Light pionic atoms
perspectives for precision experiments
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During the last decades high—precision spectroscopy of exotic-atom X-rays
profited in particular in the case of pions from the increasing number of
stopped particles provided by the cyclotron trap at the accelerator facility of
the Paul-Scherrer—Institut (PSI) together with modern detector concepts like
charge-coupled devices (CCDs) and crystal spectrometers. Presently, priority
is given to the study of the strong-interaction effects in the most elementary
system — pionic hydrogen. However, the systems with two or more nucleons
are as fundamental for the development of a theoretical description of hadronic
matter. Furthermore, the de—excitation of exotic atoms involves a variety of
atomic processes, which become accessible in detail due to the high resolution
achievable with crystal spectrometers, e. g., parallel transitions, line splittings,
broadenings and intensity distributions. In addition, first successful attempts
for a microscopic description of the atomic cascade are available now, which
should be subject to stringent tests both for atoms and molecules.

1 Introduction

Exotic atoms constitute a laboratory allowing the study of fundamental particle-particle
interactions, properties of stable and unstable particles as well as hadronic and electro-
magnetic interacting multi-body systems. In the case of hadrons the elementary systems
formed with hydrogen isotopes are of particular interest. Measurements of the scatter-
ing length of the antiproton—nucleon, antiproton—deuteron and the corresponding systems
with negatively charged pions have been performed the high—flux facilities LEAR at CERN
and the meson factory at the Paul-Scherrer—Institut (PSI)[1].

Though high—precision experiments on pionic atoms using crystal spectrometers were
started soon after the advent of the meson factories a substantial increase in particle flux
and the ability to stop beams quantitatively even in gaseous targets had to be achieved to
exploit the potentialities of diffraction techniques. Whenever a major progress in precison
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Figure 1: Atomic cascade in pionic hydrogen.

was achieved it turned out that a more refined knowledge of the atomic de—excitation is
essential to determine the strong—interaction effects (Fig.1). Consequently, as a matter
on its own, cascade physics had to reach a higher level of sophistication [2, 3].

During the last decade the precision determination of the charged pion mass [4] and the
strong-interaction effects in pionic hydrogen [5] was resumed. In the course of these exper-
iments additional results and new perspectives for ultimate—precision X—ray spectroscopy
arose. Topics outlined in this paper are:

e effects in pionic deuterium and the helium isotopes

e scaling of strong—interaction effects from high-lying atomic p states,
e strong-interaction hyperfine interaction in spin > 1 nuclei,

e test of spin zero particle bound-state QED (Klein-Gordon equation),

e measurements of transitions from the series limit and parallel transitions being sen-
sitive to capture and de—excitation from high-lying states, and

e study of the interaction of the pion with the remnants of the electron shell.
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2 Strong—interaction

2.1 A <4 nuclei

For pionic hydrogen a systematic study of the density dependence of line energy and width
in combination with the measurement of three different transitions yielded an unambigu-
ous extraction of the pure hadronic parameters. By means of a forthcoming high—statistics
measurements of the mH line width, the envisaged accuracy of <2% will allow a precise
determination of the mNN scattering lengths a* and a~ within the framework of chiral
perturbation theory (xPT). The accuracy of the theoretical prediction is reported to be
1% and 3% for a* and a~, respectively (for details see [6]).

In the case of pionic deuterium, additional aspects enter the theoretical description.
At first, the construction of the wd scattering length from the elementary 7N scattering
lengths has to be accomplished facing dominating multi-body effects [7]. Secondly, ab-
sorption and re—emission of pions on the nucleon pair constitute an important contribution
both to 7NN physics (with external pions) and the nuclear binding force (no external
pions). The corresponding low—energy constant (foproblem) appearing in effective field
theory approaches is at present barely known [8]. Hence, within xPT calculations a de-
termination of a* and a~ is limited to about 10%. Given the fact, that a™ and a~ can be
reliably extracted from the mH measurements, high—precision 7D data allow important
tests, e. g., (i) limitation of the range of fy and comparison to theoretical approaches
determining its value and (ii) extrapolation of the NN — dr cross section to threshold,
which is directly related to the 7D ground-state broadening.

From the experimental side, in 7D the extraction of the strong—interaction shift and
width is not proven to be as reliable as for mH. Calculations considering molecular
formation 7D 4+ Dy — [(ndd)d]ee predict, that in 7D radiative de-excitation out of
molecular states is as important as Auger emission and even dominate in 77°[9, 10]. Such
a de—excitation leads to satellite structures of (not known) intensity distribution. (i) No
systematic study of the cascade has been performed yet to exclude molecular effects on
the transition energy and (ii) the statistics of the two measurements performed does not
allow to determine I'y, precisely [11, 12] (Fig.2 and Tab.1). The improvement of peak—
to-background ratio, increased detector size, and precise knowledge of the spectrometer
response (Fig.4) as developed for the hydrogen experiment are easily applicable to the
mD case.

Of principle interest is a comparison of the tri-nucleon systems 7' and 3He. A mea-
surement on the 1% level for the shift also gives access to the elementary 7N scattering
lengths a™ and a~ and tests the approach of the nuclear wave functions used [13].

In view of the precison of shift and width of the helium isotopes, a remeasurements
is desirable. Here, in addition to the ground—state effects, from the intensity balance of
the L series and the K« transition, the 2p-state broadening is obtained. Furthermore,
the isotope effect in the hadronic broadening should reflect the dominance of two—nucleon
absorption at rest [14, 15]. By using a crystal spectrometer, an improvement in accuracy
of one order of magnitude is achievable.
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Figure 2: Line shape of the 7D(2p — 1s) transition and corresponding spectrometer re-
sponse function as determined from the wNe(7i — 6h) line.

Table 1: Strong—interaction effects in A < 4 nuclei. For the pure QED wH(3p — 1s)
transition energy the most recent calculation yields E§€i=2878‘822 eV [16].
The experimental value is Eg”, =2885.92840.013 eV [18].

€1s I F2p
/eV /eV /meV
T +7.116 £0.011 0.785 £+ 0.027 - [6]
md —2.469 £ 0.055 1.095 £ 0.129 - [11, 12]
mt no data
w3 He +32.04£3.0 28.0+£7.0 0.7—1.6 20, 22]
7 He —75.7+£20 45.0£3.0 0.7—-22 [19, 20, 21, 22

2.2 High-lying atomic p states and quadrupole effects

The resolution of the crystal spectrometer allows the separation of transitions to the states
of different angular momenta for a given n <> n’ transition (parallel transitions). Figure3
shows for the case of 7N the (5f — 4d) and the (5d — 4p) lines besides the dominating
circular transition (59—4f). The 4p state is already affected by strong interaction and both
shift and broadening were determined [23]. The values were found to be consistent with
geometrical scaling applied to the results for the 2p state [24]. In dedicated experiments,
e. g., 4p state effects could be studied systematically for nuclei from carbon to neon,
elements which are available as pure elements or compounds. Isotopes are identified
easily because of the good energy resolution. In favorable cases enriched targets allow in
addition the determination of isotope effects.

In pionic atoms a contribution to shift and level splitting from strong interaction occurs
along with the electromagnetic hyperfine splitting for J > 1 nuclei [25, 26]. Quadrupole
effects reach up 40% of the size of the monopole contribution. In medium Z atoms these
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Figure 3: Parallel transitions of 7 N(5 — 4) (from [23]. Bound-state QED may be tested
from the energy difference of the circular (59 — 4f) and the first (5f — 4d)
transition. The 4p state is affected by strong interaction.

effects are hardly studied.

3 Calibration standards

3.1 Pion mass

For medium Z nuclei, nuclear size and, hence, strong—interaction effects, are negligible in
the intermediate part of cascade. Binding energies of the atomic levels can be calculated
by the methods of QED with a precision better than 1 meV [16]. One application is
the determination of the charged pion mass, where the wave length of the uO(59 —
4f) transition (4032 eV) is used as calibration standard for the 7 N(5g — 4f) transition
(4055 eV) in a simultaneous measurement using an N/Oy gas mixture. An accuracy
of about 1.5ppm in the mass determination is achievable by this method [17]. Two facts
basically limit the accuracy of this approach: (i) statistics due the low stop rate for muons
and (ii) the line broadening originating from Coulomb explosion (see chap.4.3.2).

A possibility for further improvement is to replace the muonic calibration standard.
Unfortunately, no strong pionic transition close in energy is available. However, a cali-
bration chain involving fluorescence X-rays and X-rays from few—electron atoms may be
used to bridge the gap to a suitable pionic line [27] (Fig.4 and 7). Energies of helium-
or hydrogen-like electronic systems can be calculated with high precision from QED.
They can be produced at high rate in electron—cyclotron resonance ion traps[28]. When
antiprotonic atoms will be included, a copious set of calibration lines is available.

3.2 Klein—Gordon equation

Bound-state QED tests with muons have been performed from the beginning of exotic—
atom experiments. In the case of bosons, two precision measurements have been per-
formed, which are in agreement with QED calculations [23, 29]. Though there is no
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Figure 4: Left — Energy calibration of Ti Ka lines by means of the 7Ne(6 —5) (from [27]).
Right — Narrow M1 transition in helium-like sulphur which is used to determine
the spectrometer resolution with utmost statistics.

reason to believe, that new physics may be found at the ppm level, which is the domain
of X—ray spectroscopy, it is of outstanding importance to test and verify the methods
of calculations [30]. A notorious example is the hyperfine splitting in antiprotonic deu-
terium, which led to a considerable confusion when compared to experiment (for details
see[1, 31]). In order to meet the accuracy achieved in the calculations, a determination
of the line splitting from spectra like 7N or mNe (Fig.3 and 7) to better than one meV
is desirable.

4 Atomic cascade

It became generally accepted that the formation of an exotic atom occurs by capture at
the outmost electrons [32]. Hence, as a rule of thumb, the quantum cascade of the pion
starts at about the radius of the outmost electron shell (Fig. 1). I e., in the beginning the
pion is attached to a screened nuclear charge forming even molecular states when coupled
to a core of still bound nuclei.

In the case of the electrically neutral exotic hydrogen and to a lesser extent for helium,
de—excitation is governed by collisional processes. When crossing other target molecules,
fast transitions between angular momentum states (n,, ¢, m) < (ng, ¢+ 1,m) occur be-
cause of the Coulomb field (Stark-mixing). Induced s (and p waves in wHe) lead to
nuclear reactions and the X-ray cascade is substantially depleted. In Z > 2 nuclei, Stark
mixing does not play any role because of the short cascade time and the ion’s charge.
Electrons are quickly removed by Auger emission. At n, = 5 radiative rates increase over
Auger electron emission and the X-ray cascade develops.

4.1 Capture and de—excitation to high-lying states

X-ray intensities of the transitions between lower—lying states yield important constraints
on capture. High-resolution spectroscopy can provide additional understanding by mea-
suring (i) the relative population the high-lying n,, ¢ = 1 states in the hydrogen isotopes
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or (ii) of the angular momentum states for a given n, for medium Z atoms.

Cascade calculations for 7H predict very low intensities of (n., £ = 1) — 1s transitions
for n, > 6[33]. Crystal spectrometer measurements can resolve transitions up to initial
states (n, = 25,0 =1).

As examples for case (ii), the parallel transitions in noble gases (Fig.2: 7 Ne(7 — 6),
and molecules (Fig.3: 7N (5 — 4)) may be compared. In favorable cases An, = 1 and
An, = 2 transitions are measured simultaneously (Fig.6). Combined with the detailed
measurements of An = 1 transitions performed with semiconductor detectors [34], a re-
fined picture of the cascade is obtained. The effect of electron refilling, parametrised
usually by an occupation number of electron shells, can be studied systematically.

4.2 Interaction with the remaining electron shell

De-excitation by electron emission is not restricted to the loosly bound electrons. In
particular, when the outmost shell is depleted and the energy gain of An, = 1 transitions
does not allow further ionisation, An, > 1 Auger transitions may compete with radiative
de—-excitation leading to emission of 1s electrons. The refilling of K holes from remaining
electrons has been observed in antiprotonic atoms [35]. These fluorescence lines partly
can be interpreted as the interplay of the antiproton at a certain degree of de—excitation
and the presence of electrons (Fig. 5).

Owing to its much larger mass, the antiproton cascade starts at higher principle quan-
tum numbers. Therefore, more steps are available for the depletion of the electron shells
and a more circular cascade develops. Observation of electronic X-rays in heavy muonic
atoms was reported [36]. The study of low and medium Z nuclei, in particular with better
resolution, is still missing for pionic and muonic atoms.
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Figure 5: X-ray de—excitation chain in antiprotonic argon and xenon. A reduction of the
line yields is observed when Auger emission becomes becomes possible (n; = 16).
Strong electronic transitions are observed in xenon which originate from refilling
of L and K holes produced during the de—excitation of the pXe atom (from [35]).
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4.3 Molecular effects
4.3.1 Pionic hydrogen isotopes at high density

The molecular formation is well established in muon-catalysed fusion. Similarly, the
formation of complexes like [(7"pp) - plee has to be considered in the case of pionic
hydrogen (see chap.2.1). Possible radiative decay of the bound excited mp atom causes
satellite transitions affecting the determination of the strong-interaction shift [6]. No
density dependence of the transition energy was observed and, hence, radiative decay
assumed to be negligible.

In the case of liquid hydrogen, a weak evidence for a satellite transition in the low—energy
tail is found by the numerical treatment, which, however, needs clarification (Fig.6).
Theoretical calculations suggest, that radiative decay may contribute significantly for
deuterium and even dominate for tritium[10]. A search for such satellite transitions
should be started first in deuterium.

TH(3p-1s) 100 mo
quartz 10-1 quartz 10-1

counts
m'0(6h-5g)

2882 2884 2886 2888 2890 2865 2870 2875 2880 2885

energy/eV energy/eV

Figure 6: mH (3p — 1s) transition measured at liquid hydrogen density and 7O calibration
lines (from [18]).

4.3.2 Coulomb explosion

Exotic atoms when formed from gaseous compounds are at first bound in molecular states.
De-excitation starts by Auger emission of the electrons being in common to the con-
stituents acting at the femtosecond time scale. Therefore, the ions experience a repulsive
Coulomb force being still at a distance of about the original molecular bond length. The
heavy particle finally will be attached to one of the ions continuing its de—excitation by
Auger and X-ray emission.

The Coulomb repulsion leads to an acceleration and, consequently, a Doppler broaden-
ing of X-rays. First evidence was found from a comparison of the pressure dependence of
the K line yields from muonic noble gases like neon with those from molecular targets like
Ny or O [37]. The line yields of the atoms formed from molecules saturate at densities
being one order of magnitude smaller, which was interpreted as enhanced electron refilling
due to the velocity gain of the uN or O atom. The direct observation of the Doppler
broadening in exotic atoms was achieved by measuring the line widths of /N or uO lines
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using a crystal spectrometer (Fig.7). It turned out that the line width is dominated by
the Doppler broadening [38]. The line broadening yields the product of the ions’ charge
state and was found to be consistent with the number of the binding electrons. Coulomb
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Figure 7: Direct observation of Coulomb explosion from the Doppler broadening

(from [38]).

explosion is also observed after ion impact, leading to an immediate ionisation, as well
after laser radiation, where ionisation can be adjusted to be very slow allowing to measure
the bond length of the weakly ionised states. Due to the fast Auger emission, the exotic
atom case should be more similar to ion bombardment. However, it seems that here ex-
actly the binding electrons are affected. For binary molecules the effect is expected to be
largest. It should decrease with increasing number of constituents and increasing ionic-
ity of the binding, because here less elctrons are shared. X-ray spectroscopy of selected
targets therefore probes features of molecular capture.

5 Outlook

The techniques worked out for the ongoing precision X-ray measurements of light exotic
atoms allow a thorough study of hadronic, atomic and molecular effects. A continuation
and further developments are highly desirable especially in view of the planned low—energy
and high flux antiproton facilities.
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