
Hyper�ne Interactions 0 (1998) ?{? 1X-ray spectroscopy at PSILeopold M. SimonsPaul Scherrer Institute, 5232 Villigen PSI, SwitzerlandCrystal spectroscopy of the X-rays of exotic atoms started with a series of ex-periments using transmission spectrometers. Experiments at lower energies weremade possible by the development of re
ection spectroscopy. The progress made isillustrated with a measurement of the pion mass and the determination of stronginteraction e�ects in pionic hydrogen isotopes. Modern developments aim at a de-termination of the strong interaction width on the level of %. The way to reach thisgoal is presented and the limits of the method and possible future experiments arediscussed.Keywords: exotic atom, X{rays, crystal spectroscopy1. IntroductionThis contribution tries to survey experiments at SIN/PSI where a high reso-lution crystal spectroscopy of X{rays emitted from excited levels of exotic atomshas been performed. Crystal spectroscopy makes use of the Bragg re
ection ofX{rays on crystals in order to compare the wavelength of radiation � with thelattice spacing d of two crystal planes via the relationn � = 2d sin �B : (1)n is the order of re
ection. �B is the angle of the incoming X{rays with respect tothe crystal planes (Bragg angle) at which the re
ections constructively interfere.As the lattice spacing is a well known quantity and angles can be measured withhigh precision, Bragg re
ection o�ers a high potential to measure the energy ofX{rays with high precision [1].The basic features of exotic atoms are well described by the solution of theDirac or the Klein{Gordon equation for a pointlike nucleus. A closer look, how-ever, reveals deviations from this simple picture. The pure Coulomb interactionis disturbed by QED e�ects, the extended structure of the nucleus and the pres-ence of the electron shell. Therefore particle physics as well as nuclear or atomic(molecular) physics aspects play a role in describing exotic atoms. The di�er-ent �elds of research can be attributed to di�erent regions of principal quantumnumbers. For low quantum numbers the overlap of the atomic wave functionwith the nucleus leads to the change of the energies which can be used to deter-



2mine nuclear parameters in the case of muonic atoms and in special cases alsofor pionic atoms. The latter are mostly used to determine the strong interactione�ect by measuring the induced shift and width of the atomic levels. Experi-ments a higher quantum numbers are aim at the determination of the pion mass,the test of the validity of the Klein-Gordon equation or the search for anomalousinteraction deviating from QED. They have to be carefully investigated whetherelectron screening shifts contribute. A part of the electron wave function shieldsthe nuclear charge and hence leads to a smaller binding energy. This shift cannot be calculated reliably as the status of the electron shell is not well enoughknown. For gaseous targets of low Z (below Z=10) and a pressure of smallerthan 100 hPa, however, complete ionisation has been proven [3]. The energiesof the X-rays between principal quantum numbers higher than n=3 are below10 keV for these atoms and therefore only accessible to re
ection spectrometers.The strongest motivation to use re
ection spectrometers, however, came froma measurement of Lyman X{rays of pionic hydrogen atoms in the energy rangebetween 2 and 3 keV.The use of crystal spectrometers for the determination of the energies ofthe X-rays emitted during the cascade of the exotic atom increases the energyresolution compared to solid state detectors by orders of magnitude. As thisincrease implies a corresponding decrease of e�ciency, the routine use of crystalspectrometers had to await the building of the high intensity meson factories.Even then special arrangements had been necessary to stop enough pions ormuons. For muon spectroscopy a crystal spectrometer had been set up with aninternal target in the cryogenic muon channel at SIN [4]. For the study of pionicatoms a novel method (Gatchina target) has been developed with the target inthe vicinity of the pion production target [5,6]. Because of the bulky structure ofthe targets the energy of escaping X{rays was restricted in both cases to valueshigher than about 20 keV thus excluding the use of re
ection spectrometers.2. Experiments with transmission spectrometersThe two transmission spectrometers at SIN/PSI were used to study muonicatoms and interaction e�ects in pionic atoms. Both used the DuMond geometrywith the need to scan the re
ected X{rays.2.1. Muonic atomsThe experiments at the muon channel at SIN concentrated on tests of the va-lidity of quantum electrodynamics and on possible deviations from it as a searchfor so-called anomalous interactions [7,8]. In a measurement of the 2p-1s tran-sitions in muonic carbon this also implied the determination of the root meansquare radius of the carbon nucleus. The result represents the most precise valueof this quantitiy and impressively demonstrates the possibilities of the exotic



3atoms experiments. The transition energy of about 75 keV has been measuredwith a precision of 5.3 ppm. The achieved resolution was 4.9 eV. The root meansquare radius of the 12C nucleus was determined to be 2:4829� 0:0019 fm. Thisis a factor of about 2.5 more accurate than a suitable combination of 5 di�erentresults from electron scattering experiments. The mesuring time of the experi-ment was 65 h at a proton current of 70 �A. It should be mentioned that thecorresponding total proton charge of 4.55 Cb is presently delivered in a time ofless than one hour. The accuracy of the measurement, however, is limited by thenuclear polarization correction of 4 ppm.In a similar experiment the 3d-2p transitions in muonic Mg and Si have beeninvestigated. The transition energies had been determined with an accuracyof 2.9 ppm each. The vacuum polarization shift amounts to about 3000{4000ppm of the transition energies. The result of the measurement represents thebest determination of the vacuum polarization correction in bound states. Theexperiment was conducted at a mean proton current of 70 �A with a total protoncharge of 18.4 Cb for Si and 9.56 Cb in the case of Mg. The uncertainty fromthe electron screening correction is 2.1 ppm representing the limiting systematicerror of the experiment.2.2. Pionic atomsThe measurement of the mass of the negatively charged pion performedat the Gatchina target at SIN also met the di�culty represented by electronscreening e�ects [9]. The position of the 4-3 transition in pionic magnesium wasdetermined with an instrumental resolution of 0.93 eV. The observed line widthwas, however, about 20 % larger than the resolution and this was attributed tothe occurence of more than one con�guration of the electron shell. Since eachelectron population causes a speci�c shielding of the nuclear charge, di�erentelectron screening shifts of the pionic transition energy occur which make theextraction of a value for the pion mass dependent on the di�erent assumptionsof the state of the electron shell.In a di�erent class of experiments the strong interaction shift and widthof the 2p level in low Z pionic atoms were determined. The results correctedprevious work with solid state detectors in an impressive way and served as abasis for further understanding of the p-wave pion nucleus interaction [10].3. Experiments with re
ection spectrometersA new generation of experiments with re
ection crystal spectrometers wasbased on several technical developments. These imply� The intensity increase of pion beams. This is a result of both the intensityincrease of the primary proton current in recent years and the setting up ofthe dedicated �E5 beam at PSI.



4� The cyclotron trap increased the stop densities by orders of magnitude andallowed to work with external targets avoiding the restrictions imposed byinternal targets [2]. The decay of pions inside the cyclotron trap also produceda su�cient amount of muons stopping in the target.� The development of cylindrically and spherically bent crystals with a size ofthe order 100 cm2.� The use of CCD detectors for the detection of low energy X-rays with excellentspatial and energy resolution. The spatial resolution was necessary to measurethe re
ex without time consuming scanning. It was moreover decisive to reducethe background caused by charged particles and X-rays of higher energies.All these achievements made the use of external gas targets and the measure-ment of low energy X-rays feasible. The main application was the spectroscopy ofthe Lyman X-rays in pionic hydrogen isotopes to be discussed below. Moreoverthe spectroscopy of transitions between higher n{levels of low Z exotic atomsbecame accessible. In these atoms a high degree of ionisation had been demon-strated [3]. Interesting experiments could be conducted at pressures where theinteraction of the exotic atom with the surrounding atoms was suppressed. Thisfact reduced or eliminated the electron screening problem as no electrons could bere�lled from other atoms. Based on these achievements a new e�ort was startedfor a new determination of the pion mass.3.1. Determination of the pion massBecause of the recent e�orts in determining the mass of the muon neutrino aprecision for the pion mass of the order of 1 ppm is required as the �nal accuracyof the result strongly depends on the knowledge of the mass of the charged pion[11]. A further motivation for a smaller error in the pion mass is the determinationof the strong interaction e�ects in pionic hydrogen. The error in the calculationof the QED binding energies is mainly given by the error in the mass of the pion.It is also worth to mention that the accuracy in the calculation of the energy ofundisturbed levels in exotic atoms is determined by the error in the pion mass.Nuclear masses have much smaller errors. Therefore a determination of the pionmass on the ppm level makes a new X{ray energy standard available. This is themore important as the transitions have a line with of less than 0.1 eV.A new approach to determine the pion mass consisted in the direct compar-ison of the energies of muonic and pionic X-rays. It directly compares the massof the pion with the muon mass which in turn had been determined for positivemuons with a relative accuracy of 0.3 ppm. The simultaneous measurement ofalmost coinciding transitions in muonic oxygen and pionic nitrogen is free of mostof the systematic errors. In a �rst round of the experiment the ability to stopenough pions in a gas target was demonstrated and a value for the pion masscould be extracted from a comparison with a Cu 
uorescence line [12]. The ex-
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Figure 1. The J�ulich re
ection spectrometer at the �E5 channel at PSIperimental set-up typical for a re
ection spectrometer is shown in Fig. 1. About4�108 negative pions were injected into the cyclotron trap per second at a protoncurrent of 1 mA. Inside the target chamber of the cyclotron trap, a cylindricaltarget container with a diameter of 60 mm and thin walls (50�m Kapton wasmounted. When this container was �lled with nitrogen gas at one bar pressure,about 106��/s were stopped. The CCD detectors registered of about 120 pionicnitrogen X{rays/h with a peak/background ratio of 200:1. With a new cyclotrontrap substantial improvements both in the number of stopped particles and inthe reduction of background could be achieved. This lead to the submission ofa new proposal at PSI, which aims at a determination of the pion mass on thelevel of 1 ppm or better.The experiment implies the simultaneous measurement of the pionic nitrogenand the muonic oxygen 4{3 transition at about 4 keV. A new CCD detector isbeing set up presently which is capable of having both the pionic and muonictransitions detected [13].3.2. Strong interaction e�ects in pionic hydrogenThe pion{nucleon interaction is subject to experimental and theoreticalstudies since the very beginning of the development of particle physics. It isconsidered to be a fundamental problem of QCD. The understanding of stronginteraction in the con�nement regime has advanced recently, as chiral perturba-tion theory was developed to perform calculations at low energies [14{16]. In theframework of this theory the scattering lengths for pion nucleon scattering can



6be calculated on the level of 10�2. The strong interaction shift and width of theground state of pionic hydrogen are directly dependent on linear combinations ofthe two isospin separated scattering lengths. Therefore a precision measurementof both quantities should be performed. The measurement would in additiongive a constraint to the phase shift analysis of the pion nucleon scattering exper-iments. As a third point the pion nucleon coupling constant could be directlyextracted from the width measurement.The shift and the width of the ground state in pionic hydrogen and deu-terium have been determined in a series of experiments by the ETHZ-Neuchâtel-PSI collaboration by measuring the 3{1 transition at 2886 eV. The experimentalset{up was very similar to the one shown in Fig. 1. An array of 6 cylindricallybent quartz crystals had been used in order to increase the statistics of the ex-periment. The pions were stopped with the help of the cyclotron trap I and theX{rays were detected with the Neuchâtel CCD detectors [17].The results obtained represent an improvement by more than an order ofmagnitude compared to earlier work for the strong interaction shift. The exper-iment gave the �rst result for the width of the ground state [18]. At present theerror in the width caused by Doppler broadening is almost an order of magnitudebigger than the one in the shift. This excludes the extraction of the isospin sep-arated scattering lengths with errors on the %{level. The measurement is veryuseful, however, to put constraints on the di�erent work in phase shift analysisof the scattering experiments in the pion nucleon system.3.3. Proposed measurements of the strong interaction width in pionic hydrogenFirst tests with the newly designed cyclotron trap (cyclotron trap II) showedan enhancement in intensity by more than an order of magnitude and a furtherreduction of background (see Fig. 2) compared to earlier experiments.As the intensity problem can be considered to be solved, the limitation inthe determination of the strong interaction width is given by the Doppler e�ectcaused by the so-called Coulomb deexcitation acceleration. In a recent proposalto PSI it is therefore planned to determine the ground state width (and shift)for the 2{1 (2433 eV) and the 3-1 (2886 eV) transitions at 3 di�erent pressuresbetween 3000 and 15000 hPa [19].In a �rst step, however, it is planned to establish the independency of theground state shift from pressure by measuring the energy of pionic 3-1 transitionsimultaneously to the pionic oxygen 6{5 transition at 2871 eV. The strong width isin a second step extracted from a simultaneous �t of the 6 transitions which keepsthe di�erent Doppler broadenings free but leaves the resolution for the di�erenttransitions �xed at its measured value. In addition the strong interaction width isassumed to be the same for all transitions. With this procedure a common valuefor the strong interaction width can be extracted with an accuracy of about 2.5%.The still necessary increase in accuracy can be achieved by a simultaneous



7
Figure 2. The 2{1 transition of pionic deuteriumspectroscopy of pionic and muonic hydrogen atoms in a third step of the ex-periment. The muonic X{rays do not show any strong broadening but exhibita similar Doppler broadening as pionic atoms. In addition recent experimentsdetermined the velocity state of the pionic hydrogen atom at the moment ofthe charge exchange reaction [20]. This together with the muon measurementconstrains the input parameters for the calculation of the development of kineticenergies in the cascade of pionic hydrogen. The results of the cascade valculationscan then be used to correct for the in
uence of the Doppler broadening.3.4. Combined measurement of muonic and pionic X-raxsFor the newly proposed measurement a method was found to measure pionicand muonic X{rays simultaneously. This is made possible by the fact that thereduced masses of pionic and muonic hydrogen exhibit almost the same ratioas two lattice plane di�erences of quartz. With a two crystal set up one abovethe other the X{rays can be Bragg re
ected to the same CCD detector. As anexample a computer simulation of a hyper�ne splitted muonic 2{1 transition isshown in Fig. 3. It comprises 20000 measured muonic X{rays which correspondsto a measuring time of 2 weeks at a pressure of 15 bar. The line is broadenedby di�erent contributions from Coulomb deexcitation process as calculated witha modern cascade program. A resolution of 220 meV is assumed for a quartzcrystal. The peak to background ratio corresponds to recent experience.
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0 20 40 60 80 100 120 140 160 180 200Figure 3. A simulation of the 2{1 transition in muonic hydrogen. The structure of the linere
ects the di�erent contributions from Coulomb deexcitation processes.3.5. Calibration proceduresA successful X{ray spectroscopy of the quality required for the pionic hy-drogen experiment bases on a narrow and well understood resolution function ofthe crystals. A calibration in energy or even an optimization can not be achievedwith 
uorescence X{rays as produced with X{ray tubes. Their width is an or-der of magnitude broader than the resolution of the crystals. The line shape ismoreover in
uenced by not well determined satellite lines.There are about 10 useful pionic transitions available in the region between2000 and 3000 eV produced by the stopping of pions in low Z gases. Their rate,however, is not su�cient to do a time consuming optimization of the crystal res-olution. A way out of this dilemma is granted by producing X{rays from one-or two{electron atoms. These can be produced copiously by electron cyclotronresonance (ECR) sources, which have been developed as ion sources for acceler-ators. The line width of the X{rays is determined almost exclusively by a verymuch reduced Doppler e�ect which leads to broadenings negligible compared tothe intrinsic resolution of the crystals. Presently such a source is being set up atPSI. It is planned to test with it �rst with Si crystals of well understood responsefunction. In a second step the response function of quartz crystals will be opti-mized and 
uorescence sources will be calibrated. During the measurement withpions and muons the crystals can then be routinely surveyed with pionic X{rayswhich in turn can be used to energy calibrate the ECR measurement on the ppmlevel.



94. Limitations of the method and possible new measurementsThe Bragg re
ection law itself directly hints at the limits of the crystalspectroscopy measurements. An error analysis gives��� = �dd + cot �B ! (2)! = �B represents the intrinsic resolution of the crystal. The �rst termre
ects the regularity of the crystal lattice over the extinction length. Optimalresolution requires to work at higher re
ection orders where the extinction lengthis increased. For the (220) plane in Si the lattice plane di�erence has beendetermined with an error of 3 � 10�8 only [21], which means that special Sicrystals show a macroscopic regularity of this degree. This fact could recentlybe exploited also for bent crystals using novel methods of crystal bending [22].The second term contributes much more to the total error, as ! is rarely below10�4. It shows the necessity to work a high Bragg angles. Ideally the Bragg anglewould be as near at 90 degrees as geometrically possible.Moreover an analysis of the imaging errors for spherically bent crystals [23]shows a contribution from the extended size of the crystal to the accuracy inthe wave length determination going with cot2 �B . The contribution from theheight of the crystal is always negligible and the contribution from the height ofthe source can be corrected for. Two speci�c examples are selected to show thepossibilities of new measurements at 90 degree Bragg angle.4.1. Determination of the vacuum polarisation in the 6-5 transition in muonicclorineThe 6h-5g transition in muonic clorine at about 9910 eV has a contributionfrom the vacuum polarization term of 4.5 eV compared to a �ne structure splittingof 3 eV. The vacuum polarisation term in the satellite transition 6g-5f amountsto 8.1 eV with a �ne structure splitting of about 6 eV. A measurement of 3.5eV for the di�erence of the energies of the circular transitions compared to theirsatellite lines would be a direct measure of the vacuum polarisation term. The�ne structure splittings then serves as a calibration. The energy complex is inreasonable neighbourhood to the 90 degree value for the re
ection at the Si(555)plane which has an energy at 9885 eV. The Bragg angle for the muonic linesis at 85.9 degrees with cot �B = 0:0711. An energy resolution of 15 meV canbe reached, which would result in a determination of the vacuum polarisationcontribution on the level of 100 ppm provided 1000 entries can be registered inthe satellite transition.



104.2. Determination of the Lamb shift contribution in electronic chromiumThe energy of the Lyman transitions at about 5932 eV corresponds almostexactly to the minimum energy which is Bragg re
ected at the Si(333) plane.The Bragg angle is 89.04 degree which corresponds to cot �B = 0:0157. Anenergy resolution of 53 meV can be reached which allows to reach an accuracyof 10�3 for the Lamb shift measurement. A suitable ECR source can provideenough intensity. The measurement would require an absolute measurement ofthe Bragg angle on the level of precision of 10�7.5. ConclusionsCrystal spectroscopy of X{rays from exotic atoms has reached a resolutionof about 10�4 for re
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