
Vol. 33 (2002) ACTA PHYSICA POLONICA B No 1
EFFECT OF L- AND M-SUBSHELL IONIZATIONON THE K X-RAY DIAGRAM AND HYPERSATELLITELINES OF CADMIUM�J. Rzadkiewiz, D. Chmielewska, Z. SujkowskiThe Andrzej Soªtan Institute for Nulear Studies, 05-400 �wierk, PolandM. Berset, J.Cl. Dousse, Y.-P. MaillardO. Mauron, P.-A. RaboudPhysis Department, University of Fribourg, 1700 Fribourg, SwitzerlandJ. HoszowskaEuropean Synhrotron Radiation Faility6 Jules Horowitz, 38043 Grenoble, FraneM. Polasik, K. SªabkowskaFaulty of Chemistry, Niholas Copernius UniversityGrudzi¡dzka 5, 87-100 Toru«, Polandand M. PajekInstitute of Physis, Akademia �wietokrzyska�wietokrzyska 15, 25-405 Kiele, Poland(Reeived January 7, 2002)The K�1;2 X-ray spetrum of 48Cd bombarded with 22.5 MeV/amu16O ions was measured with a bent rystal spetrometer. The diagram andhyper satellite K�1 and K�2 lines were resolved from their orrespondingL-shell satellites. The experimental data are ompared with the theoretialK�1;2 and Kh�1;2 spetra based on the multi-on�guration Dira�Fokalulations. The in�uene of the additional M -subshell ionization on thediagram and hyper-satellite lines is disussed.PACS numbers: 32.30.Rj, 32.70.Jz, 32.80.Hd� Presented at the XXVII Mazurian Lakes Shool of Physis, Krzy»e, Poland,September 2�9, 2001. (415)



416 J. Rzadkiewiz et al.1. IntrodutionThe study of omplex K X-ray spetra provides rih and valuable in-formation about the properties of the singly and multiply ionized atomsprodued for e.g. in high-temperature plasma [1℄ or in heavy-ion atom ol-lisions [2℄. The K�1;2 diagram lines result from 1s�1 ! 2p�1 transitionsin an atom with one hole in the 1s state. If the initial state of an atom isdoubly ionized in the K-shell, the 1s�2 ! 1s�12p�1 transitions orrespondto the so-alled hyper-satellite X-ray lines (Kh�1;2). Atoms doubly ionizedin the K-shell an be onsidered as He-like hole state atoms [3℄. The en-ergies of the K X-ray transitions in suh atoms an be ompared to thosein one- and two-eletron systems (H- and He-like atoms). The high au-ray of the hyper-satellite data permits to determine with high preisionthe Breit term (the magneti interation) and to disuss the QED orre-tions on a level omparable with that of the present day measurements withH- and He-like heavy atoms [3�5℄. This auray an be further improvedby the proper taking into aount the e�et of the aompanying outer shellionization. While the presene of n-spetator L-shell vaanies results in re-solved satellite lines, labeled K�1;2Ln, the M -shell ionization produes dis-tortions of the line shapes as well as slight shifts of the entroids of the lines.The present paper presents suh omposite spetra for admium measuredwith a high resolution spetrometer and alulated with the state-of-the artmulti-on�guration Dira�Fok method. The results an be used to dedueorretions for energies of all the resolved lines resulting from the preseneof additional M -shell vaanies.2. Experiment and data analysisThe measurements of the K�1;2 spetrum of 48Cd indued by 16O beamwere arried out at the Paul Sherrer Institute (PSI) in Villigen, Switzerland.The X-ray spetrum was reorded with a bent rystal spetrometer in theDuMond slit geometry. The (110) re�eting planes of a 1.0 mm thik quartzlamina were used in �rst order of re�etion. The rystal was bent to a ra-dius of 3.13m. More details onerning the experimental setup an be foundin [6℄. A self-supporting metalli foil of natural 48Cd with a thikness of 51.9mg/m2 was used as a target. The 16O ions of energy 360 MeV were obtainedfrom the PSI variable energy ylotron. The beam intensity of about 130nA was monitored by a Si�PIN photodiode. The measured spetrum wasanalyzed by means of a least-square �t program using a single Voigt fun-tion resulting from the onvolution of Lorentzian and Gaussian line shapes.The natural X-ray line shape was represented by the Lorentzian funtion,whereas the Gaussian funtion aounted for the instrumental response ofthe spetrometer and the additional ionization in the M - and N -shells.



E�et of L- and M-Subshell Ionization on . . . 417The natural line widths for the X-ray lines were approximated by the sumof the one K and one L level widths (�K + �L) and by the sum of the threeK and one L level widths (3�K + �L) for the diagram and hyper-satellitelines, respetively. For eah resolved line the energy, the intensity and theGaussian width were �tted. The additional M -shell ionization during anion�atom ollision auses a broadening and indues energy shifts of the dia-gram and hyper-satellite lines. However, the advantage of using heavy ionsrather than X-rays to produe He-like hole states (doubly ionized in theK-shell) lies in the higher statistis of the hyper-satellite lines.3. Theoretial alulationsThe theoretial energies and intensities of the K�1;2 diagram, satelliteand hyper-satellite transitions were obtained using the relativisti Multi-Con�guration Dira�Fok (MCDF) method. This method has been de-sribed in many papers [7�11℄. Therefore, only some basi ideas are brie�ypresented below. The e�etive Hamiltonian for an N -eletron atom is ex-pressed by H = NXi=1 hD(i) + NXj>i=1Cij ; (1)where hD(i) is the Dira operator for i-th eletron and the terms Cij a-ount for eletron�eletron interations and are based on the one-photonexhange proesses. These interations are the sum of the Coulomb (due tolongitudinally polarized photons) and the Breit interation (due to trans-versely polarized photons) operators. The atomi state funtions with thetotal angular momentum J and parity p are assumed to have the multi-on�gurational form 	s(Jp) =Xm m(s)�(mJp) ; (2)where �(mJp) are Con�guration State Funtions (CSF), m(s) are the on-�guration mixing oe�ients for the state s and m represents all the infor-mation needed to uniquely de�ne a ertain CSF. In the present alulationsthe energy funtional is averaged over all the initial and �nal states and itsform is idential with those desribed in earlier publiations [10, 11℄.4. ResultsThe in�uene of additional ionization in the L- andM -shell on theK�1;2and Kh�1;2 lines in the theoretial spetra of 48Cd is illustrated in �gures 1and 2. The line shapes of these theoretial spetra were onstruted by usingthe Voigt pro�le. The intensities of the hyper-satellite lines were obtained
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Fig. 1. Theoretial K X-ray spetra of Cd with (dashed line) and without (solidline) vaany in the 2s (a) and 2p (b) subshells.
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Fig. 2. Theoretial K X-ray spetra of Cd with (dashed line) and without (solidline) vaanies in the 3s (a), 3p (b) and 3d () subshells.



E�et of L- and M-Subshell Ionization on . . . 419assuming a binomial distribution. All satellite lines were onstruted sepa-rately with the probability for single ionization P (Li)=1 and P (Mi)=1 forthe Li- and Mi-subshells, respetively. More details about the onstrutionproedure an be found in [10�12℄. Fig. 1 shows the in�uene of remov-ing one eletron from the 2s (Fig. 1(a)) and 2p (Fig. 1(b)) subshells on theK�1;2 and Kh�1;2 lines. One an see that the 2s and 2p additional holesshift notieably the K� lines in energy and hange the line shapes. Espe-ially an additional 2s hole strongly modi�es the shapes of the K�1;2 lines(upper part of Fig. 1).Fig. 2 presents the in�uene of the presene the 3s, 3p and 3d holes onthe K X-ray spetrum. The hanges in shapes and energy shifts of the K�lines are smaller than for the L-shell, but notieable. Fig. 3 shows the 48CdK�1;2 X-ray spetrum indued by 16O measured on the left side of re�etion.The peaks labeled K�1;2L1 are the well resolved satellite lines originatingfrom initial states having one K-shell and one L-shell vaany. A detailedomparison of the experimental energies of the K�1;2L0;1 and Kh�1;2L0;1in 16O-indued X-ray spetrum with theoretial preditions is given inTable I. The theoretial values have been obtained by taking into aountthe weighted averages of all the transition probabilities multiplied by thedegeneraies of the initial states. One an see that the 2p hole states aremore e�etive in produing the K�1L1 energy shifts than the 2s ones, while
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Fig. 3. Crystal spetrometerK�1;2 X-ray spetrum indued by 22.5 MeV/amu 16O.The spetrum was �tted with 9 omponents (solid lines) orresponding to the dia-gram (K�1;2L0), satellite (K�1;2L1) and hyper-satellite (Kh�1;2L0;1) transitions.



420 J. Rzadkiewiz et al. TABLE ITheoretial and experimental K� transition energies of 48Cd for di�erent L-shellhole on�gurations.L-shell E(K�1) E(K�2) E(Kh�1) E(Kh�2)L0 23173.3 22984.0 23722.6 23531.72s�1 23230.4 23043.8 23778.4 23589.42p�1 23241.9 23042.9 23792.2 23592.4L�1� 23238.7 23043.2 23788.3 23591.5Exp. y 23242.6(0.2) 23049.9(0.2) 23788.6(2.5) 23591.4(1.2)y Experimental values.� The average theoretial results for the whole L-shell.in the ase of the K�2 the di�erenes in average values of energy shifts arerather small. The experimental values are in satisfatory agreement withthe alulated ones, though some are slightly higher. These small di�er-enes might result from the Coster�Kronig transitions, whih transfer thehole from the 2s shell to 2p shell and produe an extra M -shell hole.The experimental positions of K�1;2 and Kh�1;2 peaks and the theoret-ial energies of the K�1;2M0;1 and Kh�1;2M0;1 lines are given in Table II.The theoretial alulations predit the highest shift for an additional 3phole for all kind of transitions. In the ase of the 3d hole all transitionsare slightly shifted towards lower energies. These alulations are onsis-tent with previous data for the other mid-Z atoms [13℄. The K�1;2 andKh�1;2 lines are shifted towards higher energies from 0.6 to 2.6 eV due tothe additional M -shell ionization. From the energy shifts of the K�1;2 linesthe probability of the M -shell ionization an be estimated between 46% and65% per shell.In onlusion it has been shown that additional M -shell holes ause notonly energy shifts but also hange the shapes and onsequently the relativeintensities of the K X-ray lines of admium. The in�uene on the K X-raylines of the additional M -shell holes is muh less than for L-shell, but it isnot negligible. Therefore, in an aurate analysis of the diagram and hyper-satellite K X-ray lines both the L- and M -shell additional ionization e�etsmust be taken into aount.



E�et of L- and M-Subshell Ionization on . . . 421TABLE IITheoretial and experimental K� transition energies of 48Cd for di�erent M -shellhole on�gurations.M -shell E(K�1) E(K�2) E(Kh�1) E(Kh�2)M0 23173.3 22984.0 23722.6 23531.73s�1 23179.6 22990.1 23729.1 23538.03p�1 23184.5 22993.5 23733.3 23541.23d�1 23172.9 22983.1 23722.3 23531.0M�1� 23177.6 22987.4 23726.7 23535.2Exp.y 23175.3(0.2) 22986.2(0.2) 23725.2(1.1) 23532.3(1.5)y Experimental values.� The average theoretial results for the whole M -shell.The authors believe that the results of this study will be helpful in ob-taining preise experimental data for the K�1;2 and Kh�1;2 X-ray lines andso enable deeper insight in the struture of the single (H-like) and doublyionized states (He-like hole states) in the K-shell.This work was supported by the Polish State Committee for Sienti�Researh (KBN), grants no. 5 P03B 077 20 and 2 P03B 019 16.REFERENCES[1℄ R.L. Kau�man, P. Rihard, Methods of Experimental Physis 13A, edited byD. Williams, Aademi, New York 1993, p. 148.[2℄ I.A. Sellin, Struture and Collision of Ions and Atoms, Springer, Berlin 1978.[3℄ J. Rzadkiewiz, D. Chmielewska, T. Ludziejewski, P. Rymuza, Z. Sujkowski,J. Hoszowska, D. Castella, D. Corminboeuf, J.-Cl. Dousse, B. Galley,Ch. Herren, J. Kern, M. Polasik, M. Pajek, Phys. Lett. A264, 186 (1999).[4℄ T. Stoehlker et al., Comments At. Mol. Phys. 33, 271 (1997).[5℄ K. Widmann et al., Phys. Rev. A53, 2200 (1996) and referenes therein.[6℄ B. Perny, J.-Cl. Dousse, M. Gasser, J. Kern, Ch. Rhême, P. Rymuza,Z. Sujkowski, Phys. Rev. A36, 2120 (1987).
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