
Crystal Spetrosopy and Exoti AtomsPaul Indeliato� and Leopold M. Simonsy�Laboratoire Kastler-Brossel, Unit�e Mixte de Reherhe du CNRS nÆ C8552,�Eole Normale Sup�erieure et Universit�e Pierre et Marie Curie, Case 74, 4 plae Jussieu,F-75252 Paris CEDEX 05, Franey Paul Sherrer Institute, CH-5232 Villigen PSI, SwitzerlandAbstrat. Reent developments in rystal spetrosopy of X-rays emitted from exotiatoms onentrated on the measurement of the ground state level shift and width inpioni hydrogen. An inrease of the pion beam intensity together with a sophistiatedstopping tehnique ombined with newly developed reetion spetrometers as well aswith large area foal CCD detetors resulted in a gain of luminosity of three orders ofmagnitude. The potential of these ahievements for an improved measurement of thevauum polarization ontribution in exoti atoms is disussed.INTRODUCTIONHigh resolution rystal spetrosopy of X-rays emitted from muoni or pioniatoms has been a substantial part of the experimental program at SIN/PSI forthe last two deades. The experimental method makes use of the Bragg reetionof X-rays on rystals in order to ompare the wavelength of radiation � with thelattie spaing d of two rystal planes via the relationn � = 2d sin �B ; (1)where n is the order of reetion and �B is the angle of the inoming X-rays withrespet to the rystal planes (Bragg angle) at whih the reetions onstrutivelyinterfere. As angle di�erenes an be measured very preisely, Bragg reetiono�ers a high potential for the determination of di�erenes of X-ray energies.Exoti atoms o�er many possibilities for a high preision spetrosopy, whihan be attributed to di�erent regions of prinipal quantum numbers. For lowquantum numbers the overlap of the atomi wave funtion with the nuleus leads tohanges in binding energies energies, whih an then be used to determine nulearparameters as it was done extensively in the ase of muoni atoms. Pioni atoms aremostly used to determine strong interation e�ets by measuring the indued shiftand width of the atomi levels. Experiments on levels with higher quantum numbersaim at the determination of, e.g., the pion mass, at testing higher order QED



alulations or at the searh for anomalous interations leading to deviations fromQED. Suh experiments have to be arefully investigated to hek whether eletronsreening shifts may lead to smaller binding energy, whih are unontrollable asthe status of the eletron shell is not exatly known. In fat the eletron sreeningontribution limited the auray of most of the rystal spetrometer experimentsdone in past with transmission spetrometers. For gaseous targets below Z =18 and a pressure of lower than 0.1 bar, however, omplete ionization has beenestablished for muoni (pioni) atoms [1℄. The energies of the X-rays betweenprinipal quantum numbers higher than n = 3 are below 10 keV for these atomsand therefore only aessible to reetion spetrometers.A new generation of experiments with reetion rystal spetrometers was basedon several tehnial developments listed below.� The intensity inrease of pion beams. This is a result of both the intensityinrease of the primary proton urrent by a fator of more than ten in reentyears and the setting up of the dediated �E5 pion hannel at PSI.� A superonduting split oil magnet (ylotron trap) inreased the stop den-sities by two orders of magnitude for pions and allowed to work with externaltargets [2℄. The deay of pions inside the ylotron trap also produed asuÆient amount of stopped muons.� The development of ylindrially and spherially bent rystals with a size ofthe order of 100 m2.� The use of CCD detetors for the detetion of low energy X-rays with exellentspatial and energy resolution. The spatial resolution was neessary to measurethe reex without time onsuming sanning. It was deisive also to redue thebakground aused by harged partiles and X-rays of higher energies [3℄.PIONIC HYDROGENThe understanding of strong interation in the on�nement regime has advanedreently, as hiral perturbation theory was developed to perform alulations at lowenergies [4℄.Its extension to heavy baryon hiral perturbation theory [5℄ allows to alulatemany of the experimentally aessible proesses in the meson nuleon setor. Thehek of the soundness of this approah requires high preision experiments. Thisresembles the situation in the development of QED during the last 50 years, wherethe measurement of the Lamb shift ontributed muh to the development of QED.In a omparable way the measurement of strong interation shift and width inpioni hydrogen an be onsidered to be a key experiment in strong interationphysis at low energies.This atom is dominated by the eletromagneti interation of its onstituents.Their strong interation is only e�etive if the wave funtions of pions and the



proton signi�antly overlap. In the ground state it results in a broadening of� 1 eV and a shift of � 7 eV , whih has to be ompared to an eletromagnetibinding energy of E1s = 3238 eV . The relations of the measured quantities tothe hadroni sattering lengths ah desribing the ��p ! ��p and the ��p ! �0nproess, respetively, are given by the Deser-type formulae [6,7℄:�1sE1s = �4 1rB ah��p!��p(1 + Æ�) (2)�1sE1s = 8Q0rB (1 + 1P )(ah��p!�0p(1 + Æ�))2 (3)Here rB is the Bohr radius of the pioni hydrogen atom with rB = 222:56 fm, Q0 =0:142 fm�1 is a kinematial fator and P=1.546�0.009 is the Panofsky ratio [8℄. Æ�and Æ� are eletromagneti orretions, whih have reently been alulated with apotential model with an auray of about 0:5% [9℄. In a reent study the problemof the eletromagneti orretions is disussed and the potential model ansatz isritisized [10℄.The relations of the measured quantities with the isospin separated satteringlengths b0 (isosalar) and b1 (isovetor) are given by:ah��p!��p = b0 � b1 (4)and ah��p!�0p = p2b1 (5)The shift and the width of the ground state in pioni hydrogen and deuteriumhave been determined in a series of experiments of the ETHZ-Neuhâtel-PSI ol-laboration by measuring the 3{1 transition at 2886 eV with a reetion type rystalspetrometer [11℄.The results improved the value for the strong interation shift by almost twoorders of magnitude ompared to earlier work. In addition �rst results for the widthof the ground state were obtained. The error in the width, however, is still almostan order of magnitude bigger than the one in the shift and is strongly inuenedby the poor knowledge of aelerating mehanisms during the de-exitation of theatom. The aeleration results in di�erent ontributions of Doppler broadening ofthe X-ray energy. This exludes the extration of the isospin separated satteringlengths with errors on the %{level from the hydrogen experiment alone.An illustration of the most reent evaluations for b0 and b1 from atomi dataas well as from sattering data is shown in Figure 1. The data from satteringexperiments lead to the bands limited by full lines. They have been obtained byritially investigating the di�erent ross setions for the �+p (proportional to b0+b1), and ��p (proportional to b0� b1) and harge exhange proesses (proportional



to b1) and extrapolating them to zero energy [12℄. All three bands from the di�erentlinear ombinations of b0 and b1 oinide in a narrow region in the (b0; b1) planewith orresponding values of about b1 = �0:082m�1� and b0 = 0:003m�1� eah witherrors of about �0:001m�1� . As the three di�erent onstraints originate from manydi�erent sets of experiments, the ommon intersetion an be onsidered as a quiteimpressive result. Some ritiism was expressed, however, onerning the validityof the model used [13℄. It should be mentioned that earlier evaluations of satteringdata lead to quite di�erent results [14,15℄. Espeially the value of b0+ b1 extratedfrom the Karlsruhe-Helsinki evaluation with a value of �0:101m�1� ontradits theevaluation mentioned above whih assumes b0 + b1 = �0:077� 0:002m�1�The data from pioni atoms lead to the regions limited by the dashed lines. Asstated before the large error in the width measurement preludes an extrationof b0 and b1 with suÆient preision. Moreover the band resulting from the shiftmeasurement alone is at variane with the orresponding ��p sattering data. Areent evaluation of pioni deuterium shift data results in a a small overlappingarea if ombined with the pioni hydrogen shift data [16℄. The results in terms ofsattering lengths are b0 = �0:0017� 0:001m�1� and b1 = �0:09� 0:0012m�1� . Anevaluation of the ETHZ-PSI-Neuhatel group using earlier theoretial input for theevaluation of the deuterium data resulted in almost the same value for b0 but gave
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FIGURE 1. Information on b0 and b1 from sattering experiments and exoti atom data.



a somewhat di�erent value of b1 = �0:0868� 0:0014m�1� [17℄.In onlusion it an be stated that the results from sattering data and atomexperiments are still ontraditory and therefore need further investigation. Fromthe side of the atom experiments it should be lari�ed whether the shift and thewidth values of pioni hydrogen and deuterium are true strong interation e�etsand are not spoiled by the interation of the pioni atom with the surroundingmoleules.In a reent proposal to PSI it is planned to determine the ground state width (andshift) from the 2{1 (2433 eV) and the 3{1 (2886 eV) as well as the 4{1 (3042 eV)transitions at several pressures between 3 and 15 bar [18℄.In a �rst step of the experiment, the width an be extrated from a simultaneous�t of all transitions, whih lets the di�erent Doppler broadenings free, but keeps theresponse funtion for the di�erent transitions �xed at its independently determinedvalue. Using the fat that the strong interation width is the same for all transitions,a ommon value for the strong interation width an be extrated with an aurayof about 2.5%.The still neessary inrease in auray requires an additional e�ort. A simulta-neous spetrosopy of pioni and muoni hydrogen atoms is planned as the muoniX-rays do not show any strong interation broadening, but exhibit Doppler broad-ening similar to pioni atoms.VACUUM POLARIZATION IN EXOTIC ATOMSNow the question will be onsidered whether an improvement of the presentauray of 900 ppm in the vauum polarization (VP) ontribution to the bindingenergy in exoti atoms an be ahieved. Tests of QED in eletroni hydrogen-like ions have provided values for the Lamb shift of at best a few %. As vauumpolarization is only a small ontribution of the total Lamb shift (from 0.2% inhydrogen to 20% in hydrogenlike uranium), exoti atoms o�er a unique possibilityof studying objets in whih vauum polarization heavily dominates. It means thathigher-order orretions like three-loop vauum polarization, whih are ompletelynegligible in eletroni atoms, are relevant. The size of the ontributions to thetransition energy for two examples are shown in Table 1. Beause the Bohr radiusin pioni or muoni atoms is more than 200 times smaller than in normal atoms,one is then more sensitive to short distane interations. Finally, pions being spin0 bosons, the �ne struture of pioni atoms enables to test in details the Klein-Gordon equation. For an optimum experiment a proper hoie of transition andtarget element is in order: The transition should not be inuened by nulear e�ets(�nite size, nulear polarization) and on the other hand eletron sreening and linebroadening e�et (Coulomb explosion of moleules) should be avoided. The latterrequirements restrit the hoie to mono-atomi (or equivalent) gaseous targetswith Z lower than 18. In order to have a sizeable ontribution of the vauumpolarization term the hoie should try to maximize Z and minimize the prinipal



TABLE 1. Contributions to the transition energy of � 14N7+ and� 40Ar18+, with energies around 8 keV (eV).Element 14N, 4f � 3d 40Ar, 7i� 6h Di�.Klein-Gordon (�n. nul.) 8759.815 8842.728 -82.913Uehling (�Z�) 8.223 3.669 4.553Wihman and Kroll (�(Z�)3) -0.003 -0.013 0.010K�all�en and Sabry (�2Z�) 0.066 0.034 0.032Loop after loop Uehling (�2Z�) 0.010 0.003 0.007Relat. reoil 0.011 0.007 0.004Total 8768.122 8846.429 -78.307quantum number of the transition, i.e., the energy should be at a maximum. Thismeets the requirement from the side of the detetion tehnique whih gives bestresolution for higher energies. A limit is given by the rapidly dropping eÆienyof the CCD detetors above 10 keV. As an order of magnitude more pions thanmuons an be stopped in thin targets, pioni atoms are onsidered preferentially.In this ase the inuene of strong interation shifts deserves speial attention.The VP shift for the ases to be studied is at the best on a level of 1000 ppmof the transition energy. Aiming at a relative auray of 100 ppm in the VPterm requires an energy determination on the level of 0.1 ppm. This is far beyondthe present possibilities of doing absolute energy measurements with bent rystalspetrometers and even an an order of magnitude less than the present knowledgeof the pion mass. Relative energy measurements, however, are not exluded. Theyrely on a omparison of transitions with almost idential Bragg angles but withVP ontributions as di�erent as possible. These an be the omparison of irularand parallel transitions for the same element or a omparison of irular transitionsof two di�erent elements. Here it should be kept in mind that parallel transitionshave an intensity of about 10% of the irular transition, but also that the numberof muon stops presently ahieved is an order of magnitude less ompared to pions.Cirular and parallel transitions for one ZThe VP ontribution of a parallel transition has almost the double value ofthe irular transition. An illustrative ase is the 5{4 transitions in pioni 20Ne.The irular transition 5g � 4f has an energy of 8306.4485 eV with a 5.4483 eVontribution of higher order QED e�ets, mainly vauum polarization. The parallel(5f � 4d) transition is higher in energy by 8.8731 eV with a VP ontributionof 9.8096 eV. The QED di�erene of about 4.361 eV should be determined with0.4 meV auray. The 4d state is a�eted by strong interation shift on the levelof less than 0.1 meV. The dispersion alibration as well as a ontrol of systematierrors is provided by overlapping the same transitions from 22Ne by working with an50:50 mixture of the two isotopes. The irular transition of 22Ne is shifted to higherenergies by 5.6292 eV ompared to 20Ne (5.6354 eV for the parallel transition). As



a result the parallel transition of 20Ne is only 1.2432 eV higher in energy as theirular transition of 22Ne.The experiment would be onduted at a target pressure of typially 10 bar,eventually in a mixture with hydrogen in order to maximize the yield of the paralleltransition. The yield of the parallel transition an be expeted to be at least 5%with a rate of about 40/h. A at rystal roking urve width of 40 meV for theBragg reetion of Si (444) would result in a measuring time of 2 weeks in orderto reah a 100 ppm auray in the VP ontribution. Bending the rystals resultsin a onsiderably worse width from the geometry (Johann broadening) only [19℄whih together with e�ets from rystal distortion exludes the abovementionedmeasurement at present time.Cirular transitions of di�erent elementsThe 7i � 6h transition in pioni argon is 78.307 eV higher in energy than the4f � 3d transition in pioni nitrogen at 8768.121 eV. The di�erene in the vauumpolarization of both transitions is 4.506 eV. Working with a mixture of 50% NH3to 50% Ar at a pressure of 2 bar an event rate of about 500/h an be expeted forboth transitions. With a theoretial line width of 40 meV for the Si (444) reex(mean Bragg angle 63:9o) a statistial auray of 100 ppm an be expeted in 1day of measurement. The distane of the two lines is about 54 mm whih wouldrequire a target broader than used routinely as well as a broader CCD detetor.Choosing the Si (440) reetion would result in an aeptable distane of 28 mmbetween the two lines with a still tolerable resolution of 80 meV. Then also the Si6h� 5g transition (with SiH4 as target gas) whih is about 92 eV higher in energythan the nitrogen transition ould be measured to provide an independent hek.Geometrial broadening aused by bending the rystal results in a fator of fourworse resolution if the same rate should be maintained. Even then the experimentwould be feasible in a onvenient time.Bragg angles near 90oAn analysis of the imaging errors for spherially bent rystals shows a ontri-bution from the width of the rystal, whih inuenes the auray in the wavelength determination with a term proportional to ot2 �B. The ontribution fromthe height of the rystal is always negligible and the ontribution from the heightof the soure an be orreted for. Hene experiments should be onsidered, whihallow an observation a large Bragg angles.One example is the determination of the vauum polarization in the 6{5 struturein muoni hlorine. The 6h � 5g transition in muoni hlorine at about 9912 eVhas a vauum polarization ontribution of 4.4 eV ompared to a �ne struturesplitting of 3 eV. The vauum polarization term in the parallel transition 6g � 5famounts to 8.05 eV with a �ne struture splitting of about 5.5 eV. An aurate
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