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hrotron Radiation Fa
ility6 Jules Horowitz, 38043 Grenoble, Fran
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ulty of Chemistry, Ni
holas Coperni
us UniversityGrudzi¡dzka 5, 87-100 Toru«, Polandand M. PajekInstitute of Physi
s, Akademia �wietokrzyska�wietokrzyska 15, 25-405 Kiel
e, Poland(Re
eived January 7, 2002)The K�1;2 X-ray spe
trum of 48Cd bombarded with 22.5 MeV/amu16O ions was measured with a bent 
rystal spe
trometer. The diagram andhyper satellite K�1 and K�2 lines were resolved from their 
orrespondingL-shell satellites. The experimental data are 
ompared with the theoreti
alK�1;2 and Kh�1;2 spe
tra based on the multi-
on�guration Dira
�Fo
k
al
ulations. The in�uen
e of the additional M -subshell ionization on thediagram and hyper-satellite lines is dis
ussed.PACS numbers: 32.30.Rj, 32.70.Jz, 32.80.Hd� Presented at the XXVII Mazurian Lakes S
hool of Physi
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416 J. Rzadkiewi
z et al.1. Introdu
tionThe study of 
omplex K X-ray spe
tra provides ri
h and valuable in-formation about the properties of the singly and multiply ionized atomsprodu
ed 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 su
h atoms 
an be 
ompared to thosein one- and two-ele
tron systems (H- and He-like atoms). The high a

u-ra
y of the hyper-satellite data permits to determine with high pre
isionthe Breit term (the magneti
 intera
tion) and to dis
uss the QED 
orre
-tions on a level 
omparable with that of the present day measurements withH- and He-like heavy atoms [3�5℄. This a

ura
y 
an be further improvedby the proper taking into a

ount the e�e
t of the a

ompanying outer shellionization. While the presen
e of n-spe
tator L-shell va
an
ies results in re-solved satellite lines, labeled K�1;2Ln, the M -shell ionization produ
es dis-tortions of the line shapes as well as slight shifts of the 
entroids of the lines.The present paper presents su
h 
omposite spe
tra for 
admium measuredwith a high resolution spe
trometer and 
al
ulated with the state-of-the artmulti-
on�guration Dira
�Fo
k method. The results 
an be used to dedu
e
orre
tions for energies of all the resolved lines resulting from the presen
eof additional M -shell va
an
ies.2. Experiment and data analysisThe measurements of the K�1;2 spe
trum of 48Cd indu
ed by 16O beamwere 
arried out at the Paul S
herrer Institute (PSI) in Villigen, Switzerland.The X-ray spe
trum was re
orded with a bent 
rystal spe
trometer in theDuMond slit geometry. The (110) re�e
ting planes of a 1.0 mm thi
k quartzlamina were used in �rst order of re�e
tion. The 
rystal was bent to a ra-dius of 3.13m. More details 
on
erning the experimental setup 
an be foundin [6℄. A self-supporting metalli
 foil of natural 48Cd with a thi
kness of 51.9mg/
m2 was used as a target. The 16O ions of energy 360 MeV were obtainedfrom the PSI variable energy 
y
lotron. The beam intensity of about 130nA was monitored by a Si�PIN photodiode. The measured spe
trum 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 fun
tion,whereas the Gaussian fun
tion a

ounted for the instrumental response ofthe spe
trometer and the additional ionization in the M - and N -shells.



E�e
t 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, respe
tively. For ea
h resolved line the energy, the intensity and theGaussian width were �tted. The additional M -shell ionization during anion�atom 
ollision 
auses a broadening and indu
es energy shifts of the dia-gram and hyper-satellite lines. However, the advantage of using heavy ionsrather than X-rays to produ
e He-like hole states (doubly ionized in theK-shell) lies in the higher statisti
s of the hyper-satellite lines.3. Theoreti
al 
al
ulationsThe theoreti
al energies and intensities of the K�1;2 diagram, satelliteand hyper-satellite transitions were obtained using the relativisti
 Multi-Con�guration Dira
�Fo
k (MCDF) method. This method has been de-s
ribed in many papers [7�11℄. Therefore, only some basi
 ideas are brie�ypresented below. The e�e
tive Hamiltonian for an N -ele
tron atom is ex-pressed by H = NXi=1 hD(i) + NXj>i=1Cij ; (1)where hD(i) is the Dira
 operator for i-th ele
tron and the terms Cij a
-
ount for ele
tron�ele
tron intera
tions and are based on the one-photonex
hange pro
esses. These intera
tions are the sum of the Coulomb (due tolongitudinally polarized photons) and the Breit intera
tion (due to trans-versely polarized photons) operators. The atomi
 state fun
tions 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 Fun
tions (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 
al
ulationsthe energy fun
tional is averaged over all the initial and �nal states and itsform is identi
al with those des
ribed in earlier publi
ations [10, 11℄.4. ResultsThe in�uen
e of additional ionization in the L- andM -shell on theK�1;2and Kh�1;2 lines in the theoreti
al spe
tra of 48Cd is illustrated in �gures 1and 2. The line shapes of these theoreti
al spe
tra were 
onstru
ted by usingthe Voigt pro�le. The intensities of the hyper-satellite lines were obtained
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Fig. 1. Theoreti
al K X-ray spe
tra of Cd with (dashed line) and without (solidline) va
an
y in the 2s (a) and 2p (b) subshells.
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Fig. 2. Theoreti
al K X-ray spe
tra of Cd with (dashed line) and without (solidline) va
an
ies in the 3s (a), 3p (b) and 3d (
) subshells.



E�e
t of L- and M-Subshell Ionization on . . . 419assuming a binomial distribution. All satellite lines were 
onstru
ted sepa-rately with the probability for single ionization P (Li)=1 and P (Mi)=1 forthe Li- and Mi-subshells, respe
tively. More details about the 
onstru
tionpro
edure 
an be found in [10�12℄. Fig. 1 shows the in�uen
e of remov-ing one ele
tron 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 noti
eably 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�uen
e of the presen
e the 3s, 3p and 3d holes onthe K X-ray spe
trum. The 
hanges in shapes and energy shifts of the K�lines are smaller than for the L-shell, but noti
eable. Fig. 3 shows the 48CdK�1;2 X-ray spe
trum indu
ed by 16O measured on the left side of re�e
tion.The peaks labeled K�1;2L1 are the well resolved satellite lines originatingfrom initial states having one K-shell and one L-shell va
an
y. A detailed
omparison of the experimental energies of the K�1;2L0;1 and Kh�1;2L0;1in 16O-indu
ed X-ray spe
trum with theoreti
al predi
tions is given inTable I. The theoreti
al values have been obtained by taking into a

ountthe weighted averages of all the transition probabilities multiplied by thedegenera
ies of the initial states. One 
an see that the 2p hole states aremore e�e
tive in produ
ing the K�1L1 energy shifts than the 2s ones, while
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Fig. 3. Crystal spe
trometerK�1;2 X-ray spe
trum indu
ed by 22.5 MeV/amu 16O.The spe
trum 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. Rzadkiewi
z et al. TABLE ITheoreti
al 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 theoreti
al results for the whole L-shell.in the 
ase of the K�2 the di�eren
es in average values of energy shifts arerather small. The experimental values are in satisfa
tory agreement withthe 
al
ulated ones, though some are slightly higher. These small di�er-en
es might result from the Coster�Kronig transitions, whi
h transfer thehole from the 2s shell to 2p shell and produ
e an extra M -shell hole.The experimental positions of K�1;2 and Kh�1;2 peaks and the theoret-i
al energies of the K�1;2M0;1 and Kh�1;2M0;1 lines are given in Table II.The theoreti
al 
al
ulations predi
t 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 
al
ulations 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 
on
lusion 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�uen
e on the K X-raylines of the additional M -shell holes is mu
h less than for L-shell, but it isnot negligible. Therefore, in an a

urate analysis of the diagram and hyper-satellite K X-ray lines both the L- and M -shell additional ionization e�e
tsmust be taken into a

ount.



E�e
t of L- and M-Subshell Ionization on . . . 421TABLE IITheoreti
al 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 theoreti
al results for the whole M -shell.The authors believe that the results of this study will be helpful in ob-taining pre
ise experimental data for the K�1;2 and Kh�1;2 X-ray lines andso enable deeper insight in the stru
ture 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 S
ienti�
Resear
h (KBN), grants no. 5 P03B 077 20 and 2 P03B 019 16.REFERENCES[1℄ R.L. Kau�man, P. Ri
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