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t. The measurement of the strong intera
tion shift and width of theground state in the pioni
 hydrogen atom determines two di�erent linear 
ombi-nations of the two isospin separated s{wave s
attering lengths of the pion nu
leonsystem. If both quantities are measured with a pre
ision of about 1% a stringenttest of 
hiral perturbation theory and a determination of the pion nu
leon 
ou-pling 
onstant 
an be obtained. Past measurements determined the shift with ana

ura
y better than 1%, and the width with an a

ura
y of 9%. Additional in-formation from pioni
 deuterium measurements has been used in order to extra
tisospin separated s
attering lengths with suÆ
ient a

ura
y. Future measurementsplan to dire
tly measure the width of pioni
 hydrogen with an a

ura
y on the levelon 1%.1 Introdu
tionThe pion{nu
leon intera
tion has been subje
t both to experimental andtheoreti
al studies sin
e the very beginning of the development of parti
le? 
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s. On the theoreti
al side the des
ription of the pion{nu
leon systemwith QCD is 
onsidered to be a fundamental issue in the development of thistheory. The understanding of strong intera
tion in the 
on�nement regime hasadvan
ed re
ently, as 
hiral perturbation theory was developed to perform
al
ulations at low energies [1,2℄.Its extension to heavy baryon 
hiral perturbation theory (HBCHPT)[3℄allows to 
al
ulate many of the experimentally a

essible pro
esses in themeson nu
leon se
tor. The 
he
k of the soundness of this approa
h requireshigh pre
ision experiments. This resembles the situation in the developmentof QED during the last 50 years, where the measurement of the Lamb shift
ontributed mu
h to the development of QED. In a 
omparable way themeasurement of strong intera
tion shift and width in pioni
 hydrogen maybe a key experiment in strong intera
tion physi
s at low energies.Pioni
 hydrogen atoms are produ
ed by stopping negatively 
harged pionsin hydrogen gas. At energies of some eV pions ionize the hydrogen mole
uleand form an ele
tromagneti
ally bound system, the so-
alled pioni
 hydro-gen atom. This atom is dominated by the ele
tromagneti
 intera
tion of its
onstituents. Their strong intera
tion is only e�e
tive if the wave fun
tionsof pions and the proton signi�
antly overlap. In the ground state it resultsin a broadening of � 1 eV and a shift of � 7 eV , whi
h has to be 
om-pared to an ele
tromagneti
 binding energy of E1s = 3238 eV . The relationsof the measured quantities to the hadroni
 s
attering lengths ah des
ribingthe ��p ! ��p and the ��p ! �0n pro
ess, respe
tively, are given by theDeser{type formulae [4,5℄:�1sE1s = �4 1rB ah��p!��p(1 + Æ�) (1)�1sE1s = 8Q0rB (1 + 1P )(ah��p!�0p(1 + Æ� ))2 (2)Here rB is the Bohr radius of the pioni
 hydrogen atom with rB = 222:56 fm,Q0 = 0:142 fm�1 is a kinemati
al fa
tor and P=1.546�0.009 is the Panofskyratio [6℄. Æ� and Æ� are ele
tromagneti
 
orre
tions, whi
h have re
ently been
al
ulated with a potential model with an a

ura
y of about 0:5% [7℄. In are
ent study the problem of the ele
tromagneti
 
orre
tions is dis
ussed andthe potential model ansatz is 
ritizised [8℄.The relations of the measured quantities with the isospin separated s
at-tering lengths b0 (isos
alar) and b1 (isove
tor) are given by:ah��p!��p = b0 � b1 (3)and ah��p!�0p = p2b1 (4)The unique features in using exoti
 atoms should be re
alled:



Pioni
 Hydrogen 3� Pioni
 hydrogen is one of the simplest hadroni
 systems bound ele
tro-magneti
ally. Its ele
tromagneti
 binding energies are known with ana

ura
y of 3 � 10�6, whi
h is the pre
ision in the mass of the pion [9℄.Any deviation 
aused by strong intera
tion 
an therefore be studied withhigh pre
ision.� Conventional s
attering experiments are restri
ted to energies higher than�10 MeV and have to rely on an extrapolation to zero energy in order toextra
t the s
attering lengths. With exoti
 atoms, however, linear 
ombi-nations of the isospin separated s
attering lengths are dire
tly measuredwith extremely high intrinsi
 a

ura
y.The shift and the width of the ground state in pioni
 hydrogen anddeuterium have been determined in a series of experiments of the ETHZ-Neu
hâtel-PSI 
ollaboration by measuring the 3{1 transition at 2886 eV witha re
e
tion type 
rystal spe
trometer [10℄. An array of 6 
ylindri
ally bentquartz 
rystals had been used in order to in
rease the statisti
s of the experi-ment. The pions were stopped in a 
ryogeni
 target inside a super
ondu
tingmagnet (
y
lotron trap I) and the X{rays were dete
ted with CCD dete
torsdeveloped at the University of Neu
hâtel.
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SCXFig. 1. Information on b0 and b1 from s
attering experiments and exoti
 atom dataThe results improved the value for the strong intera
tion shift by almosttwo orders of magnitude 
ompared to earlier work. In addition �rst results forthe width of the ground state were obtained. The error in the width, however,is still almost an order of magnitude bigger than the one in the shift. Thisex
ludes the extra
tion of the isospin separated s
attering lengths with errors



4 D. F. Anagnostopoulos et al.on the %{level from the hydrogen experiment alone. The measurement 
anbe useful, however, to put 
onstraints on the di�erent work in phase shiftanalysis of the s
attering experiments in the pion nu
leon system.An illustration of the most re
ent evaluations for b0 and b1 from atomi
data as well as from s
attering data is shown in Figure 1. The data from s
at-tering experiments lead to the bands limited by full lines. They have beenobtained by 
riti
ally investigating the di�erent 
ross se
tions for the �+p(proportional to b0 + b1), and ��p (proportional to b0 � b1) and 
harge ex-
hange pro
esses SCX (proportional to b1) and extrapolating them to zeroenergy [11℄. All three bands from the di�erent linear 
ombinations of b0 andb1 
oin
ide in a narrow region in the (b0; b1) plane with 
orresponding val-ues of about b1 = �0:082m�1� and b0 = 0:003m�1� ea
h with errors of about�0:001m�1� . As the three di�erent 
onstrains originate from many di�erentsets of experiments, the 
ommon interse
tion 
an be 
onsidered as a quiteimpressive result. Some 
riti
ism was expressed, however, 
on
erning the va-lidity of the model used [12℄. It should be mentioned that earlier evaluationsof s
attering data lead to quite di�erent results [13,14℄. Espe
ially the valueof b0 + b1 extra
ted from the Karlsruhe-Helsinki evaluation with a valueof �0:101m�1� 
ontradi
ts the evaluation mentioned above whi
h assumesb0 + b1 = �0:077� 0:002m�1�The data from pioni
 atoms lead to the regions limited by the dashedlines. As stated before the large error in the width measurement pre
ludes anextra
tion of b0 and b1 with suÆ
ient pre
ision. Moreover the band resultingfrom the shift measurement alone is at varian
e with the 
orresponding ��ps
attering data. A re
ent evaluation of pioni
 deuterium shift data results ina a small overlapping area if 
ombined with the pioni
 hydrogen shift data[15℄. The results in terms of s
attering lengths are b0 = �0:0017� 0:001m�1�and b1 = �0:09 � 0:0012m�1� . An evaluation of the ETHZ-PSI-Neu
hatelgroup using earlier theoreti
al input for the evaluation of the deuterium dataresulted in almost the same value for b0 but gave a somewhat di�erent valueof b1 = �0:0868� 0:0014m�1� [16℄.For sake of illustration the dot at b0 = 0:0m�1� and b1 = �0:079m�1� showsthe early 
urrent algebra work of Weinberg and Tomozawa [18,19℄. A re
entHBCHPT 
al
ulation to third order expresses the two s
attering lengths as asum of dire
tly 
al
ulated values plus terms whi
h are fun
tions of low energy
onstants [20℄. In an evaluation of the low energy 
onstants di�erent authorsextra
t values between �:01 and :006m�1� for b0 and between �0:083 and�0:093m�1� for b1 [21℄. A 
onsistent set of experimental data is needed to �xthe values for the low energy 
onstants and to 
he
k the predi
tive power ofthe theory.A pre
ise measurement of the width is important from a di�erent view-point also: it determines the isove
tor s
attering length dire
tly from whi
ha value of the pion nu
leon 
oupling 
onstant 
an be extra
ted via theGoldberger-Miyazawa-Oehme sum rule.



Pioni
 Hydrogen 5In 
on
lusion it 
an be stated that the results from s
attering data andatom experiments are still 
ontradi
tory and therefore need further investi-gation. From the side of the atom experiments it should be 
lari�ed whetherthe shift and the width values of pioni
 hydrogen and deuterium are truestrong intera
tion e�e
ts and are not spoiled by the intera
tion of the pioni
atom with the surrounding mole
ules. In other words the shift and the widthmeasurements for pioni
 hydrogen and deuterium should be extrapolated tozero pressure. In a se
ond step state of the art ele
tromagneti
 
orre
tionsshould be applied.2 Proposed measurements of the strong intera
tionshift and width in pioni
 hydrogenIn a re
ent proposal to PSI it is planned to determine the ground state width(and shift) from the 2{1 (2433 eV) and the 3-1 (2886 eV) as well as the 4{1(3042 eV) transitions at 3 di�erent pressures between 3 and 15bar [17℄. Theplanned set-up is shown in Figure 2.

Fig. 2. Set-up



6 D. F. Anagnostopoulos et al.At the basis of the experiment are a newly designed 
y
lotron trap (
y-
lotron trap II), a single spheri
ally bent 
rystal (sili
on or quartz) and anew CCD dete
tor array. This will result in an improved luminosity for thedete
tion of X{rays together with a better resolution. In addition a mu
h im-proved shielding is foreseen, whi
h together with the ba
kground redu
tionfeatures of the CCD dete
tor, should lead to a mu
h lower ba
kground. Lowba
kground is important to extra
t reliable data for the Lorentzian width ofa transition. First experiments with pioni
 deuterium showed the 
orre
tnessof the proposed approa
h [22℄. An enhan
ement in intensity by more thanan order of magnitude and a further redu
tion of ba
kground 
ompared toearlier experiments (Figure 3) 
ould be established in spite of the fa
t thatthe newly developed CCD dete
tor was not yet in pla
e.

Fig. 3. The 2{1 transition in pioni
 deuterium measured with the J�uli
h spe
trom-eter and 
y
lotron trap IIThe planned measurements will be able to a

umulate an intensity of morethan 10000 events per transition enabling a determination of the transitionenergy with a statisti
al a

ura
y of better than 3 meV. For the 3-1 and 4-1transitions in pioni
 hydrogen pioni
 oxygen and 
arbon transitions adja
entin energy are available as 
alibration lines, thus avoiding the systemati
 errorsin the former experiment. In a �rst step the experiment will establish a resultfor the shift independent of pressure. In order to a
hieve this the position of
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 Hydrogen 7the 3-1 and 4-1 lines will be measured as a fun
tion of pressure in the regionbetween 1 and 40 bar. In 
ase of a pressure shift an extrapolation to zeropressure will lead to a reliable value for the strong intera
tion shift.The limitation in the determination of the strong intera
tion width ismainly given by the Doppler e�e
t 
aused by the so-
alled Coulomb deex
i-tation a

eleration.In the �rst step of the experiment (with the 3-1 and the 4-1 transitionsbeing measured at at least 3 di�erent pressures) the width 
an be extra
tedfrom a simultaneous �t of all transitions, whi
h keeps the di�erent Dopplerbroadenings free, but leaves the resolution for the di�erent transitions �xedat its known value. In addition the strong intera
tion width is assumed tobe the same for all transitions. With this pro
edure a 
ommon value for thestrong intera
tion width 
an be extra
ted with an a

ura
y of about 2.5%.The still ne
essary in
rease in a

ura
y requires an additional e�ort. Asimultaneous spe
tros
opy of pioni
 and muoni
 hydrogen atoms is plannedas the muoni
 X{rays do not show any strong intera
tion broadening, butexhibit Doppler broadening similar to pioni
 atoms. A method was foundto measure pioni
 and muoni
 X{rays simultaneously. The redu
ed massesof pioni
 and muoni
 hydrogen exhibit almost the same ratio as two latti
eplane di�eren
es of quartz. With a two 
rystal set up the pioni
 and muoni
X{rays 
an be Bragg re
e
ted to the same CCD dete
tor.A 
omputer simulation of the muoni
 2{1 transition is shown in Figure 4.It 
omprises 20000 measured muoni
 X{rays whi
h 
orresponds to a measur-ing time of 2 weeks at a pressure of 15 bar. The line is broadened by Dopplere�e
t gained from 
onverting the transition energies of the 4-3 and the 3-2transitions into kineti
 energies via the Coulomb deex
itation pro
ess. The
orresponding distribution of the kineti
 energies had been 
al
ulated with amodern 
as
ade program. A resolution of 220 meV is assumed for a quartz
rystal and a statisti
ally populated hyper�ne splitting of 180 meV is takeninto a

ount. The peak to ba
kground ratio 
orresponds to re
ent experien
e.Re
ent experiments determined the velo
ity state of the pioni
 hydro-gen atom at the moment of the 
harge ex
hange rea
tion [23℄. These results
onstrain the input parameters for the 
as
ade 
al
ulations as well as thedire
t X{ray measurements from muoni
 hydrogen. The results of the 
as-
ade 
al
ulations 
an then be used to 
orre
t for the in
uen
e of the Dopplerbroadening.2.1 Calibration pro
eduresA su

essful X{ray spe
tros
opy of the quality required for the pioni
 hydro-gen experiment is based on a narrow and well understood response fun
tionof the 
rystals. An energy 
alibration or an optimization 
an not be a
hievedwith 
uores
en
e X{rays produ
ed with X{ray tubes. Their width is an orderof magnitude broader than the resolution of the 
rystals. The line shape ismoreover in
uen
ed by poorly determined satellite lines.
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Fig. 4. A simulation of the 2{1 transition in muoni
 hydrogen. The stru
ture ofthe line re
e
ts the di�erent 
ontributions from Coulomb deex
itation pro
essesThere are about 10 useful pioni
 X{ray transitions in the energy regionbetween 2 and 3 keV available from low Z gases. Their rates, however, arenot suÆ
ient to do a time 
onsuming optimization of the 
rystal resolu-tion. A solution of this problem is the produ
tion of X{rays from one- ortwo{ele
tron atoms. They 
an be delivered 
opiously by ele
tron 
y
lotronresonan
e (ECR) sour
es, whi
h have been developed as ion sour
es for a
-
elerators. The line width of the X{rays is determined almost ex
lusively bya very mu
h redu
ed Doppler e�e
t whi
h leads to negligible broadenings
ompared to the intrinsi
 resolution of the 
rystals. Presently su
h a sour
eis being set up at PSI. It is planned to test it �rst with Si 
rystals whi
h havebeen studied extensively during re
ent years. In a se
ond step the responsefun
tion of quartz 
rystals will be optimized and 
uores
en
e sour
es will be
alibrated. During the measurement with pions and muons the 
rystals 
anthen be routinely surveyed with pioni
 X{rays whi
h in turn 
an be used toenergy 
alibrate the ECR measurement on the ppm level.Referen
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