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Abstract Results are reviewed from recent exotic atom experiments
using a focussing Bragg spectrometer. The measured energies of the
La X-rays from antiprotonic hydrogen and deuterium and the Ko
transition from pionic deuterium are compared to the transition ener-
gies as calculated from quantum electrodynamics in order to determine
the strong interaction antiproton-nucleon and pion-nucleon scattering
parameters at threshold. A high precision experiment to determine
the mass of the charged pion to 1ppm has been started by investigat-
ing the transitions in pionic nitrogen, where the occurance of Coulomb
explosion has been seen now directly from the Doppler broadening. In
a forthcoming high precision experiment of the pion-nucleon scatter-
ing length new calibration methods using an ECR source will be used
to connect energy standards both from exotic and electronic atoms.
Such techniques offer the possibility of high precision studies in few
electron systems.

1 Introduction

Atoms in which the electron shell is replaced partly or in total by other
elementary particles of negative charge are called exotic atoms. Up to now,
the systems with muons, pions, kaons, antiprotons, and sigma hyperons
have been established. Muonic and pionic atoms are being investigated
since years at the meson factories of the Paul-Scherrer-Institut (PSI), TRI-
UMF, or earlier at LAMPF. At CERN in the years 1983 until 1996, the
Low-Energy-Antiproton-Ring (LEAR) provided high-quality low-energy an-
tiproton beams, which were especially suited for stop experiments and thus
for the formation of antiprotonic atoms.



Normally, the observables in the X-ray spectroscopy of exotic atoms are
the energies and the intensities of the radiation, which is emitted during the
deexcitation of the atomic system. From the line intensities, conclusions are
drawn both for the capture process and the interaction with the remaining
part of the electron cloud and processes originating from the interaction
with neighbouring target atoms during the first steps of the atomic cas-
cade. In the lower part of the cascade, the exotic atom can be prepared as
a hydrogen-like system when suitable experimental conditions are chosen.
Such hydrogen-like atoms may then serve as a testing ground for the calcula-
tions of transition energies and to investigate the properties of the captured
particle itself. At smaller distances, i.e. for the low-lying states, the in-
fluence of the finite nuclear size on the binding energy increases and, for
strongly interacting particles, the effects of the nuclear forces become more
and more visible. Of special interest are the elementary systems formed with
the hydrogen isotopes to study the strong pion- and antiproton-nucleon in-
teraction at threshold. Thus, the X-ray spectroscopy of exotic atoms offers
access to a large variety of problems [1-5].

The precise calculation of the binding energies has to use the relativistic
description as given by the Dirac or the Klein-Gordon formula and, in addi-
tion, has to include the contributions of quantum electrodynamics (QED),
relativistic recoil corrections, and polarisation effects. Due to the large mass
of the 'orbiting’ particle, the predominant QED contribution in exotic atoms
is vacuum polarisation, in contrast to self energy as in the case of electronic
atoms [2,6,7]).

Highest energy resolution for X-rays in the few keV range is achievable
only with crystal spectrometers which, however, on principle are devices of
low efficiency. Although high fluxes are reached in the beam lines of the
meson factories, the experimental challenge is to achieve a high resolution
together with sufficient count rates as well as to achieve stable conditions
for the nevertheless unavoidable long measuring periods. It is essential to
use the particle flux provided by the accelerator in an optimal way and to
maximize both the line yields of the X-ray transitions and the detection
efficieny up to the theoretical limits.

In particular for the atoms formed with the hydrogen isotopes, high
line yields can be obtained only with gas targets. A crystal spectrometer,
however, requires a small and bright X-ray source which cannot be achieved
with the usual linear set-up to stop the beam. Sufficient stop densities are
available if for degrading and stopping of the beam the cyclotron trap is
used. For such experiments with low counting rates an efficient background
suppression is essential. It is achieved by the use of Charge-Coupled-Devices
(CCDs) as X-ray detectors (Figure1).



2 Formation and atomic cascade of exotic atoms

After slowing down to a kinetic energy of a few eV, negatively charged par-
ticles are captured in the Coulomb field of atoms into highly excited atomic
levels by the emission of electrons. The depletion of the electron cloud pro-
ceeds shell by shell by continued emission of Auger electrons as soon as
the energy difference between two exotic atom levels exceeds the ionisation
energy. Thus, the lighter exotic atoms in the end become hydrogen-like
systems provided no electron refilling occurs as is the case for dense or solid
targets [8,9]. In the lower part of the atomic cascade, the deexcitation by
emission of X-ray quanta dominates even in the presence of electrons.

The dimensions of exotic atoms are obtained by replacing the electron’s
mass in the expression for the Rydberg energy by the reduced mass m,..4 of
the particle-nucleus system. During the last steps of the atomic cascade the
extensions of exotic atoms are already closer to nuclear dimensions than to
the atomic scale. There, in the case of hadrons the electromagnetic deexci-
tation then has to compete with channels opened by the strong interaction.
A detailed discussion of the atomic cascade may be found in [4,10,11].

Exotic hydrogen occupies a special position regarding the interaction
with the target material. It is electrically neutral and, therefore, can easily
penetrate the Coulomb field of neighbouring atoms. This leads to a drastic
reduction of the X-ray yields in pionic and antiprotonic hydrogen (Day-
Snow-Sucher-effect [12]), because in the high angular momentum states
now s- and p-wave contributions are induced and in hadronic atoms an
admixture of s- or p-waves leads with high probability to annihilation. For
atomic levels with large n the Stark mixing prevails all other internal and
external deexcitation processes. Hence, for hydrogen the use of low pressure
gas targets is indispensible to achieve high X-ray yields [13].

3 Experiment
3.1 Cyclotron trap and X-ray source

A focussing Bragg crystal spectrometer requires a small and bright X-ray
source having an extension matched as good as possible to the extension
of the line pattern to be observed. Such conditions are achieved when the
cyclotron trap is used, a device which was designed to obtain high stop
densities with muon, pion, and antiproton beams [8,9,14-17]. The range
curve of the beam is wound up in a magnetic field with focussing properties
which is produced by two superconducting coils. Between the coils, the
target chamber is installed containing a suitable degrader arrangement and
the target gas. The particles loose kinetic energy first in the degraders and



in the target gas itself thus approaching the center of the magnet on spiral
orbits, and finally are stopped in a volume of a few cm? even at low gas
pressures.

3.2 Crystal spectrometer

For X-radiation with energies below 20 keV, because of the absorption losses,
reflection type crystal spectrometers are used. The X-rays are scattered at
the electrons of atoms arranged regularly in lattice planes having the dis-
tance d. According to Bragg’s law, n\ =2d-sin®p, a coherent superposition
for one wave length A occurs only at the Bragg angles ©p, where n is the
order of reflection. The width of the angular distribution of a parallel beam
(rocking curve width) reflected from a plane crystal yields consequently the
theoretical limit for the energy resolution. It is given only by the intrinsic
properties of the material and the wave length. Usually quartz or silicon
crystals are used, which behave like ideal crystals. The intrinsic proper-
ties can be calculated from the dynamical theory to one per cent or better
except in the close vicinity of absorption edges [18-21].

For the investigation of broad X-ray lines or multiplets, horizontally bent
crystals are of great advantage (Johann geometry), because here an energy
interval according to the width of the source can be recorded simultaneously
with two-dimensional position-sensitive detectors [22]. Thus, an acceptable
duration of measuring periods of a few days per transition becomes possible.
To achieve in addition partial vertical focussing, spherically bent crystals
were used [23]. The reduced height of the image then allows the efficient
use of the rather small pixel detectors like CCDs.

An accuracy of up to 1079 is aimed at for the energy measurement in the
described experiments, which requires an energy resolution of the order of
10~%. Such values are reached in the few keV range with quartz and silicon
crystals having bending radii of about 3m and Bragg angles larger than
45 degrees, where the geometrical abberation accounts at maximum to 10~*
and, hence, does not abolish the intrinsic resolution of the crystal lattice.
The overall efficiency of such a spectrometer is about 1078 for crystal areas
of 75 cm?.

CCDs are the optimal detectors for recording X-rays in a high back-
ground environment because of their distinguished two-dimensional posi-
tion resolution together with an excellent energy resolution (AE=150eV
at 6keV) [24-26]. Because the charge produced by one X-ray is deposited
in one or two pixels only and particle- or Compton-induced events produce
larger clusters, the pixel structure allows by analysing the hit pattern an
almost complete separation of X-ray and background events. Thus, for the
long measuring periods, an efficient background suppression is obtained.
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Figure 1: Set-up of cyclotron trap, crystal spectrometer and CCD detector
for the pion mass experiment at PSI (from [26,27]). The massive concrete
shielding is essential to suppress the neutron-induced background.

3.3 Absolute calibration

The precision envisaged requires an energy calibration and a determination
of the spectrometer resolution function at a high level. In practise, both
fluorescence X-rays (Table 1) and exotic X-ray transitions (Tables2 and 4)
must be used up to now. Narrow nuclear v-rays with sufficient yields are
not available in the few keV range for practical cases.

Fluorescence X-rays excited by means of an X-ray tube are always at
disposal. The precise adjustment of the Bragg angle and the accumula-
tion of spectra with high statistics can be performed within a short time
and tests of stability are possible without significant losses of beam time.
From those elements, where the line shapes have been determined precisely,
energy calibrations can be obtained. The large natural line width, how-
ever, does not allow the determination of the resolution of the spectrometer
with sufficient accuracy. An even more severe problem is to associate with
the position of a fluorescence line a wave length because of the presence of
satellite transitions originating from multiple ionisation.

Though beam time consuming, transitions of completely ionised exotic
atoms are ideal calibration lines. The atomic levels must not be affected
by the strong interaction or the presence of remaining electrons in order to
make use of the precise results from the QED calculations. The natural line



Table 1: Energies Ex and natural line widths I"y of Ka fluorescence X-rays
(in eV).

KO{Q KOél

Ex I'y Ex I'y
S 1739.39+£0.03 0.539 £0.070 1739.986 + 0.019 0.524 4+ 0.035
S 2306.70 £0.04 0.722 £0.047 2307.89 £0.030 0.769 £ 0.026
Cl  2620.85£0.04 0.945+£0.063 2622.44+0.040 0.925 4+ 0.086
Sc 4090.6 £ 0.1 1.05
Cu 8047.838 £ 0.006  2.26 £ 0.02

Si, S, and Cl: [28]; Sc: [29,30]; Cu: [31]

widths are of the order of a few meV only and, therefore, can be neglected
compared to the typical resolution of a few 100 meV of the spectrometer.
The resolution functions are obtained from such narrow transitions having
energies as close as possible to the measured transitions. Unfortunately,
not in all cases a calibration line from an exotic atom with an energy close
enough is available to serve also as an energy calibration.

The absolute energy is determined from the Bragg angle difference to an
X-ray line of known energy. The angle difference according to the rotation
of the crystals is measured with a precision absolute angular encoder having
an accuracy of +0.2 seconds of arc (or 1ppm) for small angle differences.
The total difference of the Bragg angle for two lines is given by the values
obtained from the angular encoder and the positions of transitions as mea-
sured at the CCD detectors. In general, some (small) corrections for the
index of refraction, the bending, and the penetration depth in the crystal
have to be applied in order to obtain the final value for the Bragg angle and
from that for the transition energy (see also [26]).

4 Antiprotonic hydrogen and deuterium

The hadronic part of the antinucleon-nucleus potential causes an energy
shift € of the atomic levels as determined by the pure Coulomb interaction.
Furthermore, the occurance of annihilation reduces the life time of low-
lying atomic states leading to an additional level broadening I". Shift and
broadening are related to the complex scattering lengths of the nucleus-
particle system [32-38]. The spectroscopy of hadronic atoms, therefore,
is equivalent to a scattering experiment directly at threshold. The strong
interaction shift and broadening of the 2p levels in antiprotonic hydrogen
and deuterium was directly measured by LEAR experiment PS207 [39].
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4.1 Electromagnetic level energies and hyperfine structure

The mean L transition energy without the influence of the strong interac-
tion has been calculated by Barmo, Pilkuhn, and Schlaile [40], Borie [7],
and recently by Boucard and Indelicato [41] yielding slightly different values
(Table 2). For the hyperfine splittings, however, the results deviate signifi-
cantly (Table 3). The origin of these discrepancies is supposed to stem from
the treatment of the (g-2) corrections [42].

Table 2: Calculated electromagnetic transition energies of the antiprotonic
lines (in eV). The values correspond to the center of gravity of the corre-
sponding fine or hyperfine structure multiplets.

p>He(bg-4f) pH(3d-2p) pD(3d-2p) p*Ne(130-12n)  ref.

1686.49 1736.80 2316.47 [40]
1686.50 1736.81 2316.50 2444.10 7]
1686.477 1736.798  2316.483 2444.035 [41]

In light antiprotonic atoms, the masses of the 'nucleus’ and the ’orbiting’
particle are (almost) equal and, therefore, also are the magnetic moments.
Hence, for the hydrogen isotopes both the fine and the hyperfine structure
splitting is of the order AEpg ~ AEyrg ~ a?-B;. Owing to the large mass,
the recoil corrections due to the anomalous magnetic moment of the proton
and antiproton are significant. Therefore, for example the level ordering
in protonium is no longer the same as in the analogue system positronium
[40,41,43].

Because of the complex multiplet structure, the extraction of hadronic
parameters demands the precise knowledge of the electromagnetic hyperfine
splitting. The La line consists altogether of 11 transitions in the case of
hydrogen and of 21 transitions for deuterium. Because of the rather small
splitting of the 3d levels as compared to the 2p levels, the line shape of the
3d-2p transition yields already the 2p level structure in good approximation.

4.2 Nuclear polarisation

The electric force induces a dipole in the extended charge distributions
both in the orbiting particle and in the nucleus. In light atoms, the en-
ergy shifts of the 2p and higher levels caused by the polarisation of pions
and antiprotons usually are 1 meV or less and, hence, far below the experi-
mental accuracy. Only for deuterium, due to its large quadrupole moment,
the polarisation shift AE,, in the 2p level reaches already sizeable values.
Following the approach of [45] and using a,,(D)=0.633fm? for the polar-
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Table 3: Predictions for the electromagnetic hyperfine splittings of the 2p
und 3d levels (notation: n?*1 L) in hydrogen and deuterium (in meV). The
spin factor w= (2F+1)/3(2F+1) corresponds to a statistical population of
the sublevels. A positive sign of the electromagnetic shift ABggrp stands
for a more strongly bound atomic level.

HES W ABQED ABQED ‘ HF'S w ABQED ABQED

pH
2 3P, 5/12 - 60 - 13 [ 33Ds 7/20 -7 -2
23P, 3/12 + 16 + 51 33D, 5/20 +1 +6
2P 3/12 0 -97 (31D, 5/20 0 -9
2 3P, 1/12 + 249 + 203 | 33D 3/20 + 16 +9
44 [41] 44 [41]

pD
2 4P5/2 6/18 + 104 -813 4D7/2 8/30 + 12 -1
2 4P3/2 4/18 - 362 -103 | 3 2D5/2 6/30 + 29 -4
2 2P3/2 4/18 + 194 +33|3 4D5/2 6/30 - 38 +9
2 4P1/2 2/18 - 353 -28 3 2D3/2 4/30 +3 -6
2°Pyy 2/18 4376 +40 | 3'D3p 4/30 - 11 + 2
3 4D1/2 2/30 -6 -2
[40] [41] [40] [41]

isibility of the deuterons [46], a change of AE,,=-6.6meV is calculated
for the 3d-2p transition energy.

4.3 Interaction with the external magnetic field

The static magnetic interaction energy py-By. of a nuclear magneton in
the external field of the cyclotron trap (of about 3T) amounts to 90neV,
which is 1ppm of the 2p-hyperfine splitting. Also, the movement of the
antiprotonic atom induces only a negligibly small electric field E=1x écyc
('motional’ Stark effect) when compared to the strength of the internal field.
Assuming a velocity of v=10°cm/s, corresponding to a kinetic energy of
1eV for the antiprotonic atom [14], an electric field strength of E~3-10°
V/m results. The strength of the internal Coulomb field, however, reaches
values of 10" V/m already at radii corresponding to n = 40.

4.4 Results for the 2p multiplet in antiprotonic hydrogen

The measurement of the hadronic parameters of the 2p state tests explicitely
the long range part of the antinucleon-nucleon interaction [34]. Using the
L« transition, antiprotonic hydrogen offers the unique possibility to prepare
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the antiproton-proton system in a pure p-wave state. Almost 99% of the
antiprotons reaching the 2p level annihilate there, as seen from the large
spin-averaged 2p level broadening of (34.0+2.9) meV, which has been de-
termined earlier from the intensity balance of the total Balmer series to
the Lyman « transition [14]. In gaseous targets, annihilation at rest oc-
curs mainly from the atomic p states because of the reduced Stark mixing
[13]. The fraction of absorption from the 3d level is predicted to be 1%
only [34]. This is in agreement with the nonobservation of hadronic effects,
which should show up in the line yields of the Balmer series for hydrogen
or deuterium [14]. Therefore, the 2p hyperfine levels are assumed to be
populated according to their statistical weight.

The line profile of the 3d-2p transition in antiprotonic hydrogen exhibits
a shoulder at the high energy side (Figure2). It is interpreted as the 23P,
hyperfine state, because its relative intensity - obtained to (7.9+1.0)% in a
free fit to the line profile - is in good agreement with the statistical popula-
tion of 8.3% for the 23 P, level (Table 3). The main part of the line consists
of the 3 - not resolved - components 2(3P, 3P, ,'P)).

The 23P, state plays a particular role. Its shift and broadening is
predicted to about 100 meV which is verified by the experiment yielding
(120£25) meV [47] when the result from the recent QED calculation is
used [41]. Such large hadronic effects in the 2° Py state are mandatory for
the meson-exchange model from which the real part of the antinucleon-
nucleon potential is derived [34,48,49]. The value obtained for the spin-
averaged shift of the group 2(3P,,>P,,' P,) is compatible with zero and the
spin-averaged broadening is of the order of the spin-averaged width as pre-
dicted [34,47]. Obviously, the level structure originating from the real part
of the hadronic potential is not destroyed by the very fast annihilation.
The experimental results are considered as strong support for the validity
of the meson-exchange models to describe the long-range real part of the
low-energy antinucleon-nucleon interaction.

4.5 Results for the 2p multiplet in antiprotonic deuterium

In antiprotonic deuterium, at present the only possibility to determine any
hadronic effects is a direct measurement of the the 2p-level width and broad-
ening. Because of the more frequent annihilation from p levels as compared
to antiprotonic hydrogen, the observation of the transitions to the atomic
ground state remains doubtful because of the smaller line yields of the Ly-
man series and the increased hadronic broadening of the 1s level [14,50].
The two results for the QED hyperfine splitting differ considerably (Ta-
ble3). Barmo et al. predict, that the hyperfine splitting in the 2p level
is dominated by the electromagnetic interaction [40]. Therefore, the 3d-2p
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Figure 2: Line shapes of the La transitions in antiprotonic hydrogen and
deuterium and corresponding antiprotonic calibration transitions [51].

line shape should form approximately a doublet structure from the groups
2(4P3/2,4P1/2,4P1/2) and 2(4P5/2,2P3/2) showing a small tail to the high en-
ergy side stemming from the 22P1/2 state.

The measured line shape does not show any evidence for such a dou-
blet structure (Figure2). The calculation of Boucard and Indelicato yields
a much smaller hyperfine splitting [41], which allows to treat the whole
multiplet as a single line only in comparison with the experimental res-
olution. The numerical results from the single line fit are indistinguish-
able within the experimental errors from the results from a fit forcing
the hyperfine pattern as given by Boucard and Indelicato. With that,
for the spin-averaged hadronic shift and broadening e, = (-250+£26) meV
and I'y, = (489 £ 30) meV is obtained [51]. The annihilation width is found
about 20% smaller than in the previous analysis [52]. The shift is negative,
i.e., the interaction is repulsive as predicted. For the spin-averaged broad-
ening, the multiple scattering ansatz of Wycech, Green and Niskanen yields
about 400 meV in good agreement with the experimental result, whereas
the magnitude of the shift is underestimated by a factor of 5 [53].
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5 Mass of the charged pion

The motivation for an improved pion mass measurement reaching an ac-
curacy of at least 1ppm arises from several aspects. Future muon neu-
trino mass measurements should be able to improve their sensitivity from
170keV /c? to below 70keV /c?. Theoretical considerations using the Stan-
dard Model as well as all 'popular’ classes of theories which go beyond the
Standard Model and take into account cosmological bounds reduce con-
siderably the range of possible mass values. It was shown e.g. that the
mass of the muon neutrino is either >70keV/c? for unstable neutrinos or
<65eV/c? for stable neutrinos contributing to the matter density of the
universe within the cosmological bound [54,55].

The recent highly sensitive search for Muonium - Antimuonium (A M)
conversion [56] aiming at an improvement in sensitivity by an order of
magnitude to about 1072 for G,;;;/Gr would, together with a factor of
almost two for a reduced upper limit of the muon neutrino mass, exclude a
certain type of theories extending the Standard Model [57].

The experimental accuracy for the hadronic 1s level shift in pionic hy-
drogen obtained in an earlier crystal spectrometer measurement was 13 meV
for the statistical and 31 meV for the systematical error [58]. The error orig-
inating from the uncertainty of the pion mass already accounts for 8 meV.
The systematical error stems mainly from the limited precision of the cali-
bration line and the lattice constant of the Bragg crystal. Such systematical
errors could be reduced significantly in future independent measurements.

In order to avoid the problems inherent to energy calibrations using
fluorescence X-rays or screening effects from the remaining electrons, it
is proposed to obtain the absolute calibration from a muonic transition of
almost equal energy as a pionic one [27]. The experiment uses the fact, that
the positive muon mass is known to an accuracy of 0.32ppm and assumes
CPT invariance. The requirement to measure the same transition in terms
of quantum numbers and the request to use gas targets at pressures of
about 1bar led to the pair pionic nitrogen and muonic oxygen and the
5-4 transitions (Table4). The natural line widths of 8 meV are negligible
as compared to the experimental resolution of about 350 meV. Because of
the small energy difference, the crystal spectrometer can be set up without
movable parts between crystal and detector which excludes any systematic
errors from the adjustment of the Bragg angle.

A feasibility study was performed with the mN(5g-4f) transition using
the cyclotron trap I and the Cu Kay fluorescence line as the energy calibra-
tion (Figure3) [26]. The ambiguity of 15ppm of a previous measurement
with the 7Mg(5g-4f) transition could be removed. There, a solid state tar-
get was used [59,60]. The ambiguity was due to the number of K electrons
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Table 4: Calculated electromagnetic transition energies (in eV) of muonic
and pionic X-ray lines (from [41]).

7mD(2p-1s) 72Ne(71-6h) p'°0(5ggjo-4f7/0) 7*N(5g-4f) 72°Ne(6h-5g)

2597.527 2718.751 4023.757 4055.373 4509.888

present at the time of emission of the X-ray. The result of Lenz et al. [26]
for the mass of the charged pion is m, = (139.57071+0.00053) MeV /c¢? being
(+5.54+3.8)ppm larger than the result B (2K electrons) of Jeckelmann et al.
[60]. The above-mentioned value is also consistent with the limits extracted
from the muon neutrino mass measurements [61].

Si 220 _ | Si 440
r  spherical 7TN(5 4) 8000 spherical Cu Ka
120100 4.055keV Lo #100 8.048keV
6000
800
[ 2 eV 4000+
L

400 -
L 20001

R D - e e e T
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energy/ch energy/ch

Figure 3: Measured line shapes of the 7N(5g-4f) transition and the Cu Ka
fluorescence line [26]. The parameters for the line shape of the Cu Ko
transition have been taken from [31].

Cascade calculations based on the code of Akylas and Vogel [62] predict
for nitrogen a probability of less than 2% (at a pressure of 1 bar) for one
remaining K electron when the pion or muon reaches the n=>5 level, which
could be verified as an upper limit by the feasibility study [26].

In the forthcoming final measurement, the source of X-rays emitted by
the exotic atoms will be formed by stopping the pion beam in the new
cyclotron trap (ZFII). The muons originate from pion decay inside the
target chamber. With the new trap a sufficently high stop density also for
the decay muons has been achieved recently [63].

5.1 Test of the Klein-Gordon equation

The energy difference between the circular transition 7'*N(5g-4f) and the
next inner parallel transition 7'*N(5f-4d) (Figure 3) was measured by Lenz
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et al. to AE[(5g-4f) - (5f-4d)] = (2308.24+9.7) meV [26]. The precision achieved
exceeds the one of earlier tests of the Klein-Gordon equation by Delker et
al. [64] by a factor of about 5. A recent QED calculation of Boucard and
Indelicato yielded in good agreement 2312.8 meV [41].

5.2 Direct observation of Coulomb explosion

The observed line width of about 710 meV (FWHM) of the 7N (Figure 3) or
the pO bg- 4f transition is a factor 2 larger than expected from the resolution
of the spectrometer [26]. First checks assumed distorted crystal material
which, however, is not sufficient to explain such a broadening. On the other
hand, for diatomic molecules like Ny or O, a significant Doppler broadening
originating from Coulomb explosion cannot be excluded. Here, the 7N
system gains kinetic energy, when after Auger emission of several electrons
the binding of the molecular system 7N, breaks and the two fragments of
almost equal mass are accelerated by the Coulomb force. Evidence for such
an effect has been deduced earlier from the different pressure dependence
of the K X-ray line yields of pionic nitrogen and neon [4,65].

A measurement of the m7Ne(6h-5g) transition (Table4) has been per-
formed in order to test such a hypothesis, because the width of that re-
flection is only due to the experimental response function. The 7Ne line
of 400 meV is significantly narrower than the 7N and pO transitions and,
therefore, the large widths of the latter are assumed to originate from
Coulomb explosion [63]. The measured additional width of the pionic 5g-
4f transition amounts to 400-575 meV depending on the details for the
assumptions of the line shape of the resolution function. It corresponds
to a kinetic energy of the nN system of 50-130eV. Assuming that the
molecule decomposes at distances comparable to the molecular bond length
of 1.1x10 8cm at the time of separation, for the product of the charges
q1-q2 ~9-20 is obtained. Consequently, the range of charge states at the
time of explosion is 3 to 4-5, which corresponds to the removal of 6-9
electrons from the Ny molecule. Separation distances of about 5 molecular
bond length as observed in the slow laser induced Coulomb explosion [66]
can be excluded because a value of q;:qo =45-100 cannot be reached for
nitrogen and oxygen.

6 Pionic hydrogen

The description of the pion-nucleon interaction in the confinement region is
considered as a fundamental problem in QCD. The progress achieved on the
theoretical side in describing low energy phenomena from basic principles
in the framework of the chiral perturbation theory allows the prediction
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of the pion-nucleon scattering lengths with an accuracy at the per cent
level [67,68]. Consequently, the experimental information stemming from
the hadronic shift and broadening of the ground state in pionic hydrogen
should at least reach a precision at that level.

The last generation of experiments on pionic hydrogen and deuterium
achieved already an accuracy of about 10% for the isospin separated =N
scattering lengths [58,69]. Recently, new developments in the experimental
techniques (see pion mass experiment) and in the atomic cascade of pionic
and muonic hydrogen became available [70,71]. For a precision experiment,
a detailed study of the cascade is essential in order to reach a precision of
better than 2-3%. Below that level, Coulomb deexcitation [72], which com-
petes with external Auger and X-ray emission during the atomic cascade,
hinders the precise determination of the line width. The deexcitation energy
is used to accelerate the mH system during the encounter with another atom
in the target and thus, the measured line shape is composed of a superpo-
sition of many discrete Doppler profiles convoluted with the spectrometer
response function. It is proposed to quantify such a complex line shape
using the pH(2p-1s) transition, where the effects of Coulomb deexcitation
can be studied in a system without strong interaction [73]. Inserting the
knowledge from the cascade studies, an accuracy of 1% becomes feasible for
the strong interaction broadening of the 1s level in pionic hydrogen.

6.1 Feasibility study with pionic deuterium

To demonstrate the count rate and background conditions for such mea-
surements in pionic and muonic hydrogen, the 2p-1s transition in pionic
deuterium has been studied (Figure 4). The cyclotron trap IT was used to
stop the high intensity 7E5 beam in a gas target at 2.5 bar pressure. The
X-rays were measured with the focussing crystal spectrometer set-up for the
pion mass measurement. As energy calibration the Ko fluorescence X-rays
from chlorine have been used and the resolution function has been obtained
from the narrow m*°Ne(7i-6h) transition.

New improved values for the strong interaction shift and broadening of
the atomic ground state have been extracted from the position and line
shape being €, =-2.4694+0.038+£0.040eV and 1y = 1.09£0.129eV [74].
The result is in agreement with the previous measurement where the 7D(3p-
1s) transition and the argon Ka radiation as energy calibration was used
[69]. In the calculation of the electromagnetic 2p-1s transition energy (Ta-
ble4), for the deuteron charge radius a value of 2.138 fm was used [41]. The
minus sign of the shift indicates a repulsive interaction. The first error of
€15 could be easily reduced by a high statistics measurement. The second
error of €14 stems only from the accuracy of the energy determination of the
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Figure 4: Left - 7D(2p-1s) line shape obtained from the feasibility study
for the 7H experiment [73,74]. Right - reflection of the 7Ne(7-6) transition
[63].

Ka; transition in chlorine (Table 1) and can only be improved when a new
calibration standard will be available.

7 New calibration standards

In the few keV range, a major problem both for the energy calibration and
the determination of the crystal spectrometer response function stems from
the fact, that no narrow lines are available from easily accessible sources
like X-ray tubes. The X-ray line widths of low Z multiple electron systems
are dominated by the Auger widths and then quickly increase with the
nuclear charge. The natural width usually exceeds the typical values for
the spectrometer resolution by at least a factor of 3.

In addition, the line shape exhibits a complex structure due to satellite
transitions originating from multiple ionisation. Although light elements
like silicon and sulfur do not show pronounced satellite structures when the
ionisation occurs from weakly ionising radiation like X-rays or electrons,
due to the large natural widths a precise determination of the position of
the diagram line (stemming from atoms with one K-shell vacancy only) to
better than 5ppm is problematic in most cases.

Systematic measurements of all elements using up to date experimental
techniques are in preparation [75]. But, the problem of the large natural line
width and the satellite structure of the fluorescence X-rays could be over-
come by using the narrow transitions of light exotic atoms and hydrogen-like
electronic atoms.
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7.1 Exotic atoms

The transition energies of completely stripped exotic atoms now are able to
serve as a calibration standard for X-ray energies. For count rate reasons,
pionic atoms are the most promising ones. As an example, the 7'*N(5g-4f)
transition has been used to obtain a value for the Sc Koy transition energy
which is a factor 6 more accurate than the value given in the published tables
[29] (Table1). The energy of the Ti Ka transition has been redetermined
by the same method using the 72°Ne(6h-5g) transition [76]. A precise
determination of the positions of diagram lines requires always a detailed
study of the line shape [26,31,77].

7.2 ECR source

Transition energies and widths of hydrogen-like electronic systems can be
calculated with the methods of QED to an accuracy of better than 1ppm.
Because only radiative transitions occur, the line widths are of the order of
10 to 40 meV in the range from phosphorus to argon [43]. Such transitions
would be much better suited to calibrate energies and to study the response
functions of crystal spectrometers.

Low Z electronic atoms with few electrons can be produced with high in-
tensity in Electron-Cyclotron-Resonance (ECR) devices as used as sources
for atomic beams. It is proposed to build up such a device in using the
cyclotron trap mirror field [73]. Then it will be possible to measure fluo-
rescence X-rays and few electron systems with a crystal spectrometer in a
fixed experimental set-up. A small Doppler broadening of a few 100 meV is
expected from the Maxwellian velocity distribution inside the ECR source.
For hydrogen-like electronic atoms, energy measurements on the sub ppm
level for the 2p-1s diagram lines will become feasible which can be related
to transitions from exotic atoms. The variety of transitions yields a dense
net of transitions to be used as calibration standards.

Further applications of such a set-up would be the measurement of
helium-like or few electron atoms in order to study various theoretical ap-
proaches of the electron-electron interaction [78], strong interaction effects
in pionic atoms, or nuclear size effects in muonic atoms. In a first step,
such an apparatus will be used to measure accurately the response function
of the crystal spectrometer for the determination of the strong interaction
broadening in pionic hydrogen [73].
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8 Summary and outlook

A series of precision experiments is being performed of the characteristic
X-radiation from exotic atoms. Main goals of the experiments are the de-
termination of the hadronic level shifts and broadenings of the atomic 1s
and 2p states in hydrogen isotopes, a new value for the mass of the charged
pion, and the pion-nucleon scattering length from pionic hydrogen. The ac-
curate knowledge of values for the pure electromagnetic part of the atomic
energy levels is mandatory for the interpretation of those measurements.

Results from the experiments with antiprotons at LEAR are:

e The 23P, hyperfine state was resolved from the antiprotonic hydrogen
La transition. The results for the strong interaction shift and broad-
ening of the 2p hyperfine strongly support the prediction for the real
part of the antinucleon-nucleon potential derived in the framework of
the meson exchange model from the nucleon-nucleon interaction [47].

e The 2p-level strong-interaction effects in antiprotonic deuterium were
observed by measuring the Lo transition being in reasonable agreement
with the prediction of the multiple scattering approach [52].

e The line shape of the Lo transition in antiprotonic deuterium discards
an earlier calculation of the electromagnetic hyperfine splitting in favor
of a recent one [40,41,44].

The studies with pionic and muonic atoms at PSI yielded:

e The ambiguity of 15ppm for the mass of the charged pion from a
previous high resolution experiment could be removed. Taking the
weighted average of the results of [60] and [26], the presently reached
accuracy for the pion mass is already less than 3ppm.

e The best test up to now of the Klein-Gordon equation to 4-10~3 has
been achieved from the 7N (5g-4f) transitions [26].

e The Coulomb explosion in diatomic symmetric molecules has been di-
rectly observed from the line broadening of 7N and the p©O 5-4 transi-
tions [63].

e The energies of fluorescence X-rays have been redetermined using tran-
sitions from hydrogen-like pionic atoms as calibration lines [76].

At PSI, in the near future,

e a high precision experiment of the charged pion mass to 1ppm will be
performed by calibrating the 7N(-4) transition energy with the pO(5-
4) transition [27,63].
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e The determination of the pion-nucleon scattering length and the pion-
nucleon coupling constant to 1% has been started [73,74].

e For that, calibration measurements will be necessary using an ECR
source implemented into the cyclotron trap which allows in addition
the investigation of few electron systems [78].
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