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DEEPLY BOUND PIONIC STATES IN Pb � ��A. GillitzerInstitut für Kernphysik, Forshungszentrum JülihD-52425 Jülih, Germany(Reeived July 14, 2000)At the GSI Fragment Separator the formation of deeply bound pio-ni states in Pb has been studied in 208Pb(d;3He) and reently also in206Pb(d;3He) reations. The 208Pb(d;3He) experiment is now fully anal-ysed and its result is ompared to model preditions. In the 206Pb(d;3He)reation the pioni 1s state was observed as a well-separated peak in theexitation energy spetrum.PACS numbers: 36.10.Gv, 14.40.Aq, 25.45.Hi, 27.80.�w1. IntrodutionThe investigation of deeply bound pioni states in heavy nulei allows tostudy �real� pions in nulear matter and to dedue the loal (s-wave) partof the pion-nuleus potential, whereas level shifts of shallow states in pioniatoms are dominated by the non-loal (p-wave) part of the interation [1,2℄.Sine deeply bound states are not populated in the onventional tehniqueof forming pioni atoms, namely in the apture of stopped ��, new methodssuh as pioni transfer reations of (n; d) and (d;3He) [3℄ were proposed. Astrong relation between the angular momentum of the preferentially popu-lated states and the momentum transfer of the reation is expeted, henethe leanest onditions for the population of the pioni 2p or 1s states areobtained near the reoil free kinematis.� Presented at the Meson 2000, Sixth International Workshop on Prodution, Proper-ties and Interation of Mesons, Craow, Poland, May 19�23, 2000, for the GSI-S160ollaboration: H. Geissel, H. Gilg, A. Gillitzer, R.S. Hayano, S. Hirenzaki, K. Ita-hashi, M. Iwasaki, P. Kienle, M. Münh, G. Münzenberg, W. Shott, K. Suzuki,D. Tomono, H. Weik, T. Yamazaki, T. Yoneyama.�� Supported by the Bundesministerium für Bildung Wissenshaft, Forshung und Teh-nologie (Germany) and the Grant-in-Aid for Sienti� Researh of Monbusho (Japan).(2581)



2582 A. Gillitzer2. Experimental methodThe (d;3He) spetra on Pb targets were measured using the GSI Frag-ment Separator (FRS) as high-resolution spetrometer. At inident energyTd = 300 MeV=u the momentum transfer is very small (q ' 50 MeV=)for exitation energies near the pion mass. The 3He nulei are momen-tum analysed at the dispersive FRS entral foal plane using drift ham-bers with high-rate apability, and identi�ed by time-of-�ight and energyloss measurement using sintillation detetors at the entral and �nal foalplanes. This tehnique allows both high resolution for the 3He detetionand omplete suppression of sattered deuteron projetiles and of protonsfrom deuteron breakup. By measuring the momentum vetor of the 3Henulei the missing mass and hene the exitation energy of the (Atarget � 1)residual system is fully determined. Frequent energy alibrations were doneusing the p (d;3He)�0 reation on (CH2)n targets whih yields monoenergeti3He within the angular aeptane of the FRS. The experimental method isdesribed in more detail in Refs. [4, 5℄.3. The 208Pb (d;3He) experimentThe study of the 208Pb (d;3He) reation at the FRS lead to the �rst ob-servation of deeply bound pioni states [4℄. The data obtained in this exper-iment have been fully analysed. �gure 1 shows the measured exitation en-
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120 125 130 135 140 145Fig. 1. Measured exitation energy spetrum in the 208Pb (d,3He) reation. Theexitation energy is de�ned with respet to the ground state of 207Pb suh thatthe �� emission threshold (dashed line) is loated at Ex = m�. The alibrationpeak from the p (d;3He)�0 reation is also shown onverted to the orrespondingexitation energy.



Deeply Bound Pioni States in Pb 2583ergy spetrum with respet to the ground state of 207Pb.The prominent peakin the spetrum was assigned to the (2p)�
(p1=2;3=2)�1n on�guration whihwas expeted to be dominantly populated in theoretial investigations [6℄.The pioni 1s state is also populated but not well-separated from the (2p)�omponent. In order to determine the pioni binding energies the exita-tion energy spetrum within the bound region (120MeV < Ex < 136MeV)was deomposed into the (2p)� and the (1s)� omponents, both oupled tothe relevant neutron hole states, and a ontinuum bakground. The relativestrength of the neutron hole states was taken from theory [6℄ whereas bindingenergies, widths and intensities of the pioni 2p and 1s states as well as slopeand o�set of the ontinuum bakground were determined in a �t (8 �t param-eters) [7℄. In the �t funtion the spetral shape of the pioni state was foldedwith the instrumental resolution whih was determined to be 0:48�0:06MeV(fwhm) [5℄. For the 2p state binding energy and width were determined [7℄to be B2p = 5:13 � 0:02 � 0:12 MeV and �2p = 0:43 � 0:06 � 0:06 MeV, re-spetively, the �rst error being statistial, the seond one systemati. Sinethe 1s peak is not learly resolved we have to allow a large unertaintyboth in the binding energy, 6:6 MeV < B1s < 6:9MeV, and in the width,0:4 MeV < �1s < 1:2 MeV. There is a strong orrelation of the 1s bindingenergy and width with the 1s/2p intensity ratio. If the 1s/2p ratio is as pre-dited by the DWIA alulation [6℄ we obtain B1s = 6:79� 0:06� 0:12 MeVand �1s = 0:67 � 0:11 � 0:06 MeV for the 1s binding energy and width,respetively [7℄. 4. The 206Pb (d;3He) experimentDue to its larger overlap with the nuleus the pioni 1s state is moresensitive to the loal potential than the 2p state. Unfortunately in the208Pb (d;3He) reation the 1s omponent was poorly separated from the 2pomponent, whih is in parts due to the p3=2 � p1=2 doublet struture ofthe neutron hole spetrum in 207Pb. From shell model systematis, the p1=2neutrons are not expeted to be present in 206Pb whih should hene be abetter suited target for the observation of the pioni 1s state. This expeta-tion was supported in theoretial investigations [8℄. In a reent experimentthe 208Pb target was replaed by a 206Pb target in order to study deeplybound pioni states in 205Pb. The instrumental resolution was further im-proved to � 0:3 MeV. As visible in �gure 2 (left) the 1s state is now learlyseparated from the 2p state, allowing for a reliable determination of its bind-ing energy and width. The spetrum is deomposed into pioni 1s and 2pomponents and non-pioni bakground as desribed in the previous setion,and as illustrated in �gure 2 (right). At the present stage the analysis is stillpreliminary. However, we may already onlude that the binding energies
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Fig. 2. Measured exitation energy spetrum in the 206Pb (d;3He) reation (left,lower panel), ompared to the 208Pb (d;3He) reation (left, upper panel), and itsdeomposition into 1s and 2p omponents (right). The exitation energy is de�nedwith respet to the ground states of 207Pb and 205Pb, respetively.and widths for the pioni 2p and 1s states in 205Pb are in agreement with thevalues obtained for 207Pb within the errors as given in the previous setion,and that the 1s state is populated by about 50% more strongly relative tothe 2p state than theoretially predited. A �nite isotope shift, whih islarger for the 1s state than for the 2p state, is expeted, however, due to thelarge unertainty for the 1s state in 208Pb the preision will not be su�ientto observe it.
5. Constraints on the pion-nuleus potentialThe measured binding energies and widths are ompared to model pre-ditions (see referenes in [7℄) in �gure 3 both for the 2p state (left) and forthe 1s state (right). As seen in the �gure, the present result is preise enoughto test the theoretial preditions. Only few preditions are onsistent withboth the result for the 2p state and the 1s state whereas others are learlydisfavoured. The onstraints on the potential parameters (b0 and ImB0)dedued from the 2p state and from the 1s state are mutually onsistent.
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Fig. 3. Comparison of measured binding energy and width of the pioni 2p (left)and 1s (right) states in 207Pb (light shaded areas) and in 205Pb (dark shaded areas)to various model preditions. The values for 205Pb are preliminary. In the left panelfor the 2p state the ellipses inlude both the statistial and the systemati error, inthe right panel for the 1s state only the 1� ontour of the statistial error is shown.6. Future studiesIn the near future we plan to study pioni 1s states in Sn isotopes [9℄.Sn and Xe isotopes have low-lying s1=2 neutron hole states allowing to pop-ulate the pioni 1s state in quasi-substitutional on�gurations at vanishingmomentum transfer. As ontributions from other neutron hole states in thenulear exitation spetrum are expeted to be very small [10℄ the pioni1s binding energy and width an be determined in a model independentway. Due to the existene of a long hain of stable isotopes the isotopi shiftof deeply bound pioni states may be measured for the �rst time, allowingto impose separate onstraints on the isosalar and the isovetor part ofthe pion-nuleus potential. Similar studies at the Big Karl spetrometer atCOSY on Xe isotopes are being disussed. Their feasibility is based on thedevelopment of an external deuteron beam at COSY with su�ient intensity.7. SummaryAfter the disovery of deeply bound pioni states in 207Pb using the208Pb (d;3He) reation, the deeply bound pioni 1s state in 205Pb was ob-served as isolated peak in the exitation energy spetrum measured in the206Pb (d;3He) reation. The good separation of 1s and 2p state allows todetermine the 1s binding energy and width to muh higher preision than



2586 A. Gillitzerin the previous experiment. The oupling of the pioni states to neutronhole spetrum in 205Pb still indues some model dependene sine the rela-tive ontribution of the neutron hole states annot be determined from theexperiment. In this respet promising andidates for future studies are Snand Xe isotopes where the pioni 1s state an be populated dominantly inquasi-substitutional on�gurations.REFERENCES[1℄ H. Toki, T. Yamazaki, Phys. Lett. B213, 129 (1988).[2℄ H. Toki, S. Hirenzaki, T. Yamazaki, R.S. Hayano, Nul. Phys. A501, 653(1989).[3℄ H. Toki, S. Hirenzaki, T. Yamazaki, Nul. Phys. A530, 679 (1991).[4℄ T. Yamazaki et al., Z. Phys. A355, 219 (1996); T. Yamazaki et al., Phys.Lett. B418, 246 (1998).[5℄ H. Gilg et al., Phys. Rev. C62, (2000) in print.[6℄ S. Hirenzaki, H. Toki, T. Yamazaki, Phys. Rev. C44, 2472 (1991).[7℄ K. Itahashi et al., Phys. Rev. C62, (2000) in print.[8℄ S. Hirenzaki, H. Toki, Phys. Rev. C55, 2719 (1997).[9℄ H. Geissel et al., approved proposal GSI-S236.[10℄ Y. Umemoto, S. Hirenzaki, K. Kume, H. Toki, Prog. Theor. Phys. 203, 337(2000).


