture and the first de-excitation
steps. The grameter is fitted to the data and the modulus of its value is typical§.2 or

less B45. Detailed descriptions of capture and atomic cascade may be foudd,iag)

and 5], respectively.

2.2. General aspects of the atomic cascade

For atans with Z > 2, the development of the subsequent quantum cascade
is determined by the different energy dependences of the two leading de-excitation
mechanismsAuger emission of electrons andadiative decay. For hydrogen Fig. 1),
however, and to some extent for helium, other mechanisms sutagls mixing and
Coulomb de-excitation become dominant (see belpwlhe typical cascade of exotic
atoms withZ > 2 may bedivided into three parts:
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Stark mixing ) 1 capture

Coulomb de-excitation

- Auger effect

/ observable hadronic
/, shifts and broadenings

Fig. 1. Atomic cascade in antiprotonic hydrogen. Thersdrinteraction, leading to a repulsion in the caspmf
manifestsitself in an energy shif¢ and broadening™ of the low-lying and inner atomic levels. The hadronic
parameterg and I" scale with the geometrical overla@éction 3. In this aticle, a positive (negative) sign ef
stends for an attractive (repulsive) interaction, i€s Eexp— EQep- Eexp denotes the measured aBgep the
(calculated) pure electromagnetic transition energy.

2

e Depletion of the electron shell. The emission of remaining electrons proceeds

shell by shell through successive Auger asidns as soon as the energy difference
between the exotic-atom levels exceetie onisation energy for an electron.
Because Auger transitions prefer a small energy difference between initial and
final state (o o« 1//AE,y and A¢ = =1 [49)), the initial distribution of

the angular momentum state& does not change significantly in the upper part
of the cascade. Auger transition rates exceed radiative de-excitatiohrfoes 1
transitions (x o n=° for n > 1 [50, 51]) down to aboutn > 5 andn > 9

in the case of mediunZ muonic and antiprotonic atoms, respectively, as can be

seen from inspecting Ferrell's formulda/I'x = o6 “(E)/[(Z — 1)%o7] [52).2

aye(E) andot denote the photoelectric andetihomson cross sections.
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Therefore, X-ray transitions from above those levels are suppressed as long as
electrons are present.

e Point-nucleus regime.In lighter exotic atoms andvhen using dilute targets,
hydrogen-like systems are formed by depletion of the electron shell. This is in
paticular 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 caseadirady develops in the intermediate
part of the cascade without satellite traiosis because of the absence of electron
screening p3-55]. Due to the strong energy dependence of the radiative decay
(I'x AEEH, [51]), the population of the states with maximum angular momentum
(n, £ = n —1) is strongly enhanced byAn > 1 trandtions. Inlight exotic atoms,
from such so-called circular states, further decay can proceed exclusivaly by1
electromagnetic electric dipol& 1) transitions.

In the intermediate part finite-size effects can be neglected and the transition
energies are determined exclusively by thectromagnetic interaction, the mass
A of the nucleus, and the masf thecaptured particl. In dilute gas targets the
line intensities inZ > 2 systems areaturated even for large, i.e.,line yields are
of the order of 90% Kig. 5). In heavier atoms and dse or solid targets, where
electron capture (refillingx~A)neNe™ + e — X" A)ne(N + De™ from the
surounding 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-ramission dominates even when electrons
are left due to the sharp increase of thergy 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 chBxge (Z*
[50)), the cascade time becomes ¢kl shorter with increasing .

e Particle—nucleus interaction.During the very last stepsf 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 ¢onpete with hadronic reactions. The
presence of a hadronic potential causes an energyeghifif the daomic 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 broadenifigy of the X-ray transitions.

2.3. Cascade in exotic hydrogen and helium

Exotic hydrogen occupies a special positionamtjng the interaction with the target
material. It is electrically neutral and rahsmall 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-excitationiT@ble 2. The cross sections of all collisional processes are
of geometrical order of magnitude, i.e., of about the size of the exotic &g 7 (rn)2.
Non-radiative mechanisms also from collisional processes prafies 1 transtions and
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Table 2

Processes occurring during the atomic cascade of exotic atoms, transition pates 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 densitie) denotes the decay time of the free parti@dd][and N the number of electrons

Pracess Example I'n

El. dipole (E1) (X" Pne > X Py g1+ ¥ Z>1 on™®

Internal Auger effect (X" A)peNe™ - X" A)ypy(N-De” +e~ zZ>2 on’

External Auger effect X" Pne +H—> XTP)pypy +P+e Z=1

Stark nixing [nem) <> [n(€ + 1m) Z<1 2x10%/s(n=30P
Coulomb de-excitatich (X~ p)n¢ +Ho — X"P)pre +H+H Z= 1x 109/s(n = 30)b
Eladic scattering (X" P)ne +Ho — (X~ p)ne + Ho* Z=1 1x 109/s(n =12)P
Electron capture (X" A)peNe™ +e7 — (X Ane(N +1e™ Z>2

Weak decay o — € +vetvy T9=22us

Weak decay 7T = uT + iy 70 =26ns

Weak decay K™= u™ +iy 0=12ns

a Coulomb de-excitatiomomprises thehemicalde-excitationas introduced ing8] to take into account the
missingnon-radiative de-excitation strength.

b Transition rates ipp for a kindic energy of 1 eV at 104 of liquid hydrogen density (from78]).

* Denotes a (possibly) excitedbHinolecule. 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 oftindit circular cascade. Recently developed
cascade models, so-callegended standard cascade mod§h, 57], take into account

the evolution of the kinetic energy distribati. A review of progress in the cascade theory
of exotic hydrogen may be found id§].

e Stark mixing. When passing through a Coulomb fieddring collisions with other
target atoms, the electric fiel mixes the pure parity statés¢m) because of the
non-vanishing matrix elemerh¢m|E[n¢’m’). Mixing occurs between states of the
same pringdal quantum numbaer but different angular momentum according to the
selection ruledz? = £1 andAm = 0 [51].

Stark mixingprevails over all other internal and external de-excitation processes
except radiation from low-lying states antherefore, primarily determines the
density dependence of the X-ray line lge. It can be described by introducing
(Af = £1, Am = 0) transition ratedsiark FOr high-n states the transition rates
I'stark are large enough to allow numerous transitions betwestats during the
typical collision time rstark of 10714-10"13s. In hadronic hydrogen the induced
s- and p-wave contributions in high-angular-momentum states lead with high
probability to absorption or annihilationZ5, 49, 58-63)). As shown inFig. 2, Stark
mixingleads to a drastic reduction of the X-ray yields with increasing target density
(Day-Snow-Sucher effecdql]). A further consequence is the very short time from
Coulomb capture to absorption or annitiiba in dense targets (cascade time), which
has been observed already from bubble chamber @&fa [

Assuming the splitting of the energy levedEn ¢+1 (I 'stark @Ndtstark: I stark) 7,
the mixing is complete and a statistl population is re-established for each
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Fig. 2.Left X-ray spectrum fronpH measured with a 30 m?rSi(Li) showing the almost fully developed Balmer
transitions. The Lymag line is suppressed due the strong p-state annihilation (f&#).[Right Absolute line
yields of Balmer transitions. Datarefrom LEAR experiments PS1789], PS174 p0Q], and PS17562]. Dashed
lines show the results of the cascade code of Borie and LE&m/{ith the parameters fitted to the line yields for
Tkin = 1 eV (from [62]). The lid lines result from the recently developegended standard cascade moodél
Jenserand Markushin48, 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 pH andpHe below n= 9 s—p and p—d mixing, respectively, no longer occurs.

In exdic helium Stark mixingis much less pronounced than for hydrogen, but is
still the process which dominates the pressure dependence of the line g@ia9][
At higher densities, above about 10 baraidition molecule—ion formation has to
be taken into accountf]. The formation of the posiiely charged exotic helium
(x~He)* with another He atom into a molecuteuld explain an anomaly observed
in = *He for liquid helium, where the & yield was found to be lower than thegK
yield [70Q].
Coulomb de-excitationis a non-radiative cascade process competing @itlrnal
Auger enissionandradiative decay56, 71]. It occurs during a collision of exotic
hydrogen and the energy releas&,,y for stepn — n’ is converted into kinetic
energy of thex p system and H (from a molecule g1 Coulomb de-excitation
wasobserved directly as a broadening in tirae-of-flight (TOF) spectrum of the
monoenergetic neutrons from the charge-exchange reaetign — 7°%n at rest
[72-75]. The TOF spectrum turned out to be a superposition of several Doppler
broadened contributions corresponding to various de-excitation stepsn’. The
fastest componentidentified corresponds to a kinetic energy of 200 eV and, therefore,
is attributed to the (32) Coulomb transitionAn = 1 trangtions are préerred in
agreement with calculaths, but evidence foin = 2 has been found from the TOF
measuremenCoulomb de-excitatiohas been considered so far only for hydrogen,
but isnot in principle excluded for exotic helium.

Elastic scattering and Stark collisions counteract the acceleratiorCbylomb 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
large n instead of fitting strength parameters to the line yield&-f§]. It turned

out thatCoulomb de-excitatiotis the dominant process for > 20 but remains
important also for lower-lying states. Therlge energy gin leads to a significant
Doppler broadening of subgaent X-ray transitions. For that reason, the inclusion
of the evolution of the kinetic enerdyecame mandatory in cascade theory.

e External Auger effect. Auger emission off Kl molecules reaches a similar rate to
Coulomb and Stark transitions when the energy gain¥artransitions exceeds the
electron’s binding energy. Auger emission therefore contributes significantly in the
rangen ~ 6-10[78, 79].

e Cascade timeshave been measured pH at 1 bar (NTP)by the ASTERIX
collaboration 80| to 5.1 £+ 0.7 ns andboth inpH andpHe at very low pressures by
the OBELIX experiment B1, 82). For pH at 3.4 mbam cascade time of 84 10 ns
was obtained. A comparison of a recent @allation which accounts for the strong
Coulomb de-excitatio78] leads to shorter cascade times than a previous one
using an effective cross section for chemical de-excitation giver foy)2—the
geometrical size of th@p system $9. Shorter cascade times are in much better
agreement with data, especially belo@ 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 inpHe [83]. Thisis less than half the value given by Bianconi
et al. [B2] but thetime elapsed from Coulomb capture to the arrival at this particular
level is not ircluded 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 fopH where the strong p-state annihilation further suppresses
the K transitions Fig. 2). Due to the large s- and p-state annihilatios- 1 stdes
are fed almost exclusively from that paf the abmic cascade which did not pass
through any s or p state. For that reason the line yields are hardly sensitive to
the annihilation widths/,, and I'hs [58, 84]. As expected, no isotope effect was
identified from the line yikls within the present experimental accura6g]] but at
the 20% level from a precise measurement of the capture probabilities of pions in
HD and H + D2 mixtures B5|.

If a direct measurement of the level widthexcluded, a yield measurement of the
pH Lymana pernits the determination of the 2p annihilation width from the intensity
balance of the Lyman and the whole Balmer seriésThe quantitszba' derived in
this way, however, coincides with ehtrue spin-averagd hadronic width>p only
in the limit of equal annihilation rate frorall 2p hyperfine stateslf, 62, 86 (see
Section 5.1.2

3 In the Bohr model, the terms Lymanna Balmer lines denote any transitions to the- 1 andn = 2 staes
from excited gates. Lines are labeled by Greek letters starting witbr the one with the lowest energy. Ignoring
substructures the labeling of an exotic-atom transition by, e.g., Badmsrnot absolutely precise. Following
Siegbahn’sotation P1], in the case ofp Balmera represents the three (3d—2p) fine structure lines, Loy,
and L.
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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 vimus 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
exampe, a cascade calculation yields for a digynof 1 bar fa s-/p-/dabsorption
the ratios 6%47%/47% at 300 K and 19#1%/58% at 5 K inp*He [68, 84]. The
percentage given here represents almost the full range of variation, unlike the case
for pH, where s- to p-state annihilation changes from about 0.1 to 10 from dilute gas
(«1 bar) to liquid hydrogeng7, 89].

3. Hadronic effects

In light exotic atoms, binding energies and, consequently, kinetic energies are in the
keV range (Table J), which is small compared to the typical hadronic scale represented
by the nucleon mass of1 GeV. Theréore, X-ray spectroscopy of exotic atoms offers the
possibility of performimg a scattering experiment directlst 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 amplftu@e =
>0 fe(©), wheref,(0) = (2¢ + 1)ark? Py (cos®). For vanishing momenturk — 0, the
amplitude f (©) reduces tdhe s-wave scattering leng#, which isthe basic parameter
representing the interaction at thresholdsiBles scattering, absorption or annihilation
occurs and in analogy to optics, where the complex refraction index takes into account non-
coherent processes, a comp{egtical) potentialis introduced. Tien the scattering length
as becomes a complex number th@etailed discussions may be found in the reviews of
Hufner [L0] and Klenpt et al. [L6] or the textbook of Ericson and Weisgq].

The relation between shift and broadening of the atomic ground state and the complex
s-wave scattering length is givdry an expansion in the paramety'rg, whererg =
lic/Mregc? Z is the Bohr radius of the particle—nuakesystem. The leading order using
hydrogen-like wavefunctiong,,s and taking the value of the wavefunction at the origin
yields the Deser formul&®p]

éns+1i1lhs/2 = —(27Thz/mred) “ Wns(0)|2 + as
= —(2h%/Myed §) - as/1°. 4)

For thenext term in the low-energy expansion, for the p-wave, the scattering vadgme
reads in lowest ordeff]

énp+ilnp/2 = —(67Tﬁz/mred) Y ipnp(o)|2 *dp
= —(3h%/16mred 3) - @ - 32(n? — 1)/3n°. (5)

Similar relations hold for higher-angular-momentum stat&8, [94-96]. Corrections
due to interference of the Coulomb and nuclear interaction are taken into account by

4 Scattering lengths are printedold facewhencomplex.
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Table 3
Theoretical approach, exotic-hydrogen X-ray titins, and accessible hadron—nucleus properties
Meson exchange pH Ka NN spin—spin force
+ optical potential % NN spin—orbit force
pD Ko multiple scatteringt+ annihilation strength
Lo multiple scatteringt+ overlap
HBxPT KH, KD Ko KN isospin scattering length, KN sigma term
HBxPT 7H Ko 7N isovector and isoscalar scattering lengtt\N sigmaterm
7D Ka N isoscalar scattering length 3-body effectsisospin breaking

higher-order terms Trueman expansign[93. Second-order terms, proportional to
(a¢/rg)?, are sgnificant 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 hadonic shift [93]. In the case of protonim the \alidity of the Trueman expansion

was shownwhen a oupling of channelsfp and nn) occurs and tensor forces are
present97, 98].

As mentioned above the scaitey lengths and volumes determined in this way do not
yet represent the pure hadronic parameferout describe the interaction resulting from
the superposition of electromagnetic and strong potential and are denoggtl by pp,
such @ulomb corrections are sizable (up to 20%) for the s-states but already small for p-
staks P7, 99, 10( and thelightest pionic atoms. A rigorous treatment including the finite
size of thenuclear potential was given by Mandelzweig and applied to mediupenic
atoms [LO]].

The scattering lengths may be regarded as the interface of experiment and theoretical
understanding. The experimentally deterednparameters have to be compared with
the results from theory based on the most fundamental approach available. The level
of “microscopic” understanding achieved is different fbrA, KA, and 7 A atoms
corresponding approximately to the internal complexity of the hadrons invohadalg 3.

In the sSmplest vesion, thelocal optical potentials given by gghenomenological ansatz

Ulocal = V() +iW(r) = — (4 h/2Mred) (1 + Mred/ M) p(1)b, (6)

where the nuclear matter density distributio(r) is normalized toA. It was found that

the variation of the hdronic effects over the whole periodic table could be described
(except for a few special cases) by a few common quantiti€s 15, 18, 102-104].

They are understood afectivescattering lagths 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 atom& and

nuclei terms proportional tp2 must be included because pion absorption at rest takes
place with two nucleonslp, 18]. The success of parametrising thptical 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 Ericsonl05 106.
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For thedescription of jonic atoms in¢ > 0 stdes anon-local—i.e., a momentum-
dependent—part of the potential of the fortoniocar) = @rh/2Mreg)(1 +
Mred/ M)CV o (r)V [107 was found to be necessary in additi The strong influence of the
p-waver N interaction even at threshold is obvious from the large strength and width of the
A(1232 resonance. TheN s-wave ineraction is atypically weak for a hadronic process,
which is now understood from chiral symmetriL§] (see below). Gemally speaking, a
local potential is sufficient in the case of Kand p because of their short mean free path
in nuclear matterl5, 10§.

Meson exchangeconstitutes an understanding of the strong force mediated by various
mesons and describing the medium- and loagge 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-exchange picture the strength of the consequently effective interaction and the
internal degrees of freedom are condensed in (effective) couplings attributed to a specific
mesomN vertex and thepotential is build up from the sum of the contributing mesons.
Commonly used startingoints are the so-calldéaris [109 and theBonnpotential fL10.

QCD as a partf the standard model is today’s basieory of the strong interaction
based on colored fermions—the quarks—and colored massless field quanta—the gluons.
At highest energies, perturbative methade applied with great success because of the
decreasing strength of the interaction as described by a running strong coupling constant
as (asymptotic freedom). At low energies, in the non-perturbative regime, a modern
framework (xPT) has been developed, which is based on the symmetry of the QCD
Lagrangian for thadeal 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 125MeV
for the light quarks u, d, and s, respectiveBA]. Symmetry beaking 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 iagheorld. On
the grong-interaction scale of about 1 Gga#, the zero mass limit is closely approached
for the first quark doublet and an expansion aroundctiigal limit my = mg = (ms =) 0
should provide a reasonable description at low energi® relates unambiguously the
symmetry properties of the @ Lagrangian to observables by low-energy theorems.
Being an dfective field theory, the unknown structure of the theory at short distances
is parametrised by so called low-energynstants (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- ij = (0/gq|0), whereF; is the pion decay constant. For the case of pions the Gell-
Mann—Oakes—Renner relation read46

m2 = 1(my + mq)1(01Gq|0)|/F2 + higher orders ()

The constanB—the chiral condensate, equal for all pseudoscalar mesons—adjusts the
physical masses of the pseudoscalar odté®[113 116. Though principally calculable
within lattice QCD, precise numerical values f& and F, are still derived from
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experiment. Similarly, sigma terms are measures of the chiral symmetry breaking. They are
basically the product of current quark masses and densities giviraloy onqglhadron)

matrix elements betwedmadronstates evaluated in the limitf vanishing quark masses

and momentum transfer. The sigma terms are related t@&gh®entents of meson or
nucleon 17, 11§ and, hence, probe the non-valence quark part, e.g., of the nucleon
wavefunction. Located outside the physical regj sigma terms are not directly accessible

by experiment, but they can be connected tdrba—hadron amplitudes by extrapolation
into the unphysical regionI18 119. Hence, scattering lengths are of great importance
because they represent the closest approach ireéhevorld.

3.1. Nucleon—-antinucleon

At present ab initio calculations in the freework of non-perturbative QCD are limited
to special caseslpG-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 antinuclen—-nucleon potential including its ispdependence in the framework of
meson-exchangemodels from the nucleon—-nucleon interaction. At medium and long
range, the real part of th’N potential is directly obtained by the so-call@parity
transformation 12§ from the NN potential 123 127-131]. For the short distance a
phenomenological short-range part is commonly used. In most cas@atfisgotential
is applied 128 129 137 (Dover—Richardpotential). At low energies, it is sufficient to
include the lghtest mesons, p, andw and the non-resonant20) and 3r(¢) exchange
for a proper description of the scattering cross section. The low-ehiggteraction was
recently reviewed by Klempt et all§].

ForNN, a strong annihilation to esonic final states occurs, which is of short range and
may change considerably the predictions ldaze the eal part of the potential and hence
the level shifts ipH (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
staks [L21, 122 133-135. The annihilation part of the potential is still best described by
aphenomenological complex ansatz with a radithévior close to the matter distribution
(e.g., a Wood—Saxon distribution).

The G-parity transformation yields totally diffent shapes for the real part of the NN
andNN potential. Simplified, the strongly repulsive part of the NN potential (mainly from
w exchange) changes into strongly attractive in ¢ case. Spin—oibforces in theNN
interaction are rather weak, whereas spin—spin forces are strong in contrast to the NN
interaction [L28. 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 ¢ppheo the
|An) stak, e.g., by pion exchange, has to be consideli&® [137. Including the|nn)
component yields a dramatic effect for the hadronic broadening dRfyperfine state
in protonium. It is predicted to increase bYfeactor of about 2, which can be traced back to a
strongly attractive isoscalar tensor interacti®i,[128 138 139. At short distances, where
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annihilation takes place, the isospin contefitte final state is significantly changed by the
charge-exchange potential. TH®& state is predited to be almost pure isospin 0 and not a
half—half configurationpp) = 2+/2(yo + v1) of | = 0 andl = 1 staes as for the pp)
approximation 138-140. Such an isospin mixing, however, could not be confirmed from
the study of branching ratios of meson firstdtes, which indicates a sizeable isovector
component]41]. A possible explanation may come frothe fact that annihilation from
atomic states and into meson final states psotbe ireraction 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 sphtsé) 142 143.
Therefore, the black-sphere model is able to describe reasonably the hadronic width for
nuclei A > 4 by using theNN annihilation cross sectiori 4. Consequently, annihilation
is a peripheral process exdefpr the lightest nuclei, but can in turn be used to probe
the nuclear halo 145 14€. The distortions of atomic wavefunctions are significant
in the presence of such a atig annihilation and, as mentioned before, are crucial in
the calculations of branching ratios foretmumerous mesonic final states. Therefore,
much effort went into the calculation and quality of realistic wavefunctions. Shifts and
broadenings of the atomic levels explicitigst the medium- and long-range part of the
interaction at threshold and involve all final stat@g,[128 129 139.

Low-energy scattering experiments prd@icomplementary access to the scattering
lengths by extrapolation to thresholti{7~150. The resilts 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®&dperimental and tharetical methods.

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

3.2. Kaon—nucleon

Like the NN system the kaon anducleon are composed ¢f = 0 and/or| = 1
isospin states. The scattering length reags, = (ap + a1)/2 and themdividual isospin
components may be determined by fits to data from several kaonic atoms with a different
composition of the nucleuslfq. Ideally, the individual components are determined
by combining kaonic hydrogen and deuterium, but to date no measurements on kaonic

deuterium have been performed (S=ztion §. The scattering length in kaonic deuterium
is given byax -4 = % (%) (ag+3a1) +C, where the knematic factor is due to shift

from the KN tothe Kd center of massThe three-body corrections are sizable and involve

5 M and Mg 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 hreshold the isospin @(1405 and is@pin 1.2'(1385 resonances exist. The
nature of the1(1405 particle is still poorly understood p9. Its mass is only 26 MeWc?
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 BIgV decaying exclusively into th&7 channel 84].

Suweh a situation usually requires a more sophisticated approach such as coupled channels
[160-162. Primaily the | = 0 amplitude may then change rapidly with energy because
of the nearby resonanc#q3 164.

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

3.3. Pion—nucleon

According to its origin, the methods @PT work besfor the lightest quarks u and d as
combined in the lightest strongly interacting particle—the pion. Therefore, the pion—pion
interaction L13 is regarded to be the best testing ground for non-perturbative QCD.
Unfortunately, &perimental circumstances prevent a determination oftthescattering
length to the few per cent level$7-169, 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-hucleon case labeledavy-baryon chiral perturbation theoiHB x PT), where
a gecial transformation bypasses the problem of the non-vanishing nucleon mass in the
chiral limit mguark — 0 [113 174 179. The chiral expansion, ordered by counting the
powers of (small) momenta, the quark-mass differeimeg — my), andthe fine stucture
constantr [111], allows one to include on the same footing the strong isospin breaking
effects based on the mass differeno®y # my) and those of electromagnetic origin
[176-179.

In the case ofr N, the two basic parameters at threshold are the isoscalar and isovector
s-wave scatténg lengthsa™ anda~. They aregiven in terms of thelastic reactions by

at = %(an*p—m*p + ar+portp) (8)
or when expressed in terms of the two possible isospin combindtien$/2 andl = 3/2
by

at = L(ay2 + 2a3)2) 9)
a” = 3(ay2 — ag)2). (10)

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

Ar-por—p ~ Qrtpogtp = _\/éan*pen"nv (11)
i.e., thestrongx N interaction at threshold is describedmpletely by two (real) numbers.
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The leading order result fa™ anda~ derived from current algebra 80 181] already
revealed an important feature of the underlying symmetry—the vanishing of the isoscalar
combinatiora™ in the chiral limit:

at =0 (12)

a~ =-0.079m, (13)

a* further on remains small also when higher orders are taken into acdatim(Fig. 16).

A fundamental quantity of theN interaction, thexN coupling constantfﬁN, is
connected to the isovector scattering lengthby current algebra and dispersion relation

theory through the Goldberger—-Miyazawa—Oehme (GMO) sum ru89[ If isospin
symmetry holds, the GMO sum rule directly relatés; to fﬂzN (Egs. L1) and @.7)):

2f2 1 oo (ke) = 0% (Kr)
(1+ﬂ)a—= N 2+—2/ T T k. (14)
M/ m; m:—(ms/2Mn) 2n4 Jo w(Kz)

At present, the value of the integral is known with an accuracy of about 188-[
185. The leading order result fofnzN, derived within current-algebra, is known as the
Goldberger—Treiman relationl$, 186.

fon - MGA _ M Gan _ 070 (15)

Vb4 16rF2  4M2 4xn
The relation betweeriﬂzN, the pion decay constarﬁgf, and the aial vector constanga,
determined from neutron decay, demonstrétteconnections between strong forces, QCD
vacuum, and weak interactiokl andm,, 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 epansion (Goldberger—Treiman dispescy). The order of magnitude of the
discrepancy is about 2—4%8g7.

Nowadgs, up to fourth-order calcutians in the framework of HBPT havebeen
performed 1 8§. Consequently, the experimentafanmation obtained from the hadronic
shift ;s and level broadening s of the atomic ground state in the pionic hydrogen should
at least reach a precision at that level. Expressed in a Deser-type fofr@dighe rehtion
between exotic-atom parameters and scattering lengths may be wriften as

€1s 4

— = ——a,- (146 16
5. = it pon p(L+ ) (16)
Is do 1 2

— =8—(1+4+—= - 1+6 . 17
Bis s ( + P [an p—>710n( +6r)] ( )

Obviouslyeis o at + a~ and, assuming isospin invariandgs o (a~)?2 holds.

The parameter§, r prevent a direct extraction of the pure hadronic scattering length
from the experimental results. They accoboth for nuclear—Coulomb interference and
terms arising from the chiral expansion treating electromagnetic corrections and isospin

6 o = 0.1421 fm 1 is the center-of-mass momentum of th&in the charge-exchange reactiomp — 7%n
and P = 1.546+ 0.009 [19( the branching ratio of charge exchangedaadidive 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 cone 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 studie$78 179 183. Older results, based on a potential approach
[192, are assumed to underestimate both the magnitude and the uncertaingy [df79.

An important independent source of information far is the ground-state shift1s of
pionic deuterium, which is proportional to the real part of the pion—deuteron scattering
length Ra,q according to the Deser formula. Assuming charge symmetrya,e, =
a,-n, the sum difference) of the freer“p andx~n scatering lengths exactly yields
the isoscalar (isovector) combinatiar (a~). To profit from the precise results for the
deuterium ground-state shifia,q must be resolved in the framework of a multiple-
scatteringapproach 18. Because of the smallness af compared toa™, the double-
scattering termD dominates over the single-scattering contribut®roy an order of
magnitude’

Rarg =S+ D+

Cl4mg/M
_1+mrr/Md
(L+me /M2 [ fa+\? a—\?
“W[(?) -2() Jam =

Evidently, like for the Kd case, an elabogatulti-body calculation is mandatory for the
precise deterination ofa™ [184 185 193.

4. Experimental techniques

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

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

e 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.

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

Such conditions are achieved in atperimental set-up combining tlogclotron trap a
focussing low-energy Bragg spectrometardCCDs for X-ray detection Fig. 3.

7 (1/r) is the inverse deuteron radius.
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spherically bent crystal &

N

4 T‘i:'\ @\
position-sensitive detector cyclotron trap
Charge-Coupled Device (CCD) gas cell

Fig. 3. The experimental approach for a crystal spectiter experimet. The focussing Bragg spectrometer is
equipped with spherically bent crystals and two-disienal position-sensitive detectors. The diamdResf the
Rowland circle is equal to the (horizontal) radius ofvature 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 procked by a superconducting split-coil magne®4].
Between the coils a target chamber is insthtfentaining 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 ekéilé 4:

e Stable particles such amtiprotons can be decelerated slowly. The low-emittance
beam of LEAR was stopped almost completely in a few atvery low pressures.

e Because of thgion’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.

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

With the cyclotron trap, a gain in stop density over a linear arrangement is achieved by
factors of 16 and 200 for antiproton and pion beams, respectively.
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Table 4
Exotic-atom X-ray sources achievable with the cyclotron teapurceandlaxia) are the extensions perpendicular
and along the symmetry axis of the magnet

Poeam’MeV/c  Intensty/s  Target  Pressure/mbar fsiop¥  ésourcex laxial/mm x mm

P 105 16 Ho 20 ~90 20x 30 FWHM
7~ 110 1@ Ny 1000 ~2 60 x 40 gas cell
uw- Froms decay e} 1000 ~0.1 60x 150 gas cell

4.2. Crystal spectrometer

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

ni = 2d - sin O, (29)

a omheaent superposition for one wavelengthoccurs only close to the Bragg anghs,
wheren is the order of reflection. The theoretical limit for the energy resolution is given by
the widthw ¢ 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, becausdtwd 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 edge&95 19€. The intrinsc resolutionw of perfect plane
crystals is in the ranga E/E = 107°-10* (Table 5.

For the investigation of broad X-ray lines or multiplets, cylindrically bent crystals
are widely used (Johann geometr¥9[]), because in this case an energy interval
corresponding to the width of the source damrecorded simultaneously with position-
sensitivedetectors. For X-rays reftted at the Bragg anglég the focussing condition
in the direction of dispersion is fulfilled on the Rowland circle at the distaResin ©g
(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 onsequence of crystal bending, a decrease in resolution owing to the finite size of
the crystal and source must be accepted. Reekperiment, a commpmise between count
rate and aberratiords to be achieved. In the set-ups described here, aberration is mainly
due tothe (full) horizontalextengon b of the crystal. litauses a shift, which depends on the
absolute value of the Bragg angle and alwegduces the reflection angle in relation to the
central ray Fig. 3). The maximum angular shifk ©;, for X-rays reflected from the left or
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Table 5

Calculated and measured resolutianS, and A Eexp (FWHM) of the crystal spectraeter. The raigtive widths

I'x of the exotic-atom transitions are negligibly small compared to the intrinsic resoltioFWHM of the
rocking curve). The crystal parameters are givercalsulated with the code of Brennan and Cowan for plane
crystals [196] and the ode XOP R06|. The resolutionachievable with the bent crystal spectrometer is obtained
by convolution of the rocking curve with imaging properties of the set-up

Eqep/eV I'x/meV Reflection wgf/meV — AEcg/meV  AEexgmeV

p 3He(5g—4f 1686.477 0.26 qu 100 129 150 2853

p2ONe(13p-120  2444.035 10 Si111 272 320 33334
7 2ONe(7i-6h) 2718.751 4.2 Si111 348 400 47829
7 12C(5g-4f 2973.826 4.4 quartz 10 402 425 47726
7 20Ne(6h-59 4509.894 11 Si 220 265 460 53017
7 2ONe(5g-4f 8306.449 32 Si 440 72 300 72532

right boundary of the crystal, is given in leading order for both cases by
AO; =1/2(b/2R)? - cof 6. (20)

Hence, an angle-depdent (asymmetric) broadening and a shift of the reflection towards
higher energies appear (Johann broadening and sh® [201]. Further corrections
necessary to achievedtitrue” Bragg agle for calculating the wavelength are due to the
change of the refraction index for the radiation inside the crystal (index of refraction shift)
[196 207 andthe penetration depth, which is sensitive to distortions of the lattice constant
from the bending203. More details may be found ir8p, 204].

In theory the resolution of a bent crystal given by the onvoluion of the rocking
curve and the geometrical broadening. However, forcing a disk into a sphere is in principle
impossible without causing non-linear distoris. 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 conta#,[204]. For bending radii oR = 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 offalfle 3.

Exotic-atom transitions not affected by strong interaction or screening by remaining
electrons have much smaller natural linewidthig than fluorescence X-rays-igs. 6
and11, Table §. Though beam time consuming, these transitions are currently the only
possibility for determining tb gpectrometer response function in a comparable geometry
(Fig. 5—left). Narrow nucleal -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%ection 7.2

4.2.2. Energy and efficiency calibration

Semiconductor detectorsThe method of saturated X-rays in dilute targets allows an
in-beam energy and efficiency cal#ttion. Selected low- and mediu-exotic atoms are
depleted completely from elegoins inthe medium part of the atamcascade. Energies are
given with the precision of calculation. The atilve efficiency is determined from the line
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Table 6
Fluorescence X-rays and exotic-atom transitions usedrfergy calibration. The calibration was applied to the
transitions given in the last column. The Bragg &sghre given without the index of refraction shift

Calibration E/keV I'x/meV Reflection C:) Transition
Si Kag 1739986+ 0.019 524+ 35 qu 100 565053.7" pH(3d-2p
S Kaq 2307.886+ 0.034 769+ 26 Si1l1 5856'40.0” pD(3d-2p
Cl Kap 2622441+ 0.039 925+ 86 Si1l11 485545.2" 7D(2p-19
Cu Kaq 8047838+ 0.006 2260+ 20 Si 440 5821'10.0” 7 N(5g—4H
7O(6h-59 2880.506 4 Si111 £2034.0" 7H(3p-19
nO(5g—49 4023.997 10 Si 220 52052.0” 7 N(59-4H

intensities, which all have about thamse absolute yield in dilute gasésd. 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 catétted radio-active sources.

Crystal spectrometer.An absolute determination of the Bragg angle from the measured
postion on the X-ray detector is considered to be impossible for the required accuracies
up to 1 ppm. Therefore, relative measuretseare 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:

e The angle difference between thelibeation line and the transition under
investigation is small enough for measuring both lines simultaneously as indicated
in Fig. 3. Thepostion difference directly yields the energy differencdf sin ©g is
suffi ciently well known. This method rules out systematic errors regarding long-term
stability.

e If the angle difference exceeds the sizetlbé& 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 seuilhe rotation of the crystal is measured
with a high-precision angular encodex @ = £0.15 s of arc or=0.5 ppm).

At present two sets of calibration lines are availafiahle §:

e Fluorescence X-raysAmong others, the K lines from silicon, sulphur, chlorine
[207, 208, argon P08 209, and copper21(q have been re-measured recently with
improved precision tde used for calibration purposes. However, the large natural
linewidths, the presence of satellite transitions originating from multiple ionisation,
and line splitting due to #haupling of vacancies (se&ection 6.4limit the accuracy
to a few ppm when relating the peak position to the wavelength. Fordatems,
the analysis is also complicated by the incomplete separation of the doHidgst ©
andll).

e Exotic X-ray transitions. Suitable calibration lines from exotic atoms are rare
because sufficient yields are achievady 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@raction to make use of the precise QED calculations,
which nowadays reach an accuracy of a few maV1].

4.3. X-ray detectors

CCDs ae ideally suited for low-energy X-ray detection in a high-background
environment because of their distinguishe@@imensional position resolution together
with the excellent energy resolution of semiconductor devic&k?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 ofte CCDs allows an almost cotepe 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 cerftig. 6).

For the direct measurement of exotic-atom X-rays the CCDs were placed close to the
stop volume ingle one bore hole of the magnet of the cyclotron trRjg.(4). Due to
the background suppression achieved withpbsition information, the performances of
CCDs ae 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-free spectra
are obtainedKig. 6). The CCDs used so far, howeverganot triggerald, which limits
their rejection capality if the background is dominatelly low-energy electromagnetic
radiation.

4.4. Linear stop arrangement and triggered X-ray detectors

Currently available kaon beansufferfrom low kaon fluxes and simultaneously a large
contamination with pions. In order to achieseasonable backgroundmditions, a trigger
condition is imposed on X-ray recording. @kaonic hydrogen exparient, set up at the
low-energy separated beam line of the KEKoton synchrotron (Japan), used a linear
arrangement to stop kaonsarryogenic hydrogen targe21§ 219.

Up to 60 X-ray detectors placed inside thasg/olume 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 brar€h,,p — ZExF followed by
»* — nx* decay, which occurs in about 50% of all reactions. Vertex reconstruction with
multiwire proportional chambers ensured thia pions were created inside the hydrogen
target. A sharp timing was achieved byrgdiation counters. In this way a background
rejection of almost three orders of magnitude was achieved in face pgiKaratio of 90.

5. Strong-interaction results
5.1. Antiprotonic hydrogen

5.1.1. 1sground state

In a first generation of LEAR experiments, X-rays frgd andpD were cetected by
using conventional semiconductor and gas-filled devices. An accuracy of 3% and 6%
was achieved for the spin-averaged shifts and broadening™s (experiments PS174
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antiprotonic hydrogen (LEAR experiment PS208%,[205. The Bragg spectrometer was equipped with three
independently adjustable sphericalignt quartz crystals. Each crystal was directed to its own CCD detector to
avoid any reuction of resolution from a matching of reftems. CCDs for the direct measurement of X-rays
were mounted in the second bore hole close to the stop volume.

[90, 2200 and P75 [62]). A first glance at the spin dependendég; 9 was obtained
from results of the experiments PS171 by tagging X-rays with neutral final states
[221] and P75 by using a high-resolution Si(Li) detectd?] for the 1Sy and3S;
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Fig. 5. Left Measurement of the crystal spectrometer response function with the na@@g—4) transition.
Right Simutaneous in-beam energy and relative efficiendybeation of a MOS CCD with saturated line yields
in pN.

hyperfine states, respectiyelwhich could, however, be ofined only with additional
assumptions.

The situation was improved by a measurement with higher statistics using @2Bs [

224). For the first time the hadronic shift and broadening of both hyperfine compot@nts
andlSy were determined frorone single spectrunf{g. 10). The still limited statistics,
however, prevented the achieving of a comgide accuracy for thendividual hyperfine
components as for the spin averagéwut additional constraints. ThaH data were fitted

by using a background shape found in filzexperiment and including further constraints

on thepBe linesand fluorescence X-rays obtained fromdid measurement. In addition,

a mntribution tematively ascribed to inner Bremsstrahlung from annihilatid@y was
introduced to achieve a satisfactory description of the background sBafje 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 th@H background shape. Furthermore, to obtain all four strong-
interaction parameters th&; /1Sy 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.

Spn-averaged strong-interaction effects are givenTable 7 together with typical
results from optical model calculations based on meson exchange and a phenomenological
annihilation potential. The theoreticgbproaches labeled DR1 and KW differ from each
other slightly in the meson contents for the real part of ¢ potential, but more in
the parametrisation of the absorptive parhe inclusion of decay channels into close-
to-thresholdNN 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 thig annihilation cross section at low energies by Mutchler et al.
[22€ yields an estimate on the pute= 1 s-wave anihilation strength. Together witp
atom data, thé = 0 part also becomes accessiblable §.
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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 from > 2 staes [L39. Hence the relative intensities of the hyperfine
transitions can be fixedp).

In antiprotonic hydrogen, the 3Py 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 agother 100 meV by the long-rangs
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potential Eig. 9. In fact, the shoulder on the high-energy side of the Baknkme profile
amounts to the expected statistical population of tABghyperfine state. The close-lying
components 2P,, 2 3P; and 2Py are not resolvedHig. 11). The value for the hadronic
shift (2 3Pg) even exceeds the results obtained from rhokthe theoretical calculations
(Table 9. The broadeningd’(2 3Pg)—much lager than the spin-averaged value—is in the
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of binding energy including the strong-interaction shifatize to the center of the multiplet as given by the pure
electromagnetic interaction. The electromagnetic level energies and splittings are taken from a recent calculation
of Boucard and Indelicato2fL1] (seeFig. 22). The hadronic contributions arequlictions of Carbonell et al.
obtained with the optical potential DR139. The pure electromagnetic hyperfine splitting of @estate is
indicated in the columm Bggp.

range of the predictions as are the measured mean shift and width of the grélyg (2
23Py, 21py).

Obviously, the level structure originatirfgppm 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 3Py state, may suggest discussing again close-to-threstildound states30.
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Table 7

Spin-averaged hadronic shifts and&denings in antiprotonic hydrogen ageuterium compared to theoretical
predictions. The largest contribution to the erroregf is due to the uncertainties in energy for the Knes of
silicon and sulphur! The strong suppression of K transiti becomes obvious from the small radiative Wiﬁ‘gﬁ
compared to the hadronic broadenifigy

€15 /eV@ TisleV €op/meV®  Ip/meV szp /meV
pH 0.38
Experiment —714+ 14 1097+ 42 223 +15+20 380+28 [8f]
DR1 —707 933 39 +6 335 139
KW —698 1062 139 +7 35 139
Eff. range —600 1080 141 49 39 47
NN bound states —730 ~1400 L5 —18 36 156
pD 0.51
Experiment —1050+ 250 1100+ 750 [224 —243+26 489+30 [86]
Geometrical scaling 2308 300 [86]
Mult. scatt. ~ — 4000 ~5500 p27 -52 422 p27
3-body cal. ~ — 1600 ~1000 p2g
Poterial cal. ~ — 4000 ~2000 P29

aFor the definition of the sign of seeFig. 1

Without the crystal spectrometer results, only an average 2p-level broadening is
accessible from the intensity balance beén the total Balmer series and the Lyman
transition. This value, however, is equal tetspin-averaged hadronic width only in the
limit of equal broadening for all 2p hyperfine leveB6]. Hence, the large value for
I'(2 3Py) yields dramatic consequences. Whereas a valuﬁé’ f= 325+ 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 réRabte 7. The larger value
is in good agreement with receresults from low-energy scattering experimerits(.

5.2. Antiprotonic deuterium

5.2.1. 1sground state

Evidence was found for theD Lymanq transition P24 (Fig. 10—right). The Lymarnx
yield of Yx = 2.3+ 1.3 x 10~3, dedwed from yield ratios in the direct measurement, is
only in fair agreement with the values dext/from the 2p annihilation width measured
with the crystal spectrometelf¢ = 5.2 + 0.7 x 10~* [86]) and a recent fit to th@D
cascade data by Batty = 3.2 x 10~* [231]). Besides the low stistics the analysis
described by Augsburger et a74] 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.

Suprising is the small value for the broadening, comparable to the ground-state
broadening in hydrogen. From scaling dfet 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 measurer8ént [
(Table 7). Considering the low expected yield, however, it is questionable that the small
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Table 8
Spin-average@p scatering lengthsas, volumesay, andNN isospin scattering lengtte
Experiment Theory
pH Scdtering DR1 Kwf Eff. rangd
agspp/fm 0.9134+0.018 - —i0.694+0.03* 0.83 —i0.59 0.82 —i0.67
i0.694+ 0.0272
agpp/fm 0.95+0.02 — 0.91 —-i0.72 0.88 —i0.82 0.4 -i0.6
i0.73+0.02
Jag|=1/fm  —0.83+0.07° —0.62 -0.76 -0.83
Sagi—o/fm  —0.63+0.084 —-0.87 —-0.92 —0.60
a; pp/fm3 —-0.61+0.81 — —-i0.75+£0.06° —0.26 —i0.71 —-0.40 —i0.75 —0.6 —i0.2
’ i0.77 + 0.062

a Scattering length in the presence of the Coulomb f#&fias obtained with the Trueman formula to second
order frompH atom data150.

b The pure strong-interaction scattering lengthdetermined froma® by using the method of Kudryavtsev
and Popov$9]. At present the correction can be neglected for p wag3§. [

€ Jag =1 is obtained from a measurement of fp annihilation cross sectior2q].

d Obtdned with the isospin relatioas pp = %(asJ:o +ag)=1)-

€ Analysis of p scattering data of Protasov et alq0.

f Coulomb strong interference for the potel#tiBR1 and KW as discussed by Carbonell et @7] [

9 Effective range analysis of Pirner et al4p].

extra intensity at about 11.5 keV can be identified unambiguously with tadiné€ in pD.
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 electromadieesplitting was predicted237 (Fig. 11: pD—asymmetric
line hapg. A much better description of the line shape was achieved by introducing a
2p level splitting as calculated recently by Boucard and Indelic2id][(Section 6.3 It
allowed determination of the spiveraged hadronic broadening, from a fit tothe line
shape using asgle Lorentzianig. 11: pD—symmeéric line shapg, the width of which
exceeds by far the level splitting. Hence, thld system emains the only one where 2p
hyperfine components are accessible. Againatissical population of the sub-levels is
assumed.

Though more than one order of magnitude larger, the measured hadronic broadening
I>p is consistent with geometrical scaling taking into account the different proton and
deuterium radii §6]. Such a large broadening is predicted by a multiple-scattering ansatz,
which has been successfully used for pidsarption. The magnitude of the shép,
however, is underestimated by a factor of abou2%7].

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#use of the too strong p-state annihilation.
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Table 9
Strong-interaction effects in hyperfine statespbf. The approach DPSLE6 includes close-to-thresholdN
bound and resonance states

e(1lsplev  ralsgleV  €(18S))lev  I'(13S))/eV  e(23Py)/meV  I'(23Pgp)/meV

Experiment

PS171p21] —740+150 1600+ 400

PS175 62 —850+42 770+ 150

PS207 p232 —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 a?@la 150 intensity ratio of 2 (se&ection 5.1.1

The hadronic p-level broadening is measured dired¥ig.(12), whereaslsq has to be
determined fromtte intensity balance of the feeding transitions-8d) to the (3d—2p) line
(Table 10. Annihilation dominates even 3d statas can be seen from the comparison of
the hadronic and radiative widths. A compilation of the exisfiitp X-ray data is given
by Schneider et al233.

A combined analysis of antiprotonic atom and low-energy antiproton—nucleus scattering
data indicates an unexpected saturation of the annihilation strehg@h30, 234, 235.

The imaginary part of the antiproton—nucleus scattering length of antiprotonic protonium,
deuterium, and helium does not increas line with increasing atomic weigh& or,

for atoms, vith the overlap of the antiproton’s wavefunction with the nucleus. For the
scattering volumes, i.e., the p-wave intdiac, after an increase saturation may occur
from aboutA = 4 (Fig. 13). A deviaion from the scaling with overlap for targets with

A up to 23 has been found also fbgq by Poth et al. 23§ and for I'4; by Rohmann et al.
[237, whereas shift values perfectly follow the scaling 1a8§. Such a behavior is not
understood up to now.

Isotope effects are sensitive to the relative strengtb$the pp andpn annihilation. As
single-nucleon annihilation dominates in thghtest 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 freepp andpn reactions. Rewriting the relative annihilation probability in terms of
isospin scatténg lengths and volume3as, Jap, andJag, resgectively, this ratio is also
sensitive to isospin effest For thepattial wave/ the relative annihilation strength is given
by Ry = 23ay,1=1/(Ja¢,1 =0+ Ja¢,1=1). For the s-wagone obtainds = 1.14+0.13 from
protonium and p scattering datal@able §.

The relative strength @ip to pn annihilation was measured by detecting the charge of
the final state tdR° = o (pn) /o (pp) = 0.467+0.035 for®He [249 and R® = 0.42+0.05
for “He [243-249. The indexb indicates possible modifications for a bound system.
The small value obtained fdR?, which differs significantly from the threshold valtRs,
suggestd = 0 dominance also observed in low-enefg\ scattering 246.
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Fig. 11. Balme transitions of antiprotonic hydrogen and deuter as measured with the crystal spectrometer.
Kay fluorescence X-rays from silicon and sulphur were Useenergy calibration. The response functions of
the spectrometer were obtaid from the narrow transitionHe andp?%Ne (from [36]).

Assuming singlaaucleon annihilation, the relative absorption strengtRHte to “He
is given by (2 + 2RP)/(2 + RP) and results in B4 + 0.02. Exploiting the isotope
effect in pHe and assumin§0% annihilation both from p ahd stdes, the average for
the ratiosI"(3He)/I"(*He) of the 2p and 3d level broadenings yields in good agreement
0.83+0.12[233.

From measuremésiondeuteriumR? = 0.81+0.03 [247 and R? = 0.75+ 0.02 [249
is obtained. The value dR?, smdler thanRs, reflects the dominance of p-wave absorption
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Fig. 12. Strong-interaction broadening of the transition in antiprotonic helium (from2B3). The energy
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convolution with the natural Lorentzian line shape.
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Fig. 13. Imaginary parts dhe antiproton—nucleus scattering lengths (s-wé&f§: and volume (p-wave:right)
as a function of atomic weigh from a combired analysis of exotic-atom arstattering data (adapted from
Protasowet al. [L50]). The pre-LEAR results for the lithium isotopes of Guigas et &38 have keen replaced by
the more recent results of Poth et &3f].

in pD at al target densities331]. It is corroborated by fits to low-energy scattering data
resulting in Ry = 0.35 and 0.2 for the p-wavd fi7, 14§.

In terms of is@pin, the ratioRy = 2%. Evidence for isospin-dependent
annihilation strength has been found in the helium isotopes both from the detection of the
final state 44, 245, pHe X-ray measurement233, and from the analysis gip andnp

cross sectionslid7, 148. For a conclusive result to corroborate thye data, the quality

of the pHe data isnot sufficient Table §. To determine theelaive annihilation strength

an accuracy of at least 10% is required, whisHdasible with present day experimental

techniques.

5.4. Kaonic hydrogen and helium

Kaonic atom experiments suffer currenfipm 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 shitsand broadeningg’ in the helium and lithium isotopes compared to theoretical
predictions. The 2p width was measured directly withe®nductor detectors as a line broadening. The 3d-level
broadening is determined frorhd intensity balance of thef-3d) and the (3d—2p) transitions and the radiative
width of the 3d statd

eopleV I'ppleV T'zg/meV Refeence r¥jmeva
p3He 1.56
Experiment —-17+4 25+9 214+0.18 233
Optical potential fit —-6+1 24+ 2 130+ 0.15 [239
Multiple scattering -17.3 42.1 2.16 24Q
p*He 1.44
Experiment -18+2 45+ 5 236+0.10 233
Optical potential fit -8+1 25+ 2 167+0.16 [239
Multiple scattering —-182 40.4 2.46 24Q
poLi 6.48
Experiment —215+25 660+ 170 135+ 16 236
pLi 6.48
Experiment —265+ 20 690+ 170 129+ 13 [236]

a Fg(d is corrected for a contribution from the centdrmass motion (Fried—Martin correctio@41]).

sources. For hydrogen, several attempts to meakaonic X-ray trarigons at the highly
pion contaminated beams were perform2d9-251] in the 1970s and 1980s. But only
a recent measurement was able tdabfish unambiguously the ¥ K X-ray pattern
(Fig. 14) by using a highly sophisticated target—detector setfig.(8) [218 219.

The hadronic effects for the 1s ground state as determined from this experiment result
in a value for the complex scattering lengih-, which is consistent with a multichannel
analysis of low-energy scattering date6F (Table 1. The negative sign dRax -, for
the <cattering 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 for 2 ~ 0.3 meV is obtained. The result of this experiment suggests that
the kaonic hydrogen puzzidisappeared and the o system ghibits a normal threshold
behavior.

Whetreas the severe discrepancy between thst &xotic-aom data and low-energy
scattering seems to be resolved for KH, the situation fhi&is still puzzling, because
neither opical potential P39 nor microscopic calculationslf4, 257 were able to
reproduce the atom datdagble 1). A smallimaginary part, however, is common to all
sdutions. Explanations offetkare (i) phase-space limitatins because of a strong binding
[253 254, and (ii) kaon—nucleus bound states causing such an anomalous threshold
behavior p55-25¢. On the other handhe 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 basg®Dn
formulated with three flavors, i.e., incorporate also the s qubtk [260. For conclusive
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Fig. 14. The K series in kaonic hydrogen as measured at KEK by Iwasaki €18]. [The experiment was
performed with hydrogen gas pressurized to 4 bar at a temperature of 100 K.

Table 11

Hadronic effects in light kaonic atom3he tdal errors for shift and width were calculated quadratically from
stetistical and systematic errors as given 18 219. The values for the scattering lengthg anda; 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 qugﬂb with the Deser formula,

are consistent with the result of the KEK measurem2ag[219. Experimental values for fHe represnt the
aveilge of the results o249-251]. No convergence of optical potential parameters is obtained when fitting to
the K*He data (“Optical pot.(Z = 2)). Vice versa, the fito heaver kaonic atoms (“Optical pot{Z > 2)) does

not reproduce the helium measurement

€15/€V I'g/eVv a—p /fm Reference
KH
Experiment —323+ 64 407+230 (—0.78+0.15 +i(0.49+0.28)  [218 219
Low-erergy scatt. ap = —1.70+10.68 [163

a; = 0.37+1i0.60

ag-p =(ag+a1)/2 -274 527
K*He
Experiments —43+8 55+ 34 [249-257]
Optical pot. fit(Z = 2) (1.2-3.7) +i(0.01—- 0.03 [239

Optical pot. fit(Z >2) —-0.13+0.02 18+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— collider DAPNE at Frascati261, 262. Kaons origirating from &
decays are used and stopped in a hydrogeragogit surrounded by X-ray detectors. The
goal is to determine;s and I s with a relative precision of 1% and 5%, respectively. As a
first result a clear signal fra KH transtions was eported £63.

In addition to a precision studyn hydrogen and deuteriumsalfor the helium isotopes
an experiment using up-toate experimental feasibilities idso 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 thelapanese Hadm Facility (JHF) [264).

5.5. Pionic hydrogen and deuterium

5.5.1. Cascade effects

A conclusive test ofy PT requires the knowledge of both isospin scattering lengths
anda~ at about 1%, to be determined from correspondingly precise measured hadronic
shift andbroadening inmH. The pure hadronic parameters, however, are obscured in
pionic hydrogen by two cascade effects—Qpulomb de-excitatiomnd (ii) resonance
formation

e At present, the correction for Doppler broadening fr@mulomb de-excitatiois
the basic limitation in the determination of the hadronic widthriH from the
experiments of Sigg et al2bg and Strdder et al. 266 267], where therH(3p—19
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 linewid®q7].

e Resonance formatiaosf complex molecules such &sH)n+H2 — [(ppr)nj pl2€”
is known to occur in muon-catalyzed fusioB? 26§ andduring the lietime of the
uH system even at lowest densitie2d9. The quantum numbers and j denote
vibrational and total angular momentum of the three-body molecular state. Though
the three-body systentppr)n,j is assumed to de-excite mainly by Auger emission,
it cannot be excluded that a fraction of thél atoms bound into such molecules
may decay radiatively to the ground staBmall 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% fore1s and i, resgectively 271].

5.5.2. Ground-state shift inH

Effects originating fromresonance formationvere searched for by measuring the
pressure dependence of thel(3p—13 transition energy from 3.5 bar equivalent pressure
up to liquid H, 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-interactioffegts in pionic hydrogen and deuteriurkgep represents the pure
electromagnetic transition energy. The methodenérgy calibration and determination of the spectrometer
resoldion function fes. f) is indicated Table §

Transition EQep/eV  e1s/€V I'g/eVvV p/bar Calibration Reference
energyres. f.

7H@Bp-13 2878.808 +7.108+0.036 Q865+0.069 15 Ar Ko/ Be(4d-3p [267]
+7.120+£0.012 4-LH  70O(6h-59 /- [272,
273
7H(@4p-13  3036.094 <0.85 10 ~/7 C(5g-4f [272,
273
7D(38p-13  3077.95 —2.43+0.10 102+ 0.21 15 Ar Ko /7Be(4d-3p [277]
7D(2p-19 2695.527 —2.469+0.055 1093+0.129 2.5 Clkx/7Ne(7i-6h [278

cryogenic target. No density dependence wasnlei and it is concluded that radiative
de-excitéion within molecules does not play a role for the currently achieved precision
[272 273. The weighted average of the results for the individual densitiagds=
7.1204+ 0.008" 8:882 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 foess in the two recent experiments is remarkable in view of the
completely different methods used for the energy calibratiteble 13. For energy
calibration either the precisely easured Ar K fluorescence line or theO(6h —
5g) transition as calculated from QED were used. At lower densities a simultaneous
measurement of theH(3p—19 and ther O trandtions (Fig. 15) was peformed. At lower
temperatures, measurements withatd Q filling had to alternate.

It is noteworthy that the present accuracy of the QED calculation for the (3p-1s)
transition energy amounts t&6 meV or about 50% of the systematic error of the
experiment of Hennebach et al273. In addition, the unceainty of the pion mass
hardly contributes here because the enedipration was performed with a pionic atom
transition as compared to the calibration with arganfluorescence Xays by Schoder
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 i+

A significant improvement obackground conditions bybaut one order of magnitude
wasachieved at the E5 channel at PSI with a dedicatl concrete shieldind-{g. 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 transitidthg2p—1s),
7 H (3p-1s), andrH (4p-1s) the effects afoulomb de-excitatiocould 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#lceeleration of the pionic hydrogen system. This
result is corroborated by a reduced linewidth of the (4p-1s) line.
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Fig. 15.Left Smultaneous measurement of the (3p—1s) transitigionic hydrogen and the calibration transition
7160 (6h-5g) using an bl/O, gas mixture of 98%/2% at a temperature of 982¢%. Right The @2p-1s)

transition in pionic deuterium (fron2[g)).

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 digiution during the atomic cascad@g-78. The
velocity distribution—adjusted to the Doppler broadening observed in liquiddd the
neutron TOF following charge exchange p — 7%n [75]—cannot explain the measured
X-ray line shges. 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 dfs < 0.850 eV has now been derived from
the (4p-1s) transition where the contribution frddoulomb de-excitatioris smallest
[272 273. This upper limit is still consistent with the result obtained from itté (3p—1s)
transition P67).

A more pecise value forl'i;s clearly depends on cascade studies in hydrogen. It is
planned to explor€oulomb de-excitatioby measuring the pressure dependence of the
line shge of Lyman transitions frommuonic hydrogenwhere any strong-interaction
broadening is absen271]. In ©H, the line yields are much larger thansd [274, 275
balancing the lower stop efficiency for muons. A realistic picture of the influence of
Doppler broadening will evolve with theascade code, which takes into account the
velodty distribution at all stages of the de-excitatior8]. The knowledge will then be
applied to the pionic hydrogen cascade by usingetitended cascade modg274.

5.5.4. Ground-state shift inD

To circumvent the problemarising fromCoulomb de-excitatiothe ground-state shift
€15 in pionic deuterium was exploited in combination withy of pionic hydrogen. In this
way beter constaints fora*t anda™ are obtained than using the experimental resulffer
in 7H. Two measurements performed at different conditi@¥/[ 27§ yielded accurate
valuesand agree well within the error$dble 13. However, cascade effects on the strong-
interaction shift haveot been studied up to now.
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The use ofe;s from deuterium to determine the isospin scattering lengths and the
pion—-nucleon coupling constant requires a sophisticated treatment of the three-body
systemz D. Studies have been performed using the multiple-scattering ansatz including
corrections for absorption by Baru and Kudryavtsg93. A recent re-examination by
Ericson et al. exploits the GMO sum rul&dction 3.3 yielding constraints ora™, a~
and fﬁN [184, 185. A treatment by using Faddeev equations was given by Dekdf|
Beane et al. derive the constraints within a chiral perturbation approach together with a
phenomenological deuteron wavefuncti@g(, 281].

It should be mentioned that imD after molecule formationradiative decays could be
strongly enhanced in contrast to the case for pionic hydrog8g [283. Measurements
covering a larger density range and improved statistics could clarify the situation.

5.5.5. Scattering lengthstaand thex N coupling constant

The efforts to improve on the accuracy ottkcattering lengths face the problem that
the linear combinatioa™ 4 a~ to be determined fronms suffers from the uncertainty of
3¢ (see Eq.16)). Inthe framework of HR PT the relation betweerxetic-atom parameters
anda* has been calculated by Gasser et a7 284. At present the correction fafs
is calculated to bé, = (—7.2 £ 2.9)%, the uncertainty of which is given mainly by
one particular LEC—; [178 179. As seen fromFig. 16, the experimental accuracy is
significantly better than the uncertainty originating frémnProgress in the determination
of f1 may come from constraints for LECs derived in the framework of the chiral quark
model R85.

The corrections for the level broadeninds (see Eq. 17)) is subjectto detailed
theoretical studies and will be worked out within a short time. Hereloes not appear
in next-to-leading order, which reduces the uncertainty substantiil§].[ Therefore, a
precise experimental value féhs provides an accurate value for the isovector scattering
lengtha— and the pion—nucleon coupling constafﬁ;\,. An independent source far is
the photoproductionrn — 7 ~p [28€§].

Schioder et al. comimed their experimental results fers and I'hs from #H and
€15 from 7D [265 267, 277 using ekctromagnetic corrections to theH shift and
width as givenby Sigg et al. 192 (see below).They obtaina* = 0.000L"5-3097/ My,
a~ = 0.0885'5:952%/m,, andg?y /4m = 13217531 The combird analysis of Ericson
et al. [L8H usinge1s(rH) from [267] ande15(;r D) from [278 assumes isospin symmetry
and yields

a™ = —0.00124+ 0.0002 (statistical}: 0.0008 (systematigm,, (21)
a~ = 0.08954 0.0003 (statistical} 0.0013 (systemati¢)n,, (22)
g2y/47 = 14.11 4+ 0.05 (staistical) + 0.19 (systendtic). (23)

It must be emphasised that the p scdtering length used heralso intudes the
electromagnetic correctiof = (—2.1 + 0.5)% as given bySigg et al. 197, which
disagrees significantly from the result of Gasser etlal9 (see above). The determination
within the framework of HBPT in third order using constraints fromaH and =D
yieldedat = —0.00294 0.0009m, anda~ = 0.0936+ 0.0011/m, [280 281]. For
a* a range of —0.0040 to —0.0026/m;; is obtained from the Faddeev approad7§.
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Fig. 16. Isoscalaand isovectorr N scdtering lengthsat anda~. Thenarrow bands labeled” P demonstrate the
experimental accuracy achieved fers in 7H as neasured with therH(3p-13 transition (dashed ban@§7,
sdid band P73). The uncertaty of the correctiors to obtaina™ + a~ (narrow arrows) is dominated by the
LEC fq [179. The large error of/"5 is due to the correction foEoulomb de-excitatiotfdashe vertical band
[267)). Recent measurements find a safe upper limit/fgg from theswH (4p—1s) transition473. The dashed
band labele@” is obtained by Ericson et al. from the combined analysis ofitHeand s D s-levelshifts [185.
The dot marks the leading order result given by current algeb8®,[181]. The dashed rectangle shows the
constraints obtained from a third-ordePT calculation based omN scatering [177]. The solid recingle results
from the Karlsruhe—Helsinki (KH'80x N phaseshift andysis [287].

This result fora*, however, is in ontradiction to the Karlsruhe—Helsinki phase-shift
analysis yieldingg™ = —0.0083+ 0.0038/ m,, [287]. The other way around, the precision
of a™ is insufficient by far for predictingRa,q within an effective field theory approach
[288.

A significant difference appears for the coupling constgfn,;,/4n from the two
analyses. A value well below 14 is also favo ey thephase-shift analysis of the VPI/GWU
group R89. The larger value, however, is consistent with the KH’80 analy2&¥][and
np measurements as discussed in detail by Ericson €t&#.[

At present an identification of isospin violating effects in pionic hydrogen—predicted to
be 1-2% forr ~p—is farfrom attanable. Before any missing intercept of the three bands
representing the relations betweah anda~ can be interpreted as isospin violation, it
is indispenshle to achieve (i) a better knowledge &f to determinea* + a—, (ii) an
accurate correction for Doppler broadening to exteactand (iii) a reliable treatment of
the three-body and density effectsarD. 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 andHe anattractive interactiorfe15 > 0) occurs for the s states

€15/€V I'g/eVvV I'op/meV Rekrence
7 3He +34+4 36+ 7 [297]
+32+3 28+ 7 16+0.82 [293
+323+3.0 3184110 0.69+ 0.107 [298
7 “He —757+20 45+ 3 0.72+ 0.3% [70]
224030 [66]
—91+12 35426 [299
—755+20 437420 2244 0.3& [298

a I'yp deduced from a cascade fit to the K yields.
b Prediction of the cascade model including ion—-molecule formation uginand I'1 s from experiment.
¢ From the intensity balance of the Lymarline and the total Balmer series.

the analysis of low-energyN scatering data 290. However, the vidity of the applied
modd has been criticized291].

5.6. Pionic helium

A successful description of pionic helium was achieved by a microscopic approach
for the optical potential based on the elementary reactions andsz —n and absiption
included by #NN reactions in a semhenomenological way1p5 106 292. The
assumption, that for the lightest nuclei tiiteraction can be #iced back to elementary
channels, is supported by examining scattering lengths and absorptive strengths from a
combinatorial point of view. The real part of the*He scattering lengitappears as the sum
of a deuteron and a neutron. The imaginary part, however, is about twice thBt[@03,
which isunderstood from the fact that absorptionloa 0 NN pars dominatesf94, 295.

The nuclear structure effects are approximated by the proton and neutron densities, which
quickly become important foA > 4 as can be seen from pion absorption in oxyg2a3j
or lithium isotopes 96, whereT, 3He, andx subclusters are clearly identified.

Atom data are dominated by the s-wawveteraction. This is justified because
experiments used dense targets (60 bar equivalent or liquid He). A fraction Hf @
s-wave absorption is obteed from the cascade model, which includes molecule—ion
formation 6] (see Table 13and Section 2. The validity of this model is corroborated
by a measurement of the intensity balance of the Balmer series and the kytmaasition
described by29§.

Recently, first attempts have been made to ap to three-nucleon system3(Q.

The real part of ther 3He scattering lengtbRa,, -3, wascalculated from the elementary
isospin scatteng lengthsat anda— and yielded reasonable agreem&Atcomparison of
7 3He andr T, if available, providesanother source for determiniag” anda~ separately.

8 A recent QED calculation yielded about 3 and 1 eV largeneslfor the electromagnetic transition energies
in 7 3He andr 4He, resectively [322 and onsequently decreased the tabulated shift values.
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Table 14
7~ -nucleus scattering lengtlas — , . Assuming charge symmets,, —, is given byat-a~
a}t_A/m;l
p +0.0883= 0.0008 p67]
n —0.09074+ 0.0016 Usinga® from [185]
d —0.0261+ 0.0005 +i —0.0063+ 0.0007 pr7g
3He +0.0430+ 0.004 +i 0.019+ 0.005 293
4He —0.098+ 0.003 +i 0.030+ 0.002 Bo3

The imaginary parts of the A scattering length obtained from the level widths yield
important constraints for pn threshold production from nucleon—nucleus collisions by
detailed balance3D1], which in the end should be calculable withyPT. At present,
calculations underestimate pion production significar84.

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
deternining the particles’ rest mass. Capture and cascade times foR2 elemers 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 contppen of refilling and Auger emission. Though very precise,

a prevbus measurement using thdlg(5g—4% 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 nega3iy4 B0Y.

By using gasous targets for lowZ elements all electrons are emitted in the upper part of
the atomic cascade. Becauseation refilling is strongly suppssed under such conditions,
X-ray emission occurs in the intermediate part from hydrogen-like exotic atoms where the
nudeus can still be treated as point-likeig. 17).

From the measurement of taeN (5g—4f) transition, the above-mentioned ambiguity
in Mg was resolvedq04. At a pressure of 1 bar, the probability for one remaining K
electron was found to be less than or equa®¥% when the pion reaches the 5g level, as
predicted from a cascade calculaticaskbd on the code of Akylas and Vog80f. 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 copperiKluorescence line in the parametrisation of
Deutsch et al.210 served as eneygcalibration Fig. 18).

The mass determined from pionic nitrogen is in agreement with the solution B of the
experiment with pionic magnesiunwhich assumes two remaining electrons. Both
valuesare consistent with the result of the™-decay experiment, ich yields a lower
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Fig. 17. The intermediate atomic cascade of light exotic atoms. During this part of the cascade, exotic atoms are
free of electrons in dilute targets (“true hydrogen-like” exotic atoms).

limit for m; whenm,, = 0 and CPT invariace is @asumed 307 (Fig. 19). From the
present world average

m,; = (13957018+ 0.00035 MeV/c? (24)
with an error of 3 ppm, an upper limit of 190 ke¥? is derived br the muon neutrino
mass B4].

A furtherincrease in accuracy requires a nesthmd for the absolute energy calibration.
The limitation in accuracy using the Cuxtfluorescence line comes from two aspects:

e Multiple ionisation with the subsequertoupling of the vacancies creates a
complicated line shape, which preventsragise assignment of the center of gravity
of theline to a wavelength.

e The 7N(5-9) transition and the Cu K line are measured in different orders of
refledion (Fig. 18). The corrections due to the index of refraction and the different
penetréon 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 abslute energy calibratior30§. 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 22@lection. The radiative decay widths are
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Fig. 18. Ther N(5—9) transition measured at 1 bar gas pressure wiglicon (110) crystal in second order. The
Cu Kaq, measured in fourth order, was used for the energy calibration.

negligibly small compared to the intrinsic resolution of the silicon crysile §. To

avoid any sgteratic errors from a change of the crgsspectrometer set-up, the two lines
were measured simutli@ously with a large-area CCD detect@d}]. The count rate was
adjusted to be about 15/h in each of the circular transitions usingpa@J\gas mixure

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 ther N and theu O transitions which will result in an accuracy of 1-2 ppm for the

charged pion mas$09.
Such an improvement in accuracy is desirable in various respects:

e The ongoing high-precisiorkperiments will use pionictam transitions for energy
calibration, which are supposed to replace fluorescence X-rays as standards in the
few keV range 310 31]1] (Section 6.4 For example, the erroAm; of 3 ppm
contributes 7 meV or 0.13% to the uncertainty of the hadronic ghiftin the
experiment of Schotler et al. p67] (Section 5.5.

e The upper limit for the muon neutrino mass, has been determined from the muon
momentum in the decayy; ost— © v, [307. Here, the uncertaty is dominated
by the charged pion mass. The sensitivity can be improved by a factor of about 2—-3 to
below 70 keV/c?, which allows one to test certain classes of theories going beyond
the Standard Model of particle physidgaking into account cosmological bounds,

a mass ange between 35 e and 3 GeVc? is possble 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 &% [334. Recent results from neutrino-
oscillation experiments, though measurorgy the difference of masses squared for
pairs of neutrinos, suggest much smaller masses of well below ¢24814.

e A recent search for muonium-to-antimuonium conversidi) yielded a limit of
Gum/GrF <3 x 1023 for the coupling constar,,,; given in units of the Fermi
coupling constanG [315. In combindion 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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Fig. 19. The most recent results for the charged pion mass. The world average value fror34p08Rifidicated
by the vertical band, is derived from theMg (solution B) and ther N experiment. The oldemeasurments are
also réerenced in 34).

e High-precision X-ray standards are not available in the few keV range
(Section 4.2.2 With pionic transitions, preferably from noble gas&=¢tion 6.4,
the precision in energy is basically limitenly 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 Bg—4f) transitions than expected from the spectrometer resolution obtained with the
7 Ne(6h-59 transition Fig. 21 andTable 5. The broadeningsi atributed to theCoulomb
expbsionof diatomic molecules such as;NHere, thex N system gais kinetic energy,
when after Auger emissh of several electrons the binding of the molecular systém
breaks and the two charged fragments of atequal mass are accelerated by the Coulomb
force.

Such effects are well known, e.g., in laser-induced reacti®h§ [ but now havebeen
observed dirdty for the first time in the case of exotic atom31[]. Formerly, the only
eviderce was deduced from the different pressure dependences of the K X-ray line yields
in muonic nitrogen and neoB1§. As expected, a similar effect was measured in muonic
oxygen since due to the symmetry of the diatomic molecuteard & 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 abayit = 104 for the N or 1O systen at the
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Fig. 20. Simultaneously measured reflections of the (5-4) transitiomsNirand 1O for the newprecision
determination of the charged pion mass (fra&a(j).

time of the X-ray emission. Starting from the tscales 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 ssGaBad].
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 abduk 11019 m.

Only a few collisions can occur at gas pressures around 1bar 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 betweeer a8nd & (Table 15. Most likely, a symmetric
configuration occurs, i.eqi02/€? ~ 3x 3to~ 3x 4, which corresponds approximately to
the complete removal of thelfinding electrons from the Nmolecule with a subsequent
fast emission of theemaining 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 &Nand a(zN)2t system. In thezN)2t
system, however, all remaining electrons must be emitted before the distance deviates from

the nolecular 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 tbetcibutions from QED and recoil corrections.
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Table 15

The nmeasured linewidthsA Eqmeasuregrepresent the convolution of the spectrometer response function and
a Doppler contributionA Ecoyiomp caused by Coulomb repulsion. To calculate the charge praqim@t/ez,
separation is assumed at the molecular bond length (adapted 80m) [

AEmeasurefmeV AEcoulomymeV 012/€
m 14N (5g-4h 744+ 26 805+ 35739 10+1*+1
1 180(5g-4h 775+ 100 990+ 1007539 194413,

The QED contributions are dominated by vacuum polarisation in contrast to self-energy as
is the case for electronic atoms. Correas 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 lown-lying levels.

6.3.1. Hyperfine structure ipH and pD

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 fared hyperfine structerslittings are both
of the orderAErs ~ AEnrs ~ - 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 rason, the level ordering in protonium is different from that in the analog system
positronium p1].

The determination of hadronic effectslies on the preciseljknown values of the
pure dectromagnetic energy levels, especially for the complex multiplet structures in
antiprotonic hydrogen, where not all components can be resoligd1(l). Here, the
electromagnetic level splitting is a mdatory input for the analysi8].

In the case ofD, the line shape could not be understood if the analysis was based
on an exiting prediction of P37 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
(*P3/2, *P1/2) and(*Ps/2, 2P3/2, 2P1/2) (Figs. 11and22—old). The measured line shape,
however, does not show any evidence for such a strudtigeX1: pD —asymmetric fitto
theline hape using the five displayed hyperfine components).

The discrepancy between observed and expected line shape initiated a recalculation for
the level splitting in bdt hydrogen and deuterium, which yields much smaller splittings
[217 (Fig. 22—new). With that, a good description of the line shape was obtained with a
single-line Lorentzian convoluted with the spectrometer response fun&emstipn 5.2.2
The origin of the discrepames is not understood so far. Aitical 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 &34.4nd Borie
[32]] and the recent one by Boucard and Indelicatd]] for practically all atiprotonic
transitions investigated.

For the hyperfine splittings ipH the deviations are significanFify. 22—new).

The new valuesled to a substantially improved description of thel Lo line shae.



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

2p
<100 2p. . ———- Py
l 3/2 3p,
2080*— > 3p2
100, %, !
20 —
> 3
meV Po
4,
T
Par2
P,
2p -200 2p 4372
1 10 2P/ - - 2P5/2
5 ) JPE—
pD  4080" o, 3607 = 252
- 12
_ Para 10 Piro 4p1/2
200 , mev
o P12
meV
AByp,r DByes  Enaa ABypr ABps  AByps €paa
Old New

Fig. 22. Comparison of (former and recent) calculations for the electromagnetic 2p hyperfine splittings in
antiprotonic hydrogen and deuteriunpH; [232, 320 and [211], pD: [232] and [211]). The catulations include
vacuum polarisation and recoiABy pr, electromagnetic fineABrg and hyperfine structurdBygs. To
illustrate the magnitude of the strong interaction, the hadronic shifigas predicted by139 (pH) and 27

(pD) are added in the rightmost columns.

The origin of the discrepancies is supposed to stem from the treatment ¢ the?)
corrections 323.

6.3.2. Antiprotonic helium

For pHe, 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 irhie 4f levels. Corrections due to the magnetic moment and recoil are
one and two orders of magnitude smaller, respectively. As seenTaine 16 the recent
theoretical approach is in empment 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 sys2ed). [Electron
screening effects are negligibly small whesing low-density targts 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 transitiiN(5g—4f and the
next inner parallel transitiomr 1“N(5f—4d) (Fig. 23) is in good agreement with the result
obtained from a full QED calculatioiT@ble 1§. The precision achieved now exceeds by
a factor of about 5 that of an earlier test usipignic titanium. In the calculation of the
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Table 16
Measured and calculated energy separatibBsxp and A Eqep between the circular and next inner transition
AEexp(59-4h/(5-4d) Reference AEQeDp(59-4)/(5f-40 Reference
p 3He 907+ 12 meV B23 390 meV p37
913 meV p11
p “He 987+ 72 meV B23 460 meV p37
969 meV p11]
aTi 87.6+18eV 324 881+12eV 324
7N 2.3082+ 0.0097 eV po4 2.3129 eV p11
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Fig. 23. An enlarged view of thaN(5—4) transitions. From the energy distance of the pionic nitrogen lines
(59—4f) and (5f-4d) the most precise test for the Klein—-Gordon equation up to now was achieved. The 4p level is
shifted and broadened by the strong interaction (adapted 26¢4)[

' Ti binding energies, the largest contribution to the uncertainty €V) stens 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, narve and suffciently intensey lines from nuclear decay
are not available in practical cases andndee the only calibtion standards easily
accessible are fluorescence X-rays excitgdbans of X-ray tubes or radioactive sources.
Precision gperiments, however, may suffer twofold from properties of the fluorescence
radiation.

e A precise energy determination is hindered by large natural linewidths owing to
fast Auger transitions. Furthermore, multiple-hole excitations lead to complex line
shages 10, 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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Fig. 24. Scandium and titanium &K doublets. The response function in both cases was obtained from
7 2ONe(6h—59. For Ti andx Ne, the “ideal case”, the energy calibration and response function were obtained
from the same exotic-atom transition (froBiD, 311)).

to a wavelength with a pregsibnof better than a few ppm. The creation of the inner-
shell vacancies depends on the excitation medraitself and strong chemical shifts
have been found even foraKX-rays [325.

e The natural linewidth exceeds typical lvas 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 mehod 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 c846 [311]. Up to 500 X-rays from
specific “hydrogen-like” pionic atom transans can be recorded per hour with a crystal
spectrometer. Besides experimental limitatidhe accuracy is then determined only by the
mass of the negative pion. A further improvementrfor may come from a ne calibration
method using one- or two-electron systems Seetion 7.2

The examples studied up to now are the pair¥'N(5g—-4f/Sc Ky and 7 2ONe
(6h-59/Ti Ka (Fig. 24). The accuracy for the electronic transition energy was increased
by factors 12 and 3, respectively, compared to the values given in the literdainle (7.
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Table 17
Energes of Kxq fluorescence X-rays determined by using pionic atom transiti®hd Fompared to previously
tabulated values (from B27, 328)). The errors do not contain a contribution from the uncertainty of the pion mass

From pionic atoms Qdpration line Previous determination
Sc Korp 4090735+ 0.017 eV 7 14N(5g-4f 409062+ 0.20 eV
TiKog 4510903+ 0.019 eV 7 2ONe(6h-59 4510869+ 0.049 eV

Exotic-atom transitions from diatomic targets such asdxe well suited for energy
calibration but, because @oulomb explosionshow 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 S82¢. The resolution function was
determined fromr 2°Ne [210.

7. Conclusions

Recent precision experimenprovided an unprecedented view of the physics of light
exotic atoms in various respects. At the higtiensity 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 uskdonic atom experiments using linear stop
arrangements are confronted with a sigrafit background requiring dedicated trigger
capabilities.

7.1. Summary of results

7.1.1. Strong interaction
e For the two éementaryantiprotonic systemspH and pD, the strong-interaction
shift 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 fronpH strongly support the approach of meson-exchange models,
which is deduced from the nucleon—nucleon interaction. The large strong-interaction
shift of the 23Py hyperfine state is being re-discussed as evidence for close-to-
thresiold NN 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.

e The recently finishedaonic hydrogenexperiment resulted in a normal threshold
behavior of the K p interaction.Kaonic helium data, howeer, yield a value for the
scattering lengthantradictory to the expectations.

e Precise values for théadronic shifts intH and #D are availabd now and
notable progress was achieved in the determination of the strong-interaction widths.
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Combining with the most recent theoredil treatment of the three-body problem,
new constraints on theN isospin scattering lengths amoN coupling constant are
imposed.

7.1.2. Pion mass and electromagnetic properties of exotic atoms
e From a stidy of pionic nitrogen an ambiguity of 16 ppm could be removed for the
mass of the charged pioryielding an accuracy of leshan 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.

e From the @ergy separation of theN(5g—4f) andz N(5f—4d) transitions the best test
of theKlein—Gordon equation up to now was obtained.

e Coulomb explosion in exotic systems formed fro molecules has been directly
observed by the Doppler broadagiof the (5—4) transitions inN anduO.

e The measurement of antiprotonic hydrogew aleuterium initiated a recalculation
of electromagnetic binding energies, leading to the discarding of some of the earlier
QED calculations

e A new mehod 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 CCDs329 and new generations of triggerable X-ray detect@8( 331
will add to existing devices.

X-ray transitions from hydrogen-like etio 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-electraoms produced in an electron—cyclotron-
resonance ion trap (ECRIT). Such a device is currently set up at3B3|l [

7.2.1. Hadronic interaction

e In antiprotonic hydrogen a more pecise knowledge of the strength of theN
spin—spin interactiorequires a high-statistics measurement offHe « transition.
This would allow an unbiased determination of the shift and width offtHels
hyperfine levels. Such a measurement may become feasible at the new Antiproton
Decelerator (AD) facility at CERNJ33 together vith a slow extraction scheme
(MUSASHI [334) combined vith the ASACUSA set-up 335 and high-rate-
capable CCDs 329. For pD, the confirmation of the results for the s-wave
strong-interaction effects would be highly desirable. To clarify the dependence of
the annihilation strengthra isospin effects on the nuclear mass, a significantly
improved accuracy for the strong-interactigf ects in antiprotonic helium isotopes
iS necessary.

¢ In the case okaonic hydrogena precision experiment aiing at an accuracy of 1%
for the hadronic shift of the KH ground state has been started at tfieecollider
DA #NE—the ¢ factory at Frascatid6l, 262. The experiment will go on after the
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installation of triggerable X-ray detector330 331]. A continuation to K'D system

is planned to access the'l§ interaction to separate the isospin 0 and 1 contributions.
Also a determination of>p from a measurement of the intensity balance would be
desirable.

The newpionic hydrogen experiment aims at a detaination of the isovector

N scdtering lenghs and therN coupling constant to 1%2[71]. 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 @oulomb de-excitatiowith muonic hydrogen.

7.2.2. Particle properties

At the AD the laser gperiments on antiprotonic helium performed at LEAR have
been resumed and will be comtied by the invstigation ofpp Rydberg states. A
precision measurement of taatiproton magnetic momentis aimed at, which will
surpass the accuracy of a LEAR result obtained from the level splittifi?#¥Pb
[21] by about three orders of magnitudd3q. Because antiprotons do not decay,
further progress will come from future trap experimer®37.

The accuracy for thenass of the charged piorcan 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 squaeton charge radius rp limits
the tests of bound-state QED in hydrogeB®3f. A laser-based experiment will
measurer , by determiing the 2°P32-2 3S;/, level splitting i the hyperfine
structure ofmuonic hydrogen[339 340. The experiment aims at an improvement
of the actual value ofp, = 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 fluorescenééerays from low and melium-Z one-electron
systems. The multitude of transitions yields a dense setlifration standards

[341].

Level energies of hydrogen-like electronic and exotic atoms are measurable and
in principle calculab# to beter than 1 ppm [347. Advanced tests obound-state
QED could be performed, e.gvacuum polarisation of mediumZ pionic atoms
[343 344).

Further gplications are studies of helium-&kor few-ekctron atoms in order to
examine warious theoretical approaches to thkctron—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 expments—without the necessity to use
accelerators.
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Table 18
Selected problems for a wish list of future precisionds¢s of hadronic interactions and particle properties with
the elementary exotic atoms

Parametes Method
NN Spin-spin interaction pH 1s hyperfine splitting
Annihilation strength pD 1s level shift ad broadening
KN Scattering lengthsy — , anday —, K~Hand K'D 1s level shif and with
7N Isospin sc#tering lengthsa® 7 H 1s level width
N coupling constang? /4
QED Proton chage radiug p uwH 2s-2p laser spectroscopy
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