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DOUBLE K-SHELL IONIZATIONIN COLLISIONS OF FAST IONSWITH MID-Z ATOMS�J. Rzadkiewiz, D. Chmielewska, T. LudziejewskiP. Rymuza, Z. SujkowskiThe Andrzej Soªtan Institute for Nulear Studies05-400 �wierk, PolandD. Castella, D. Corminboeuf, J.-Cl. Dousse, J. Kern, B. GalleyCh. Herren, J. HoszowskayDepartment of Physis, University of FribourgCh. du Musée 3 CH-1700 Fribourg, SwitzerlandM. PolasikFaulty of Chemistry, Niholas Copernius University87-100 Toru«, Polandand M. PajekInstitute of Physis, Pedagogial University25-405 Kiele, Poland(Reeived Deember 28, 1999)K X-ray spetra from zironium, niobium, molybdenum and paladiumtargets bombarded with 25 MeV/amu helium and 22.5 MeV/amu oxygenions were measured using a high resolution transmission bent rystal spe-trometer. Ratios of the double to single K-shell ionization ross setionswere obtained from yields of the K hypersatellites and diagram lines. Theresults are ompared to the semilassial approximation preditions withinthe independent-partile model.PACS numbers: 32.20.Rj, 32.70.Jz, 32.80.Hd� Presented at the XXVI Mazurian Lakes Shool of Physis, Krzy»e, PolandSeptember 1�11, 1999.y Present address: European Synhrotron Radiation Faility (ESRF), F-38043 Greno-ble Cedex, Frane. (501)



502 J. Rzadkiewiz et al.High-resolution measurements of K X-ray spetra permit detailed stud-ies of multiple inner-shell ionization proesses and, in partiular, of the dou-ble K-shell ionization. The multiple ionization indued by ollisions withharged projetiles is generally assumed to result from unorrelated singleionization proesses. As a onsequene, the probability of prodution of dou-ble K-shell vaany states is equal in the �rst approximation to the squareof the probability per eletron to produe a single K-shell ionization. Theradiative K�2 ! K�1L�1 transitions following the double K-shell ioniza-tion are alled K hypersatellite X-rays. The ratios of double (�KK) to single(�K) K-shell ionization ross setions an be determined from the relativeyields of resolved K hypersatellite X-rays. These ross setion ratios o�er apossibility to test the validity of theoretial models suh as the independentpartile semilassial approximation (SCA).The experiments were performed at the Paul Sherrer Institute in Villi-gen, Switzerland. 4He and 16O ions were aelerated to 25 MeV/amu and22.5 MeV/amu, respetively, by the variable energy Philips Cylotron. Theywere foused to a 1 mm wide and 20 mm high beam spot orresponding tothe dimensions of the targets. Self-supporting metalli targets of naturalzironium, niobium, molybdenum and palladium with thiknesses of 31.7mg/m2, 9.1 mg/m2, 26.4 mg/m2 and 25.9 mg/m2, respetively, wereused. The X-rays from the targets were measured with an online trans-mission rystal spetrometer in modi�ed DuMond slit geometry [1,2℄. Inthis geometry a 0.15 mm wide slit, plaed on the foal irle between thetarget and the rystal, ats as the e�etive soure of radiation (see Fig.1).The energy alibration of the spetra was based on the K�1 diagram linesmeasured on both sides of re�etion. The beam urrent was monitored bymeasuring the target X-ray emission with a 0.5 m3 Si(Li) detetor loatedbehind the slit, below the target-to-rystal axis (see Fig. 1).The pro�le of an X-ray line measured with a rystal spetrometer angenerally be represented by a so alled Voigt pro�le, whih results from theonvolution of a Lorentzian and a Gaussian. The Lorentzian represents thenatural line shape of the X-ray transition, the Gaussian orresponds to theinstrumental response of the spetrometer broadened by the multiple ion-ization in the outer shells [3,4℄. The natural line widths of the diagram lineswere taken from Ref. [5℄, valid for singly ionized atoms, whereas the ener-gies and intensities of these lines and widths of the Gaussian funtions wereused as free �tting parameters. The natural line widths of the hypersatel-lites were approximated by the method presented in Ref. [6℄. The spetrawere analyzed in the following way: �rst, the K�1 and K�2 diagram lineswere �tted. The hypersatellite transitions were then analyzed using againVoigt pro�les with energies, intensities and Gaussian widths as free param-eters. Finally, yields obtained from the �tting proedure were orreted
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Fig. 1. Shemati diagram of the Du Mond slit geometry used in our experiments:(1) beam, (2) target hamber, (3) rystal, (4) olimator, (5) detetor, (6) foalirle, (7) monitor detetor, (8) target, (9) tantalum slit.for the self-absorption of the observed X-rays in the target and their inten-sity attenuation by the rystal thikness. In K-shell ionizing ollisions ofheavy ions with atoms, the additional multiple M -shell ionization produesa broadening and energy shift of the X-ray lines. In our analysis we assumedthat the broadening and energy shifts for diagram and hypersatellite lineswere the same.The double to single K-shell ionization ross setion ratio an be ex-pressed as: �KK�K = wKP I(K�2 ! K�1X�1)wKKP I(K�1 ! X�1) ; (1)where wKK and wK are the �uoresene yields of doubly and singly K-shell ionized atoms, respetively, I stands for the intensity of the radiativetransitions and X represents any possible subshell. If we assume that theK- and L-shell are ionized independently, the ross setion for produing ahighly exited state is given by the binomial distribution:�(K�2L�n) = 2� 1Z0 p2K(b)� 8n � pnL(b)[1� pL(b)℄8�nbdb; (2)where b is the impat parameter and pK and pL are theK- and L-shell ioniza-tion probabilities per eletron. Considering only the most intense transitions



504 J. Rzadkiewiz et al.and assuming !KK = !K , one an redue Eq. (1) to:�KK�K = I(K�h1)I(K�1) 0�1 + I(K�h2 )I(K�h1 )1 + I(K�2)I(K�1)1A0�1 + I(K�h)I(K�h)1 + I(K�)I(K�) 1A : (3)The intensity ratios I(K�h1)=I(K�1), I(K�h2)=I(K�h1 ) and I(K�2)=I(K�1)were extrated from the experiment and orreted for the di�erent absorp-tion in the target and rystal. Note that the intensity ratios I(K�h1 )=I(K�h2 )generally di�er largely from those of the diagram lines I(K�1)=I(K�2) [6℄.The last term in Eq. (3) an, to a good approximation, be put equal to one.The theoretial single (�K) and double (�KK) ross setions for medium-mass atoms were alulated within the independent-partile approximation(SCA) for helium and oxygen projetiles, using hyperboli lassial traje-tories and relativisti hydrogeni eletroni wave funtions. The results arepresented in �gure 2.
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)( 4HeKKσFig. 2. Calulated single (�K) and double (�KK) K-shell ionization ross setionsfor 4He (100 MeV) and 16O (360 MeV) projetiles.The experimental double to single K-shell ionization ross setion ratiosare ompared with theoretial results in �gure 3. The SCA theory, basedon the independent-partile model, seems to overestimate the �KK rosssetion for ollisions with 100 MeV � projetiles. On the other hand, the�KK values are underestimated for impat with 360 MeV 16O ions, at leastfor the lighter targets.The overestimation of �KK by theory for � partiles an be explained bythe fat that the seond K-shell eletron is ejeted with a smaller probabilitythan the �rst one as a result of inrease of the eletron binding energy follow-ing the removal of the �rst K-shell eletron. This e�et was not aountedfor in the alulation. The underestimation of �KK by theory observed inthe ollision with oxygen ions may suggest that orrelation e�ets are notnegligible in the double K-shell ionization proess with heavier projetiles.
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Fig. 3. Comparison between the measured and alulated �KK/�K ratios. Thedata for oxygen are from the present work, those for helium are from Ref. [6℄.This work was partially supported by the State Committee for Sienti�Researh (KBN) under researh grant no. 2P03B 116 15 and by the SwissNational Siene Foundation. REFERENCES[1℄ B. Perny et al., Nul. Instrum. Methods A267, 120 (1988).[2℄ J. Hoszowska, J.-Cl. Dousse, Ch. Rhême, Phys. Rev. A50, 123 (1994).[3℄ P. Rymuza et al., Z. Phys. D14, 37 (1989).[4℄ M.W. Carlen et al., Phys. Rev. A46, 3893 (1992).[5℄ S.I. Salem, P.L. Lee, ADNDT 18, 233 (1976)[6℄ B. Boshung et al., Phys. Rev. A51, 3650 (1995).


