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Abstract. The most recent pionic—hydrogen experiment marks the cetioplof a whole series of
measurements, the main goal of which was to provide con@ulsita on pion—nucleon interaction at
threshold for comparison with calculations from Chiraltpépation theory. The precision achieved
for hadronic shift and broadening of 0.2% and 2%, respdgtisecame possible by comprehensive
studies of cascade effects in hydrogen and other light @abtims including results from the last
years of LEAR operation. In order to obtain optimum conditidor the Bragg crystal spectrometer,
the cyclotron trap Il has been used to provide a suitable Xstairce. To characterize the bent
crystal spectrometer, the cyclotron trap has been modibiedperate as an electron—cyclotron
resonance source, from which narrow X—ray transitions argted with high intensity from the
highly charged ions.
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INTRODUCTION

Calculations within the modern low—energy approach of QCDBhiral Perturbation
Theory (xPT) — have reached an accuracy of a few per cent. This in tquiress data at

a similar level of precisionyPT is based on the fact that the (almost) massless quarks al-
low a quantitative description by effective degrees ofdie@a circumventing a treatment
based on the elementary constituents quarks and gluoms fdihdamental treatment in
terms of color QCD is expected to be feasible in future bydatyjauge calculations, but
nowadays effective field theories lik®T must be used in the non perturbative regime.
Nonetheless, the underlying chiral symmetry arising fréva vanishing mass of the
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(current) quarksl, d, ands determines the interaction of the effective fields like gion
and kaons. They are identified to be the Goldstone bosongatiigg from the so called
spontaneous breaking of chiral symmetry. Basic low—en#rggrems are formulated in
the chiral limit, i. e., vanishing quark masses. Finite nreasss well as electromagnetic
interaction are included as perturbation quantifying theaking of the symmetry. In
this scheme, mass and interaction of the "Goldstone boswaseélated to the degree of
symmetry breaking[2, 3, 4, 5, 6].

At threshold the interaction of the pion—nucleon systemivery by two real num-
bers, the scattering lengths according to the two isospimbaoationsl = 1/2 and 3/2
occuring for therN system. The isospin even and odd combinations read

1
a" = 3 (ag/2+2a3)5) (1)
_ 1
a = z(ay2—agp) (2)

The leading order result gf PT fora™ anda™ is obtained from current algebra, which
revealed already as an important consequence of the umdgeidhiral symmetry a
simple relation between the isospin contributions[7, 8 RQ., it causes the isoscalar
combinatiora™ to vanish exactly:

a = a]_/z = —233/2 = —0079/mn (4)

Deviations from these values represent the higher ordey®m[10, 11, 12, 13, 14, 15,
16, 17, 18].

The scattering lengtres™ are related to elementani reactions accessible by exper-
iment:

a:t

é (an—pﬁn—piarﬁparﬁp)- (5)
In the limit of isospin symmetry, the intercations with aped pions yield directly the
charge exchange process

A p—mp~ Qripomtp = _\/éan-pﬂnon- (6)

The scattering length&,-, ., anda,, .0, are related to the ground state strong—
interaction shifte and broadenind of the pionic—hydrogen atom and are measured by
means of energy and line width of characteristic X—radratrom theriH atom (Fig. 1).
Shift and width may be expressed by Deser—type fornfiil&s 20, 21]:

E]_S 4

_— = —— 1+ 7

2 o =0.1421fm 1is the centre—of-mass momentum of tifin the charge—exchange reactimnp —
n°n andP = 1.546+ 0.009[22] the branching ratio of charge exchange and ragiatpture (Panofsky
ratio).
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Obviouslye;s 0 at +a~ and, in the limit of isospin invariance, g O (aF)2 holds in
leading order. The contribution of charge exchange to thed teidth is obtained after
correction for radiative capturer( p — yn) using the well known Panofsky rati®[22].
Electromagnetic and higher order corrections encodeddpdnameterd; anddr have
been continuously improved especially within the framdwadry PT [13, 15, 23, 24, 25,
26, 27].

More important quantities are closely related to ti¢ scattering lengths. Using
the Goldberger—-Miyazawa—Oehme (GMO) sum rule, the isovestattering length
a~ yields thenN coupling constanf2 [28, 29, 30]. The coupling constamf, itself
may be used to determine the induced pseudovector cougling quantity accessible
otherwise by muon capture experimeptsp — nv, [31, 32, 33]. The electric dipole
amplitudeEg, for m~ photo productioryn — 11 p is also directly connected @ [9,
34]. The isoscalar contributioa™ is related to therN g—term which is an important
contribution to the nucleon mass [35, 36].

XPT, being an effective field theory, contains at any orderxgfaasion coupling
constants, so called low—energy constants (LECs), whistesent the short range part
of the interaction. The LECs have to be determined from expent and not all of them
are known to sufficient accuracy. In the case of titfeground state shift, the precision
for at +a is limited to 3% by one particular LEG, [25], whereas experiment is one
order of magnitude more precise (see below and [37, 38]).LH f; does not appear
in the expression relatinigis to a- and, hence, the theoretical uncertainty is quoted to
be only+0.2% [26].

CombiningrH ground state shift, broadening an® ground state shift, the scattering
lengthsa™ anda~ are overdetermined, because in leading osdgmD) O a* [39, 40,
41, 42, 43, 44]. PrecisgH and D data together even yield a constrainta45].

Because of the almost cancellation of tlrep and 77 n interaction, therD system
shows an outstanding sensitivity to isospin breaking doutions for reactions involving
charged pions [45, 46]. The hadronic broadeninginis related by detailed balance to
s—wave pion production in the reactigup — dmr* [47]. Consequently, to improve on
the results of previous measurements [48, 49], a high-gic@cmeasurement of threD
system was part of the experimental program [50, 51].

ATOMIC CASCADE
Pionic hydrogen

After capture into high—lying atomic states, the de—exictacascade of pionic hy-
drogen is governed by collisional processes. Due to a fiaitget density numerous
elastic and inelastic collisions occur leading among ahe6tark mixing and Coulomb
de—excitation. The upper part of the atomic cascade isrdeated by external Auger ef-
fect and Coulomb de—excitation. Between low-lying staXesay transitions dominate

(Fig. 1).



Due to the fact that exotic hydrogen is electrically neuyt&thrk mixing plays an
outstanding role, because the atom approaches easily thes nfithe target molecules
experiencing there a strong Coulomb field. In the presencg&rohg interaction, the
mixing of different angular momentum statéfr given main quantum numberleads
to nuclear reactions whenever sfwave contribution is admixed and, consequently, the
X—ray cascade is strongly depleted with increasing defis2fly Typical line yields for
pionic hydrogen are a few per cent only at target densitiesvatpnt to pressures of
a few bar[53]. More details on capture, cascade and strateraiction effects may be
found in[54, 55].

>

~

il I 7 X-radiation

(3]

=0 1 9 Stark mixing n—1 Qgpfure
~ 16 e e e e
: : : Coulomb deexcitation
g LT T T T
/ -/ / P
N7 T T ternal A ffect
o fs - 47_/7_/;/ A external Auger effec
| ik
/7—
/7_

Exg
1 [

FIGURE 1. Atomic cascade in pionic hydrogen. In this experiment, ttamgitionstH(2p — 1s),
mH(3p — 1s), and H(4p — 1s) with the energies of 2.437, 2.885, and 3.043keV have beatiestu
The hadronic shiftis is given by the differenc&exp— Egep of the measured and calculated purely
electromagnetic energy for the X-ray transition. Hadratiidt and broadenings of the ground state
are about +7 and 1 eV [37], respectively. In the casaldf the positive shift reveals the attractive p
interaction. FormD, the sum of that™ p andm n interaction leads to a small negative value for the shift
(~—-2.5eV), where the broadening is 1.2 eV, i. e., comparaltledaH case [48, 49].

Coulomb de—excitation is particularly important in theeaéthe line width measure-
ment. In distributing the energy gain of a cascade step agikianergy to the collision
partners (generally thep system and an H atom from anp fholecule), the pionic hy-
drogen atom is accelerated. The acceleration was obsereetlygifor the first time from
a broadening in neutron time—of—flight spectra stemmingftbe two—body reaction



T p — 1°n[59, 60]. Alike a Doppler broadening of the X—ray line mustdeected
from such a moving source and has to be quantified precisetey proper extraction
of the hadronic width. Whereas charge exchange occurs frestates, mainly with
n= 3—5 of therr p system, in the case of X—ray emissiop levels are the initial
states and preceding cascade steps may be completeledifféherefore, a dedicated
study for the X—ray case is necessary.

Acceleration caused by Coulomb de—excitation is not inetuch the standard cas-
cade model (SCM), where the kinetic energy is a state indpdrparameter fitted to
the measured X-ray line yields [56]. In the extended casoaagel (ESCM), the devel-
opment of the kinetic energy through the de—excitationsstegs been included [57, 58].
The kinetic energy distribution for thaH atom being in an atomic state, /) is ob-
tained by following the competition of acceleration by Gmuab de—excitation and de-
celeration in the foregoing cascade steps. In order tohegptedictions of the ESCM,
Coulomb de—excitation was studied by measuring the- 3s transition in muonic hy-
drogen, where Doppler broadening is better visible becafithe absence of strong
interaction (see below).

Another process to be considered is molecular formatiossipty affecting the ex-
traction of the hadronic shift. As known from muon—catatyZesion, complexes like
(UH)n+H2 — [(ppu)nvj P|2e~ are formed during the collision [61]. Similarly, molecu-
lar formation should occur with pions. The quantum numivensd j denote vibrational
and total angular momentum of the 3—body molecular stateugh the 3—body sys-
tem (ppr)nyj is assumed to de—excite mainly by Auger emission it canneixioided
beforehand that a fraction of theH atoms bound into such molecules decays radia-
tively to the ground state. Small line shifts — here to lowssrgies — cannot be resolved
and, hence, falsify the extracted hadronic shift[62, 63, B4s assumed that the for-
mation rate depends on the number of collisions, i.e., ositlerand consequently a
density dependent shift of the line center indicates radiate—excitation of molecules.
Therefore, in the experiment a possible energy dependdnite X(—ray energy was
thoroughly studied.

Light pionic atoms

Exotic—atom X-ray transitions are usable as calibratiamdrds [65]. In low and
mediumZ atoms the electron shell is completely removed by Auger gotiswhen
refilling of electrons from neighbouring atoms is suppreg66, 67]. Hence, in the
medium part of the cascade the pionic atom is a hydrogensiikeem, and because
the small overlap of the pion and nucleus wave functiongnggrinteraction effects
are negligibly small. Level energies are then calculabtenfrQED to a precision of
a few meV [68]. This was exploited for the transition combioa riH(3p — 1s) and
m®0(6h — 5g).

Radiative widths in exotic atoms are much smaller than intedaic systems which
suggests to use theO transition also for the determination of the apparatigpoase.
However, for molecules at first the binding electrons areckjyiremoved, while the
heavy and highly charged ions are still at a distance of atli@umolecular bond length.
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FIGURE 2. Comparison of the line widths afNe, N, andnO transitions. The additional broadening
for the atoms formed with molecules is due to a Doppler broadecaused by Coulomb explosion
(from[69]).

Finally, the pion is attached to one of the ions which, due tml@Gmb repulsion, is
accelerated. The subsequent X-ray transition is then Rogpbadenend. Coulomb
explosion was observed directly by comparing the line vadih X—ray transitions in
pionic neon to pionic nitrogen and muonic oxygen [69] (Fig. 2

Consequently, a precision determination of the crystallut®n would be restricted
to noble gases, however, at first transition energies do thamndi, secondly, count rates
are very limited. Therefore, a new approach using highlygé ions had to be used
(see below), because intenseys from radioactive sources are also not available in the
few keV range (see below and [65]).

EXPERIMENT

X-ray energies of the ground-state transitions in muonit ionic hydrogen and
deuterium are 2—-3 keV, where hadronic shift and width aré@brrder of eV. Therefore,
a reflection—-type spectrometer must be used equipped wahtzyor silicon Bragg
crystals, which are the only manageable materials reachigolution of about 16
in this energy range.

The determination of the hadronic effects at the per cerdllexquires both high
statistics and ultimate energy resolution, which is uguallitually exclusive. Even with
a high flux facility as available at the Paul Scherrer InstjiRSI), exotic—atom X—ray
rates are at the lower edge for ultimate—resolution spgotimy. Hence, a compromise
has to be found for setting up a high-resolution device andcaeptable count rate.
The best approach is a Johann—type spectrometer usingcglydvent crystals (Fig. 3.
Because the overall efficiency of such a spectrometer isvsti/ low, the cyclotron
trap is essential to provide a bright X—ray source. A comioameof cyclotron trap and
Johann spectrometer was used first at LEAR in the measureshtm La transitions
(1.7 and 2.4 keV) in antiprotonic hydrogen and deuteriun.[70
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FIGURE 3. Setup in therE5 area at PSI of cyclotron trap, crystal spectrometer ancydetector
(CCD) for theriH(3p — 1s) measurement. The massive concrete shielding is essentiahteve a good
peak—to—background ratio.

X-ray source

PSI provides low—energy pions of high intensity which areduiced by means of
the 590 MeV proton beam (up to 1.8 mA). The sha#5 beam line, set up for 112
MeV/c momentum, leads up to a few®l@~ /sto the experimental area, where the pions
enter the gap between two superconducting coils (cyclatagnll). The cyclotron trap
provides a magnetic field with focussing properties whictthwthe help of degraders,
guides the beam towards its center[71] (Fig. 4).

To study the cascade effects, a wide range must be coveréueftwydrogen density.
This was achieved by using a cryogenic target. At a gas pres$d bar, about 0.5% of
the incoming pions are stopped in a thin—walled hydrogesdfitiell. The stop efficiency
increases linearly with density up to 30 bar pressure etgntacounterbalancing the
decreasing X-ray line yields. The cell diameter of about Sepnesents the extension of
the X—ray source. The large gap of the cyclotron trap Il al@go an efficient formation
of muonic atoms. The muons originate from the decay of sl@mpinside the magnet’s
chamber. The stop efficiency for muons is about a factor ofoéef than for pions,
which is partly compensated by the highet line yields [72].

Due to pion absorption a high neutron induced backgroundrscaVith a massive
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FIGURE 4. Interior of the cyclotron trap with the second coil and itsnryoke removed. Degraders
reduce the momentum that after about 2 turns a fraction ob#faen stops in gas of the target cell. The
wall of the cell is made of 5Am thick KAPTON foil. The exit window towards the crystal speeneter
has a thickness of 7 fsm.

Crystal spectrometer

A bent crystal setup (Johann—type spectrometer) allowsitheltaneous measure-
ment of an energy interval, the width of which is given by tixéeasion of the X-ray
source in the direction of dispersion. A crystal diameternbbut 6-10cm and a cur-
vature of about 3 m constitutes a compromise between cotenared abberations due
to the finite size of the crystal. The use of spherically begstals leads in addition
to a partial vertical focussing enhancing further the coatg. The total height of the
reflection of about 100 mm is then mostly covered by the detisctertical extension
of 75 mm. The efficiency of the spectrometer, given by geoyreatd reflectivity of the
crystal, is of the order 1. Count rates of 10-50 per hour were achieved for the various
pionic—hydrogen transitions.

In the direction of dispersion, the detector width has toec@bout the width of the
target window. E. g., for thetH(3p — 1s) transition at 2.885keV and using a Si111l
crystal yielding a Bragg angle of 43.,2the width of the detector array of 50 mm
corresponds to 45 eV. This allows the simultaneous measneof therr°0(6h — 5f)
transition of 2.880 keV used for energy calibration (Fig.A) higher target densities,
when oxygen freezes out, hydrogen and oxygen were measiteeubtely. Because of
the detector size, none of the spectrometer parts had to kednbus preserving the
energy calibration.
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FIGURE 5. ADC (charge) spectra from thaH(4p — 1s) experiment: raw data (left) and data after
eliminating clusters except single and adjacent two—giisl (right). Position spectra are then generated
only from the events of the cleaned data lying inside the AD€oorresponding to the energy of the
niH(4p — 1s) X-rays.

X—ray detector

At facilities producing hadron induced background, chacgeipled devices (CCDs)
are most suitable X-ray detectors because they combinel@&-butwo—dimensional
position sensitivity with the good energy resolution owilmgsemiconductor devices
of 200 eV or better at a few keV. Where X-rays produce shanged photo electrons
depositing charge in one or two pixels only, background &s/etemming from high
energy photons following neutron capture cause largeepst As the pixel structure
allows a reconstruction of the hit pattern, background dsiced by at least an order of
magnitude (Fig. 5). In the recent pionic—atom experimeBtx& array was used built up
of 6 CCDs with 600x 600 pixels of 4Qum size and cooled te 100°C [73]. The CCD'’s
cryostat volume was separated from the spectrometer vabyundbum thick MYLAR
window.

ECRIT

The response function of a bent crystal spectrometer isdiyethe convolution of
the geometrical imaging and the intrinsic properties of ¢hestal material. The total
reflection is the sum over all source points contributingnt® teflection. The intrinsic
properties are given by the so called rocking curve, whiclelgbly calculable for
plane crystals by diffraction theory [74]. The geometry loé¢ tspherically bent crystal
setup is modeled by Monte Carlo ray—tracing calculatiorekig curve, assuming an
ideal material, and ray tracing yields the "ideal" respoofsthe setup. Due to the non
trivial superposition of geometry and crystal propertiasaperimental verification of
the response is mandatory.

In order to quantify precisely deviations from the idealesaystematic high—statistics
studies of the crystal response funcion were performedth®first time narrow X—
ray lines from highly ionised atoms, produced in a dedicatedce, have been used.
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A permanent hexapole magnet was inserted in between theafdihe cyclotron trap

to set up an electron—cyclotron resonance ion trap (ECHH]) [Atoms of a dilute gas

were heated and ionised by means a 6.4 GHz HF emitter couptled inner chamber of
the ECRIT. In such a device, usually operated as a sourcagbhicharged atoms, the
ions are rather slow as measured by optical methods ande heoaaoticable Doppler

broadening occurs[76]. For the large crystal bending nasid in this experiment, it

turned out, that quartz and silicon behave as expecteddéa crystals and, altogether,
a realistic picture is obtained from diffraction theory aag tracing. A small additional

contribution of 10-20%, described by a Gaussian, takesaitctount the deviation from

the ideal resolution.

For the pionic—hydrogen experiment, the long—living MInsiéions in helium-like
sulphur, chlorine, and argon atoms were measured (Figh&gnergies of which coin-
cide almost with the energies of th(2p — 1s), mH(3p — 1s), andiH(4p — 1s) lines.
With the ECRIT, an M1 intensity of up to 30000 counts per hoaswachieved allow-
ing systematic studies of focal conditions and aperture®@m complete set of Bragg
crystals. Energy resolutions of 400-500 meV (FWHM) were sneed [77].
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RESULTS

Muonic hydrogen

The line shape of theiH(3p — 1s) reveals directly the influence of Coulomb de—
excitation by a significant broadening when compared togbpanse extracted from the
ECRIT measurement (Fig. 8—left). In a numerical analysisaHdifferent contributions
are identified: a high and medium energy component from(the 3) and (5— 4)
Coulomb transitions and a strong low—energy part repregghkinetic energies below
2eV. The low—energy part originates from the moderatiorast fiH atoms by elastic
and inelastic collisions. For theH(3p — 1s) transition it amounts to about 60% [79].

ESCM calculations are not able to reproduce such a highdraof slow uH atoms,
which suggests that processes during the upper part of #oada are missing or not
treated correctly. A further complication is that calcidas hardly take into account the
molecular structure in theH+H collisions. Therefore, present cascade calculations are
not able to constrain the relative strength of the Coulomkegeitation steps for fitting

300 4 i calibration

H(3p—1s) " Si 11 1% m0(6h - 5g)

Tbar T=22K H,
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2248 2250 2252
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FIGURE 8. Left: muonic hydrogen — the narrow solid line correspondthi line shape as derived
from the resolution function obtained from the ECRIT measuents (from [38]). Right: pionic hydrogen
— the pionic oxygen line is used for the energy calibration.



the mH X—ray line shapes. It is planned to extend the calculattonsolecules and to
increase the initial level to start the cascade modeling [80

Molecular-formation calculations on the radiative de-+ation of molecular levels
suggest, that satellites may appear several eV apart aishehergy side oftH X-ray
transitions, which stem from Auger stabilised moleculamptexes [64]. However, no
satellites are identified at the few per cent level at the knergy side of thegH(3p—15)
transition. This is in line with the non observation of sueltedlites in7H.

Another result is that theH 1s hyperfine state¥S; and!S, are statistically popu-
lated (P8Sy) : P(S) = 3:1). Fitting a doublet to the line shape and fixing the hfipe
splitting to the calculated value of 183 meV [81] yields daaatf 2.9 + 0.3. The result
confirms for the first time experimentally the assumptiordusanuon—capture experi-
ments [33].

Density dependence of the transition energy

ThernH(3p— 1s) transition energy was measured in the a density range poméang
to hydrogen pressures from 3.5 bar to liquid (being equitate 700 bar). The energy
was always deduced from the angular difference to the neatB@(6h — 5g) line
(Fig. 8—right). No density dependence was found within tkigeeimental accuracy. It
is concluded that no radiative de—excitation occurs fronkecwdar states. The strong—
interaction shift is calculated as the weigthed averagbefésults for all densities [78]
to be

el — 7120+ 8(stat) + 6(sys) meV (preliminary). (9)

The systematic uncertaintainty is dominated by the the din@pe model used to fit
the 1*°0(6h — 5g) line and the parallel transitions'%0(6g — 5f) and 1*°0(6g — 5d).
Only a contribution as small as 1 meV arises from the calmnaif the electromagnetic
transition energy [68].

Line shape and hadronic width

With decreasing main quantum number of the X—ray transdiamtial state an
increasing line width is expected because additional Gohblde—excitation steps with
increasing energy gain can contribute. This picture is cod by the total line width
increasing from thetH(4p — 1s) over theriH(3p — 1s) to the mH(2p — 1s) transition
(after subtraction of the experimental contribution). Toial width of thertH(4p — 1)
line constitutes already an upper limit for the hadronicaolening of” < 850 meV [78].

Based on the experience from the analysis of thé(3p — 1s) line shape, the
Lorentzian contribution to the threeH lines measured is extracted by fitting the rela-
tive strengths of the Doppler contributions contained gsthtransitions. A preliminary
analysis yields as weighted average (statistical errgr)onl

M —823+ 19meV. (10)



Noteworthy, that a systematic analysis of the numericat@dares revealed a strong
correlation of background level and Lorentzian width Ieadio a systematic discrep-
ancy. Detailed Monte—Carlo studies were performed to dfyattte correction for the
determination of the hadronic width. A first result is avaiafor therH(4p — 1s) line
yielding N1 = 765+ 56 meV, which includes a correction due to the correlation of
—5%71[82]. A similar analysis for thetH(3p — 1s) and iH(2p — 1s) transitions is in
progress.

Pionic deuterium

In the last data taking period, the pionic deuteri{8p — 1s) transition was measured.
Again, the pressure dependence was studied, because molfecmation calculations
predict an enhanced radiative de—excitation compareddmlggn [64]. Data were taken
for 3, 10, and 30 bar equivalent density, but also in this cessenergy dependence of
the line energy nor satellite structures could be found. 8¢tmmulated statistics will
allow to improve the accuracy for the hadronic shift and derang from 2% to about
0.5% and from 12% to about 4%, respectively [83].

For the mD(3p — 1s) transition, no suitable calibration line is available frcam
hydrogen-like pionic atom like the combinatiatH/mtO. Therefore, the Ga & flu-
orescence line was used, which is reflected'thaBder under the same Bragg angle as
the nD(3p — 1s) line in 1% order (Fig. 9). Important was to confirm, that the tabulated
value for the Ga fluorescence X—ray energy [84] was obtaini¢d tve same gallium
compound (GaAs) as used in this experiment in order to avpiosaible difference of
the chemical shift.
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400 1.1 bar 27K
(10 bar)

St (111) 00 Ga Ka Si (333)
(GaAs)

1500

counts
counts
=
5
N
=
=
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3080 3090 9180 9210 9240 9270
energy/e\/ energy/ev

3060 3070

FIGURE 9. Pionic deuterium and Gad{ calibration line.

SUMMARY

A variety of techniques has been developed in the course maphing an accurate
determination of the strong—interaction effects in piomycirogen and deuterium. For
pion beams, the cyclotron trap is essential to achieve stmgities to form a suffi-



ciently bright X—ray source suitable for ultimate—resmatspectroscopy. By using X—
rays from highly charged ions, produced in a dedicated mleetyclotron resonance
source, the complex imaging properties of a Johann—tystadrgpectrometer were sys-
tematically studied.

Various cascade effects have been identified and quantifiedder to extract re-
liably hadronic shift and broadening. Coulomb explosiommadlecules and Coulomb
de—excitation in hydrogen have been directly observedatawg among others a still
incomplete modeling of the atomic cascade.

Regarding antiprotonic atoms, the newly developed teatesqvill allow to achieve
accuracies for strong—interaction effects comparabl&éoones in pionic atoms. Cas-
cade studies using high—resolution devices were not peddrduring the LEAR era.
E.g., processes like Coulomb explosion are expected toreetlyi observable in an-
tiprotonic atoms, in particular because Auger emissiorvenemore efficient [85, 86].
A summary and perspectives for such kind of measurements beajound else-
where [55, 87, 88].

In particular, the forthcoming FLAIR facility [89] is desigd for antiproton fluxes
comparable to the ones at LEAR being essential to resumeatiysectrometer ex-
periments hardly possible at the AD[90], which is the onlggantly operating low—
energy antiproton facility. In the case that ultra—low gydbeam lines will be realised
at FLAIR, bright X—ray sources may be achieved without usigclotron trap by direct
injection of about 100 keV beams into a gas cell or by atomagecrossing antiprotons
stored in a trap.
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