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PIONIC HYDROGENLEOPOLD M. SIMONS�Paul S
herrer Institut, WMHA/B24, CH 5232 Villigen, Switzerlandon behalf of the PIONIC HYDROGEN 
ollaborationRe
eived (Day Month Year)Revised (Day Month Year)The new pioni
 hydrogen experiment at PSI aims at a determination of the strongintera
tion ground state shift and width of the pioni
 hydrogen atom with the �nal goalto extra
t isospin separated s
attering lengths with a

ura
ies on the per
ent level. Itsa
hievements 
ompared to previous e�orts are indi
ated and the inherent diÆ
ulties ofthe experimantal approa
h as well as the 
hosen solutions are dis
ussed. First results arepresented.Keywords: Pion-nu
leon intera
tion; s
attering lengths; X-ray spe
tros
opy.1. Introdu
tionThe measurement of X-ray transitions feeding the ground{state in pioni
 hydrogenallows to determine the isos
alar and isove
tor s
attering lengths a+ and a�, whi
hdes
ribe the �N s{wave intera
tion at threshold. The s
attering lengths of the elasti

hannel a��p ! a��p and the 
harge{ex
hange rea
tion a��p ! a�0n are relatedto the strong{intera
tion shift �1s and broadening �1s by Deser{type formulae 1;2.�1sB1s = � 4rB a��p!��p(1 + Æ�) (1)�1sB1s = 8 q0rB (1 + 1P )[a��p!�0n(1 + Æ�)℄2; (2)where �1s / a+ + a� and, assuming isospin invarian
e, �1s / (a�)2 holds. q0 =0:1421fm�1 is the 
entre{of{mass momentum of the �0 in the 
harge{ex
hangerea
tion ��p! �0n and P = 1:546�0:009 4 the bran
hing ratio of 
harge ex
hangeand radiative 
apture (Panofsky ratio). The new experiment (PSI experiment R{98.01 3) aims at an improvement in the shift measurement and in parti
ular at asigni�
ant in
rease in a

ura
y for �1s by about an order of magnitude.The pe
uliar features of this method may be summarized as follows:In 
omparison with s
attering experiments no extrapolation to energy zero isne
essary.�e-mail address: leopold.simons�psi.
h 1
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2 Leopold M. SimonsFurthermore, from �1s alone the �N 
oupling 
onstant f2�N is obtained by theGoldberger{Miyazawa{Oehme sum rule 5.Provided an a

ura
y in the determination of isospin s
attering lengths on theper
ent level 
an be a
hieved the methods of Heavy Baryon �PT 
an be tested.The predi
tions of theory are at the moment on the level of several per
ent. Hen
ea

urate data are well suited to 
onstrain further theoreti
al development.Highly a

urate s
attering lenghts as obtained from pioni
 hydrogen serve as abasis for 
omparison of 
hanges of these quantities in nu
lear medium 6.The exoti
 atom's method has inherent drawba
ks as well. In order to a
hievethe ne
essary energy resolution a 
rystal spe
trometer must be used whi
h requiresa highly intensive sour
e of X-rays together with an espe
ially tailored 
rystal spe
-trometer. A suÆ
ient number of pioni
 hydrogen atoms requires the stopping ofnegative pions in hydrogen gas with pressures above 3 bar. At su
h presures the pi-oni
 hydrogen atom will intera
t with neighbouring mole
ules. Two e�e
ts in
uen
ethe extra
tion of a strong intera
tion shift and width with the desired a

ura
y.A mole
ular 
omplex like [(�pp)p℄ee may be formed. X-rays whi
h 
ould followsu
h a 
omplex formation are shifted in energy whi
h �rst requires a proof that anobserved shift is not 
aused by mole
ular formation 7;8.The energy release for the de{ex
itation step (�p)nl ! (�p)n0l0 may be 
onvertedinto kineti
 energy of the 
ollision partners ��p and H2). The velo
ity in
reasethen leads to a Doppler broadening of subsequent X{ray transitions. This so-
alledCoulomb de{ex
itation has been observed dire
tly by measurements of the time{of{
ight of neutrons from the 
harge ex
hange rea
tion ��p! �0n 9.2. Experimental Approa
hThe new pioni
{hydrogen experiment, set up at the high{intensity low{energy pionbeam �E5 of the Paul{S
herrer{Institut, 
onsists of the new 
y
lotron trap, a 
ryo-geni
 target, and a Bragg spe
trometer equipped with spheri
ally bent 
rystals anda large{area CCD array10.2.1. Cy
lotron trap and spe
trometerCompared to the pre
eding experiment of the ETHZ{Neu
hatel{PSI 11 
ollabora-tion the quality of the experiment 
ould be improved. Now a fa
tor of 6 more pions
an be stopped. The use of spheri
ally bent 
rystals together with bigger CCDdete
tors12 provided an additional fa
tor of about 3. A spe
ially tailored shieldingredu
ed the ba
kground by one order of magnitude. As an example for the qualityof the measurement a spe
trum of the �H(3� 1) transition is shown in Fig. 1.In the years 2001/2002 the 2p{1s, 3p{1s as well as the 4p{1s transitions hadbeen measured. The 3p{1s transitions had been measured at pressures ranging fromseveral bar (room temperature) up to liquid hydrogen. In total up to 28000 entrieshad been 
olle
ted summed over all transitions .



November 25, 2004 12:5 WSPC/INSTRUCTION FILE MENU_2004_pih
pioni
 hydrogen 3

Fig. 1. �H(3� 1) transition measured at an equivalent density of 28 bar.2.2. Energy 
alibrationFor an a

urate extra
tion of the ground state shift an energy 
alibration was per-formed by using the �O(6h� 5g) transition whi
h is nearby the 3p{1s transition inpioni
 hydrogen and whi
h is not a�e
ted by strong intera
tion. The transition en-ergy 
an be 
al
ulated to be 2880.506� 1 eV. In 
onsequen
e the shift measurementsresulted in an error of less than 1%.2.3. Determination of the resolution fun
tionThe determination of the ground state width from a Lorentzian broadening of thetransition observed represents a major experimental 
hallenge. The spe
trometer'sresponse fun
tion whi
h 
ontains a Lorentzian part itself must be determined ex-perimentally. Until re
ently it had been obtained from narrow pioni
{atom transi-tions 10;11;13 with limited a

ura
y only. To rea
h the required a

ura
y of 1% the
alibration measurement should have an intensity of some 10000 events in the linewith a peak/ba
kground ratio of more than 100:1. For that reason, an Ele
tron{Cy
lotron{Resonan
e Ion Trap (ECRIT) sour
e has been set up to produ
e helium{like ele
troni
 atoms 14.In su
h a devi
e few{ele
tron atoms are produ
ed at high rates. Systemati
studies using the M1 transitions from helium{like argon, 
hlorine and sulfur atomsyielded the required 
hara
terisation of the resolution fun
tion of the Bragg 
rys-tals 15 (Fig. 2) at energies 
orresponding to the 4p{1s, 3p{1s and the 2p{1s transi-tions.
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trum ( 
ounts/
hannel against 
hannel number) of He{like sulfur is shownaround the region of the M1 transition. A �t based on a well de�ned response fun
tion obtainedfrom X-ray tra
king routines allows for an additional Gaussian width as a free parameter. Fromthis pro
edure the response fun
tion of the 
rystal spe
trometer is obtained. The energy of thesmall satellite line to the right of the main transition from Li{like sulfur is well known and doesnot in
uen
e the quality of the result.3. First results3.1. Transition energy and hadroni
 shiftAt �rst, the possibility of radiative de{ex
itation of the �H atom { when bound into
omplex mole
ules formed during 
ollisions ��p+H2 ! [(pp��)p℄ee { was studiedby sear
hing for a density dependen
e of the �H(3p� 1s) transition energy.A possible pressure shift was ex
luded experimentally by the observation atdi�erent pressures and extrapolating to pressure zero. No density e�e
t was foundwhi
h is interpreted as the absen
e of radiative de
ay from loosly bound mole
ularstates. Consequently, the measured line shift�1s = +7:120� 0:008� 0:009 eV (3)
an be attributed ex
lusively to the strong intera
tion 16. The �rst error is due tostatisti
s. The se
ond one 
ontains systemati
 
ontributions as are stability, set{up,analysis and the un
ertainty for the 
al
ulation of the pure ele
tro{magneti
 (3p�1s) transition energy to be 2878.808�0:006 eV 17. Measurements in pioni
 deuteriumla
k su
h a pro
edure and should not be used to extra
t a strong intera
tion shiftas long as a similar extrapolation to pressure zero is not performed.
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 hydrogen 53.2. Line width and hadroni
 broadeningThe measured line shape of the pioni
 hydrogen K transitions is a 
onvolution of aLorentzian pro�le a

ording to the natural width �1s, the resolution of the 
rystalspe
trometer and in general several 
ontributions to the Doppler width 
aused byvarious n! n0 Coulomb transitions. In a �rst step of evaluation only the responsefun
tion of the spe
trometer as obtained from a 
alibration with pioni
 
arbon wasused for de
onvolution. The extra
ted Lorentzian width (given in meV togetherwith statisti
al and systemati
al error) showed for a pressure of 10 bar a signi�
antin
rease going from 899� 45� 10 (4p� 1s ) to 1053� 27� 22 ( 3p� 1s) and evenmore for the 2p� 1s with a value of 1170� 32� 35 16. This behaviour is attributedto the energy gain available for the a

eleration of the pioni
{hydrogen whi
h ishigher for lower n levels.Table 1. Extra
tion of the strong intera
tion Lorentzianwidth assuming kineti
 energy distributions from Coulombde{ex
itation additional to a low energy 
omponent less than1 eV. The weights of the 
omponents are left free in the �ttingpro
edure. In 
ase of liquid hydrogen (LH2) an energy 
ontribu-tion of 30 eV from Stark e�e
t is subtra
ted. Only the �t erroris given.transition/pressure/
rystal Coulomb steps �1sn! n0 meV4p� 1s/10b/si 111 5! 4,6! 5 812�433p� 1s/10b/si111 4! 3, 5! 4,6! 5 787�412p� 1s/10b/si111 3! 2 4! 3 778�403p� 1s/28b/qu10-1 4! 3, 5! 4 770�543p� 1s/LH2/qu10-1 4! 3, 5! 4 827�61Based on the pre
ise knowledge of the spe
trometer's resolution fun
tion fromthe ECRIT measurements a more re�ned evaluation tried to identify various 
on-tributions to the line shape from Coulomb de{ex
itation.With this pro
edure the analysis of the three transitions �H(2p�1s), �H(3p�1s)and �H(4p � 1s) at di�erent pressures yielded 
onsistent values for the hadroni
broadening independent on transitions and pressures as shown in Table 1. A pre-liminary result 
an be given to be �1s = 800� 30 meV.3.3. S
attering lengthsThe e�orts to improve the a

ura
y of the s
attering lengths fa
e the problemthat the linear 
ombination a+ + a� to be determined from �1s su�ers from thepoor knowledge of Æ� (see Eq. 1). The present the 
orre
tion for �1s is 
al
ulated toÆ� = (�7:2� 2:9)% 18. At present, the experimental a

ura
y is signi�
antly betterthan the un
ertainty originating from Æ�A result for the 
orre
tion Æ� of the level broadening �1s (see Eq. 2) is expe
ted
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tor s
attering length.4. Con
lusions and OutlookThe result for �1s from this experiment ex
ludes the in
uen
e of mole
ular stateson the level shift at a level of about 0.2%. A similar approa
h is still missing in theextra
tion of truly strong intera
tion shifts in pioni
 deuterium. Limitations in theextra
tion of the isospin s
attering lengths are given at present by the not pre
ilelyknown low{energy 
onstant f1 appearing in se
ond order in the 
hiral expansion.The more important is the pre
ise determination of the ground state broadening.Here f1 does not appear in se
ond order, whi
h allows the extra
tion of the isove
tors
attering length a� and the pion{nu
leon 
oupling 
onstant f2�N .A next step is a dedi
ated measurement of Coulomb de{ex
itation in muoni
hydrogen. Best suited for su
h an investigation is the �H(3p � 1s) transition ata density equivalent of 10 bar, where the line yield is about 30% 20. The �H linewidth { after de
onvolution of the spe
trometer response { will be interpreted interms of a new dynami
al 
as
ade pi
ture involving the velo
ity of the exoti
 atomand the results from re
ent 
al
ulations for the 
ross se
tion of the various 
ollisionpro
esses 21.Referen
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