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Structure of various KL! x-ray satellite lines of heavy atoms
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Multiconfiguration Dirac-Fock calculations with the inclusion of the transvéBseit) interaction and QED
corrections have been carried out for Pd, Sn, Th, Ta, Pb, and Th in order to obtain positions and intensities of
various electric dipole, electric quadrupole, and magnetic dipole-ray diagram lines and of theiKL!
satellites. Theoretically constructed stick spectra have been presented together with synthesize@ttepectra
sum of the Lorentzian natural line shapésr each studied element. Taking into account the existence of an
L-shell hole in the & or 2p subshell, the effect of addition&lshell ionization on the shapes and structure of
the K x-ray spectra has been examined. It has been observed that generally with increasing atomicZnumber
the shapes of particular satellite line groups tend to become smoother and to differ less from the shapes of
appropriate diagram lines. Relations between the values of energy shifts of various satellite lines for each
element and the changes of these relations Wittave also been studied. Additionally, the relations between
the intensities of different diagram lines for each element have been systematically analyzed, likewise the
changes withZ of the role of particular diagram lines. This study can be helpful in reliable and quantitative
interpretation of many experimenttl x-ray spectra of Pd, Sn, Th, Ta, Pb, and Th induced in collisions with
various projectiles.
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[. INTRODUCTION M-shell holes, respectively, in the initial statéhe measure-
ment of the high-resolution x-ray spectra of 8] inspired
Rolasik to carry out a theoretical simulation of these spectra
using a model in which a spectrum was represented as a sum
@fpthe bandgwhich were the convolution of the sum of the
Lorentzian natural line shapes with the Gaussian instrumen-
tal responsgresulting from the transitions of tHéalyzL”MO
type[33]. The effect of theM-shell ionization was taken into
account in a crude way by simply shifting a spectrum to-
wards higher energies and applying larger Gaussian line-
. . S . widths. In the next two papers of this series the MCDF
I C(.)UId be app_he(_j to the determlnap(_)n of W’S_he” o method was successfully apppplied to an extensive and detailed
|zat.|on.probab|llty in ngar—cgntral collisions with light ions as study on the structure of tHéa; ,L°M" lines in Mo, Pd, and
projectiles. Yet, especially in the case of near-central colliyjo34] and also in a theoretical study on the structure of the
sions with energetic heavy ions, the multiple ionization ofKa1 LIM" lines in Pd[35].
inner shells is highly probable and results in a very complex  The structure of thé 2 lines in the x-ray spectra of mid-
origin of theK x-ray spectra of target atoms. Thus to reliably 7 elements was systematically investigated by Polasik in
interpret the experimenta{ x-ray spectra it is essential to [36], where the extensive MCDF studies on the structure of
include theoretical study on the effect of the multiple ioniza-the Kﬂl,sLOMr lines were performed for Mo, Pd, and La. The
tion of inner shells on the positions and shapes of respectiveesults of these calculations enabled a reliable description of
x-ray lines. Such theoretical studies can be crucial in thehe influence of additional holes in ti\ shell on the shapes
interpretation of different collision processes in many fields,and positions of thé&3; 5L° bands, which may be used in
e.g., in atomic physics, solid-state physics, trace elemertheoretical analysis of various experimental x-ray spectra
analysis, laser physics, astrophysics, plasma and nuclegenerated in collisions with different ions. About ten years
physics. ago these results were applied together with previous ones to
One of us(Polasik has in recent years developed andthe theoretical analysis of tHée; ,L°M" and theK B, sL.°M"
used theoretical models enabling reliable descriptions of very-ray spectra of M437], Pd, and Lg38] induced by O ions,
complex x-ray spectra of target atoms induced in near-centralhere a different method of the analysis of very comgfex
collisions of the targets with energetic heavy ions. In his firstx-ray spectra accompanying the ionization of the target at-
study concerning the x-ray spectra of multiply ionized atomsoms in near-central collisions with energetic heavy ions was
[32] multiconfiguration Dirac-Fock(MCDF) calculations used. In this method the measuréd and KB spectra are
with the inclusion of the transverg8reit) interaction, self- simultaneously decomposed into the theoretical line profiles
energy, and vacuum polarization corrections were performetbr the Ka; ,L°M" and theK8; JL°M" transitions, constructed
for Pd in order to elucidate the structure of tke; ,L"M®  on the basis of the results of the MCDF calculations. The
satellite lines in its x-ray spect(ahere in the symbols of the binomial distribution of holes in th# shell is assumed and
KL"M'" type n and r indicate the number of thé- and the M-shell ionization probability per electro(py) is ex-

Numerous studies based on the interpretation of Khe
x-ray spectra have been performed in order to investigate th
mechanism of the inner shell ionization in collision pro-
cesses. Much research has been devoted to the determinat
of the L-shell ionization probability in near-central collisions
from measuredK x-ray spectra of multiply ionized target
atoms with the atomic numb&r<30[1-22 and then, since
1987, also of target atoms wit#> 40 [23—-29. In the 1990s
Carlen and co-workerf80,31 developed this method so that
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tracted from the best fit of the theoretical profiles to the anafrom the one-photon exchange process. The latter are a sum
lyzed spectrum. By then, it had been the only known way toof the Coulomb interaction operat¢due to longitudinally
extractpy from complexK x-ray spectra induced by heavy polarized photonsand the transverse Breit operafoiue to
ions. transversely polarized photons

Then, high-resolution spectra were measured forkjgg In the MCDF method an atomic state functighSF) with
lines of Zr, Nb, Mo, Pd, and Pr induced by various kinds ofthe total angular momentuthand parityp is assumed in the
projectiles [39-43. Although the KB,M! x-ray satellites multiconfigurational form:
were mostly resolved, reliable values pf; were obtained
due to the decomposition of the experimental spectra into the
KB, diagram and satellite components which were con-
structed theoretically using the MCDF calculations. The the-

oretical profiles were fitted to the experimental spectra. From o . . . ,
the relative yields of the&K3,M?! satellites the appropriate where ®(yJ¥) are configuration state functionCSF’s,

experimental averageM-shell ionization probabilities in Cr(S) are the conflgu_ratlon mixing cqefﬂments- for stai;e_
near-central collisions were determined. and vy, represents all information required to uniquely define

Recently[44], the results of extensive MCDF calculations a cert{:\in CSF. . . o
of manyK x-ray diagram lines and the corresponditigM® Various versions of MCDF calculations are distinguished

satellite lines of Ta, Pb, and Th enabled reliable interpretaly the choice of the form of the energy functional. In the
tion of measuredk x-ray spectra, induced during near- calculations in the standard optimal-level version of MCDF

central collisions with light and heavy projectiles. The con-(MCDF-OL) for a particular state we get the optimal energy,

sidered collisions lead to nuclear reactions and owing to thd€ OPtimal set of one-electron spinors, and the optimal set of
MCDF calculations of the< x-ray line positions and inten- € CSF mixing coefficientsc,(s);. The application of the

sities it was possible to decompose the measured spectra of4CDF-OL version to the calculations of the transition prob-
very complex origin into contributions from the target atom gbllltles should take into account the fact of nonorthogonal-

and the products of nuclear reactions, and then to get reliabfy Of the spinors corresponding to the pairs of initial and
information about thék x-ray cross sections and theshell final states. Since the use of the MCDF-OL method demands

ionization probabilitieg44]. a separate MCDF-OL calculation for each state and in the
In this paper we have aimed to examine the effect of thdheoretical studies on x-ray spectra in many cases we must
L-shell ionization on theK x-ray spectra. We have also consider transitions occurring between hundreds of states,
wanted to prove the reliability of the model applied to theth® MCDF-OL calculations are very time consuming. Thus
calculations for various diagram and satellite lines and irf© avoid such difficulties some other methadferent from
such a wide range of the atomic number of the studied eleMCDF-OL) are applied to the study on the transition prob-
ments(from Z=46 for Pd toz=90 for Th). Additionally, we abilities and energies. The main feature of those methods is

have investigated how the role of respective diagram linedn€ fact that a common set of the orbitals for all the initial
changes withiz. The study presented in this paper is a sys-and final states is used. There are two standard schemes

tematic study on the structure and shapes of satellite spectrd@Sed on this idea, namely the average-level version of
analyzing in detail the effect of removing & 2nd a D MCDF (MCDF-AL) and the extended average-level version

electron on thek x-ray spectra and attempting to explain all ©f MCDF (MCDF-EAL). Yet, preliminary test calculations

the observed relations for each studied element and theffave shown that MCDF-AL and MCDF-EAL schemes are
changes wittZ. We believe that our work can be very helpful not accurate enough in some cases. The reason for this seems
in reliable and quantitative interpretation of variokisc-ray to lie in the fact that the energy functional does not take into

spectra induced by light or heavy projectiles. Our results cafgccount the diﬁergnt numb_er of_ the initial and fingl states.
also be useful in the analysis of the observeg-ray spectra Therefore the orbitals obtained in these schemes in a sense

of other multiply ionized heavy atoms and can contribute tof@vor those stategnitial or final) which are more numerous.
better understanding of collision processes. In ord_er to make the_l_vI_CDF caICl_JIatlons of the_ transition
energies and probabilities as reliable as possible, in the
present study we use the modified special average-level ver-
Il. MCDF CALCULATIONS sion of MCDF calculationgMCDF-MSAL), proposed in
Refs.[36,37. In this version the energy functional to some

The MCDF method, used in the present study, has beeg,ont enaples the compensation of the above-mentioned im-
described in detail in many papg#5-52. Therefore only a 1o 1ance and is expressed by

brief description will be given here, pointing out the essential
details. Within the MCDF scheme the effective Hamiltonian

V(IP) = 2 (P (ynd”), (2)

for an N-electron system is expressed by E=Eppt X 0aeaS@,a) + X €pS@a,b), 3
a ab
N N
a#b
H=2 hp(i)+ X Cj, (1
i=1 j>i=1

whereq, is the generalized occupation number for the orbital
where hp(i) is the Dirac operator forth electron and the a, €, and ey, are the Lagrange multipliersy(a,b) is the
termsC;; account for electron-electron interactions and comeoverlap integral, and, [36,37 is taken in the form
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1 (N0 1 number of electrons removed in the initial state from the
opt= T HE H; + n—E Hi |, (4) shell. Since the x rays produced in a radiative decay of singly
ii=1 f=1 ionized atoms are represented in the spectra by the diagram

where H; and H;; are the diagonal contributions to the lin€s, theK diagram lines appear when the atom has in the
Hamiltonian matrix, the first sum runs over all the initial initial state only one hole in th& shell (i.e., 1s) and no
way enables the compensation of the difference in the qualit%'—0 type. ) ]
of description of initial and final states, which is the main N Fig. 1 we have shown 1B x-ray diagram lines for
problem in reliable theoreticdMCDF) study on the struc- heavy atoms, appearing in the least complicated case, when a
ture of theKL"M" lines in the x-ray spectra. 1s electron is removed from a neutral atom the ground state

It is easy to notice that i\ were equal to 1 we would of which has a closed-shell relativistic configuration, i.e.,
obtain a formula in which the compensation of exaggeratingonly empty or completely filled relativistic subshells. On the
the contribution of the more numerous staiedtial or final)  basis of selection rules it can easily be noticed that in Fig. 1
to the energy functional is complete. As a result, we wouldthere are eight electric dipoleéEl, x-ray transitions, for
get a good reproduction of the relative positions of the specwhich the change of the quantum numbers of the orbital
tral lines. However, forx=1 the calculateddiagram and angular momentum of the electron filling theshell hole/|,
satellitg transition energies would be shifted for the consid-and of the total angular momentum of the statemust be:
ered kinds of lines(like, e.g., Kay oL"M", KBy oL"M', or  A|=-1 1 andAJ=-1,0, 1(where transition§=0—J=0 are
KB,L"M") by similar amounts with respect to the experimen-forhidden. Transitions of theELl type are called allowed
tal transitions. Thus there must be some optimum valuas of {ansitions and they have the highest intensities. Ehéran-
for particular line kinds. Test calculations have shown thatgj;ons studied here aré&a, andKa, (both from the initial
g}esseegt?gmﬂg \z/aarlleufgfr?]e,r O\l\?epaelgdlgg set:]%r;gm/oonn t;lgeal::)nrg tates of the ion with one hole in the $ubshell to the final

P ’ y dep ' state where an electron from th@ Bubshell has filled that

is worth emphasizing that this simple formula, with specific 1 _1
values of\, has proved to reproduce very well experimental.hOIe’ denoted thusst —2p™), KB; and KB, (where the

diagram(see Refs[31,37,39) and satellite(see Ref[31]) initial K-shell hole is f|lled by an electron l‘rom th_ep’sub-
lines for mediumz atoms. Therefore formuled) provides a  Sheéll, denoted gl__fgp 1)_,1Kﬂ2 andKp; (1s™'—4p™), and
simple and effective way of calculating the absolute posiKO2 and KOg (1s™"—5p™). In Fig. 1 there are also less
tions of spectral lines. intensive transitions, called forbidden, of the electric quadru-

The functional used in this paper has been successfullpole, E2, and magnetic dipoleV1, types. FoIE2 transitions
applied in the extensive MCDF study on the structure of thehere must beAl=-2,0,2 andAJ=-2,-1,0,1,2(where
Ka; ,L"M" and KBy sL"M" lines in the x-ray spectra of Mo transitions J=0—J=0, J=1/2—J=1/2, J=0—J=1, and
[37], Pd, and Lg38] induced in near-central collisions with J=1—J=0 are not allowegd and for M1 transitions there
O ions, as well aKpB; sL"M" and KB,L"M" lines of Mo must be:Al=0, and AJ=-1,0,1 (where transitionsJ=0
induced by C iong42]. It has also been used in the study on —J=0 are not allowell There are also four diagrai&2
the KB,L"M" lines of Zr, Mo, and Pd induced by proton and lines, i.e., KB and K5 (1s1—3d™), and KB and Kg}
photon beam§39), theK3,L"M" lines of Zr, Nb, Mo, and Pd (151, 4d™%). The remaining line from Fig. 1, denotéth;
generated by electrorjd0] and by C iong43], and also the (1s1 257D, is of theM1 type.

Kay LM, KBy 4."M" [53], andKB,L"M" [41] lines of Zr, We have performed for Pd, Sn, Tb, Ta, Pb, and Th the

Mo, Pd, and Pr generated by He ions. Recently, the IV|CDFT\/ICDF—MSAL (see Sec. )l calculations of the energies and

MSAL method has been applied to the calculations of man o . "
different K x-ray diagram Fl)irr:es and theiKLIMO satellite %robabmtles of the 1X x-ray diagram transitiongexclud-

lines for Ta, Pb, and Th. The results of those calculationd"9 KO.2'3 lines for P.d’ w1h|ch dqes not hgve thp Subshell
were crucial in the analysis of th& x-ray spectra of the occupled_a_n_d of theHKIT satellite transitions, i.e., the ones
above atoms induced by He, C, O, and Ne projec{ies. from the initial states Wlth &-shell and arL-shell electrons
Apart from the transversgBreit) interaction we have in- (@nd no electrons from higher shglfemoved. The results of
cluded in our Study two types of QED energy Correctionsthe MCDF calculations of energ|e§, and relat|ve(W|th
(self-energy and vacuum polarizatipavhich are significant ~ respect to the strongestay, line) intensities of thek x-ray
in the case of heavy atonj46,47,50-52 The formulas for ~diagram lines of Pd, Th, Pb, and Th are presented in Table I.
the transition matrix elements and spontaneous emissiohhe lines are arranged according to the order of increasing
probabilities can be found in the work of Grajt5]. The  energy. The relative intensities have been calculated using
calculations have been performed for both Coulomb andCoulomb[45] and Babushkirj54] gauges. It is worth noting
Babushkin[45,54 gauges. In the nonrelativistic limit the that although the intensity values depend on the gauge used
Coulomb gauge formula for the electric dipole transitions(which reflects the approximated character of the applied the-
yields the dipole velocity expression while the Babushkinoretical mode), the structure of the groups of lines and of the
formula gives the dipole length expressipty]. whole theoretical spectrum usually does not depend signifi-
lIl. RESULTS AND DISCUSSION cantly on the choice of the gauge. As can be found from
: Table | the calculated relative diagram line intensities repro-
TheK x-ray lines studied here can all be denoted with theduce reliably the experimental valugss]. The energy val-
use of the symbols of th&L" type, wheren indicates the ues are also in an excellent agreement with the experimental
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data of Bearderj56] (discrepancies usually of the order of synthesized specti@ashed linesfor all the cases have been
1 eV) and in a good agreement with the theoretical and exconstructed as the sum of the Lorentzian natural line shapes
perimental data presented in Deslat¢sl. [57]. with the appropriate natural linewidths taken from RéB].

A detailed discussion of the results obtained for the diadn every figure there are three boxes. Each of them presents
gram lines is presented in the Appendix. From that discusthe spectra for particular lines. The bottom box is always for
sion it can be concluded that in calculations for the x-raythe Ka, andKa; lines, the middle one for thks; andK B,
lines of heavy elements much more transitions have to bénes, and the top one for thegs, K3,, KB,, and(if appli-
taken into account than in the case of light elements, becau§@P!® KO slines. Unfortunately, because of their very small
for the latter high shells are either unoccupied orBieand  Intensity the extremely weak forbiddefw; lines cannot be
E2 transitions occurring from them have very small intensi-S€€n in the spectra of any of the investigated atoms. Also the

ties and generally all the transitions of types other tkan  KOzzlines in the case of Sn are too weak to be visible in the
are very weak, as well. spectra. As for the very weakp, lines, their contributions

have been included in the spectra of all the atoms and they
affect the shapes of the theoretical spectra. Yet, only for the
K x-ray diagram line spectra of the two heaviest of the stud-
In Figs. 2—7 both stick and synthesized spectra for Pd, Sried elements, Pb and Th, they are significant enough to be
Tb, Ta, Pb, and Th are shown. In the stick spectra, on thé&lentifiable as a slight deformation of the right shoulder of
basis of the MCDF calculations resufigith the use of Cou- the K8, diagram bandsgreally smallKg, sticks can be no-
lomb [45] gauge, we have presented the energies of respecticed in these spectra, tho
tive transitions(the positions of the stickawith the relative Every box includes four spectra. In the first, bottom, spec-
intensities of the transitions multiplied by the degeneraciestrum there are diagram lines and in the remaining spectra—
i.e., 2+1, of the initial statesthe heights of the sticksThe  their KL! satellite lines. The second spectrum is for Kie'

A. KL satellite line structure
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TABLE |. Results of the MCDF calculations of th€ x-ray diagram line energigé eV), E, and relativgwith respect to th&«a, line)
intensities | .5 (Where upper values correspond to Coulomb gddé and the bottom ones to Babushkin gali§é]) for Pd, Tb, Pb, and
Th. For comparison, experimental relatigeith respect to th&, line) intensity valuegin eV), l¢,, taken from Ref[55] have been given.
For the lines of theK s, KB,, KB4, andKO, 5 kinds I, values concern added values for both lines in each of the pairs of lines. Thus to
comparel gy, With |, c one has to add the appropriate two values.gf, both in Coulomb or Babushkin gauge.g., in the case of thi€3s

lines | .o for the KBL line and| .y for the KBY line).

acPd 651D 8PP g0l h
Transition E lcalc I exp E lcalc I exp E lcalc I exp E lcalc I exp
Kag 0.000019 0.00019 0.00019 0.00106 0.000926 0.00224 0.0019
20746.9 43287.9 72135.7 89175.6
0.000019 0.00019 +0.00001 0.00097 +0.000034 0.00196 +0.0001
0.53062  0.530 0.57482  0.562 0.67281  0.600 0.74953  0.619
K 21020.3 43744.0 72805.2 89958.0
@2 0.52949  +0.022 0.55820 +0.018 0.59678  +0.018 0.62104 +0.019
1.00000 1.00000 1.00000 1.00000
K 21177.1 1.00  44481.0 1.00  74967.9 1.00 93348.2 1.00
a1 1.00000 1.00000 1.00000 1.00000
0.09021  0.0845 0.10912 0.103 0.13515 0.121 0.15201 0.124
K 23791.4 50227.6 84449.6 104820.4
Ps 0.08989  +0.0035 0.10430 +0.004 0.11304  +0.004 0.11613 +0.004
0.17558  0.163 0.20647 0.199 0.22402  0.232 0.22973  0.236
KB,  23819.2 50384.2 84936.5 105603.3
0.17447  +0.007 0.20181 +0.006 0.21818  +0.007 0.22516 +0.007
0 0.00056 0.00166 0.00330 0.00438
KBL  24010.6 50717.2 854225 106161.6
0.00053 0.00162 0.00305 0.00384
0.00110 0.00328 0.00675 0.00837
| 0.00079 +0.00006 0.00219 +0.00015 0.00398 +0.00030 0.00503 +0.00037
KB,  24015.8 50754.4 85523.9 106319.3
0.00074 0.00214 0.00367 0.00441
0 0.01502 0.02479 0.03293 0.03875
KBy  24297.0 51673.1 87238.2 108474.7
0.01480 0.02352 0.02737 0.02926
0.0397 0.0663 0.0846 0.0903
0.02889 +0.0016 0.04720 +0.0021 0.05642 +0.0024 0.06142 +0.0026
KB 24301.1 51713.0 87357.5 108677.4
P2 0.02840 0.04568 0.05402 0.05892
0.000064 0.00040 0.00090 0.00130
KBl  24347.9 51838.2 87569.6 108933.8
Pa 0.000070 0.00041 0.00084 0.00114
0.00013 0.00084 0.0019 0.0024
0.000088 +0.00007 0.00052 +0.00043 0.00108  +0.0009 0.00149 +0.0012
Kg 24348.2 51855.9 87591.7 108971.0
Pa 0.000096 0.00052 0.00101 0.00131
0.00393 0.00643 0.00914
KO 51973.1 87905.6 109422.1
2 0.00372 0.00534 0.00675
0.0088 0.015 0.020
0.00745 +0.0009 0.01068  +0.002 0.01369 +0.003
KOs 51979.3 87927.2 109467.7
0.00717 0.01020 0.01349

satellite lines where the additional hole is in thes2ibshell
(i.e., accompanyingsL'2s™1— X125 transitions, whereX
represents different subshells, depending on the.limethe
third spectrum there are th€L! satellite lines where the
additional hole is in the @ subshell(1s™12p™t— X™12p™Y).

The fourth spectrum in each box is the summary spectrum
and presents all appropriate satellite lines of ki€ type,

i.e., 1s"IL71— X1~ transitions, wheré. represents thes2

or 2p subshells. In this last spectrum the transitions from the
states with a hole in thesr 2p subshells have been statis-
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FIG. 2. Calculated stickline positions with their relative inten-
sities and synthesized spect(the sum of the Lorentzian compo-
nents, dashed ling®f Pd for theK x-ray diagram transitions and
theKL? satelll_te transmon‘s. In all three boxé&s is _the diagram I_|ne which the contribution of the 2hole states is even bigger
spectrumy(b) is the satellite spectrum for the initial states with an than it has been assumed here.
additional & hole, (¢) is the satellite spectrum for the initial states It is worth noting that removing an additional electron
with an additional § hole and(d) is the summary satellite spectrum induces a dramatic increase in the overall number of transi-
[(b) and(c)). The diagram linegand the correspondirigl - satellite tions and that in the satellite spectra in Figs. 2—7 there are

lines) in the bottom box are th&a; », lines (1s—2p™), in the . . o X
middle box theK 3, slines (151 3p~3) and in the top box theg, ~ 9TCUPS c_nf particular lines distributed widely around an aver-
(1s1—3d™Y) and Kﬁz (11— 4p™) lines. age position. Because of that the shapes of satellite Il_ne spec-
tra are different from the shapes of the corresponding dia-
gram line spectra. The estimate of the effect of additional
tically added. The summary spectra have been constructddshell ionization on the structure and shapes ofkheray
under the assumption that the populations of tilse @&hd  spectra can be made on the basis of the analysis of Figs. 2—7.
2p-hole states depend only on how many ways of creating a It should also be stressed that in our simulation of the
particular(2s or 2p) hole in the initial state there are. Thus theoretical x-ray spectra as the sum of the Lorentzian natural
there is a bigger contribution to the summary spectra fromine shapes the appropriate natural linewidttaging in our
the Zp-hole states than from theshole states. We have not case from about 8 to about 99 €88] and thus having a
considered the influence of Coster-Kronig transitions, due tagignificant effect on the shapeare used for each element

FIG. 3. As in Fig. 2, but for the spectra of Sn.
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FIG. 4. As in Fig. 2, but for the spectra of Th. In the top box FIG. 5. As in Fig. 4, but for the spectra of Ta.
additionally theKO, 3 (1s1—5p™1) diagram linesand the corre-
spondingKL? satellite line$ are presented. 1. Pd(Z=46)

From Fig. 2 it can be seen that in the case of (B
Iightest of the studied elementthe Ka, and Ka; diagram
fihes are well resolved, while th€B; andKB; diagram lines

re resolved worse and trh@ﬂg and KB'Z diagram lines are

and each line. Our purpose has been to provide a univers
characteristic of the natural shape of the spectra, which coul
be experimentally obtained with an ideal instrument. It hasnot resolved. On the basis of Fig. 2 we cannot say much
been showr{33,37,38 that the theoretical spectra after the about the wealk s lines.

convolution of the sum of the Lorentzian natural line shapes The shapes of th&L! satellite lines of Pd are signifi-

with the Gaussian instrumental resportgee latter depend- cantly different from the shapes of the corresponding dia-
ing on the equipment usgdre in an excellent agreement gram Jines. It can be seen that generally in each satellite
with the spectra measured with any kind of high-resolutionspectrum in Fig. 2 the sticks are widely distributed and they
instrument. Our theoretical spectra are also close to the erave also various intensities. Only in the case of K@
perimental ones and including the instrumental response ifines the sticks are separated into groups. Both stick and
our simulation would generally only smooth the shapes okynthesized spectra of the satellite lines for tsg'ds™ ini-

the spectra. Thus our spectra enable foreseeing many detailal states are quite different from the spectra of the satellite
of the measured spectra, such as the separability of particuléines for the 5 2p~! initial states. The stick spectra for the
bands. initial states with a & hole are for instance more scattered
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FIG. 6. As in Fig. 4, but for the spectra of Pb. In the top box, on  FIG. 7. As in Fig. 6, but for the spectra of Th. The contribution
the right shoulder of théKB, diagram band a small contribution from theKg, lines on the right shoulder of tH€g, diagram band is
from the K3, lines can be seen. more visible than for Pb.

than those for the initial states with g ole. In all the o 1 mper of diagram and sateliite lines, as in the top box
spectra there are also much fewer satellite lines of agmﬁca%r Th we can observ&O, 5 lines (accompanying the tran-
intensities in the case of the initial states withst®le than . e 5 subsh2é3|| which is unoccupied in Pd
for the initial states with a2 hole. The summary spectra are : . ' . '

. 1 Besides, the&K 35 lines are more pronounced than in Pd and
similarto the spectra for thest2p * initial states, due to the even the interl?ssities of thi€g Iineps are strong enough to be
bigger contribution from the states with @ Role than from S 4 .
the states with a2hole. \_/lSlbIe in the spectra. Moreover, th_éaz and I_(al diagram

The groups of theKa,L! and Ka,L! satellite lines are lines, as well as the(,6’3”and K,BlI dl-agram I!nes are well
resolved, whereas th€B; and K@ diagram lines and also

well resolved, but similar pairs of groups of satellite lines =5 P :
(i.e., accompanying the transitions in which theshell holes KB, andKp; diagram lines are resolved worse. TR@, and

are filled by electrons from the same nonrelativistic subshellKOz diagram lines are not resolved.
e.g., P for the pair of theK ;LT andK 3L line group$ are As for the synthesized satellite spectra, all the bands in Th

not resolved into appropriate two groups. are wider than their counterparts in Plecause of larger
absolute distances between the first and the last line in a
2. Th (Z2=90) band. At the same time, in Th not only th&a,L' and
In the case of the heaviest of the analyzed elements—TKa;L! bands, but also th&3;L! andKB;L! bands are well
(Fig. 7»—in comparison with Pd there is first a difference in resolved. The remaining satellite lines are not resolved into
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appropriate two bands in most cases. All the synthesized The remaining elements under study—Ta and Pb—have
spectra of Th satellite lines for the initial states with @ 2 spectra clearly resembling Th more than Pd. Fo(Hig. 5)
hole are very similar to the summary spectra, but the satellitéhe shapes of the spectra do not change significantly in com-
line spectra for the £12s7 initial states are not very differ- parison with Th in the cases of the spectra for Hg,L"
ent from them, eitheralthough the bands are more struc- lines (apart from the summary spectrum, the shape of which
tured than for the £2p! initial stateg. Contrary to Pd, the iS remarkably smoother than for JtKa; ,L*, andKO, oL*
shapes of THKa; ,L! satellite lines for the €12p™t initial lines. The distribution oflthe sticks |sls_|m|lar to that in Thin
states and in the summary spectrum are quite similar to th@!l the spectra OflthKQZL anldKOZBL lines and also in the
shapes of th&a; , diagram linegbut the satellite bands are €aS€ Of theKa,L* and Kg,L* spectra for the initial states
of course much wider This is a result of much larger natural Wr']th an additional 2 or .ZE hole. The mostf pronounced
linewidths of Th in corrlparison with Pd. fdsol the synthesizedgu%nrggr;n ggrence?J:rslonar\:\gt ﬂ']l' d-;té [;S ﬁll)sir[;/eegtru?rr] Kflgi'glfhe

i — =1 initi 1,3
;I?SC;:;J Pr:eosfyt:t?]z?zzé q gggit:gro:‘htg ﬁ]stzlslinéglté?flf::?éiz 1s 2p~tinitial states. In these spectra the lines are resolved

) . . in Ta into two groups corresponding to tKgs;L* and to the
than in the case of Pd from the Q|agram line spectra. ,Gene'kﬁlLl lines, so that there is a separate shape for each of
ally, the shapes of all Th satellite spectra differ muah

X these line groups and also the sticks form clearly two, though
terms of shapes and strulct)ufeom th(l)se for Pd, especially \yidely distributed, groups. Yet, thég, 5.1 spectrum for the
in the case of thek/3, JL." and KB,L™ spectra. As for Th 1571952 initial states is more similar to Ttboth in terms of
Kay oL™ bands, it can be said that their shapes are smoothehapes and sticksind the separation into the two groups is
than in Pd(because of larger natural linewidjhs not so clear.

Focusing on Th satellite stick spectra only, we can see that || the spectra of PlFig. 6) are very similar to those of
generally the distribution of the sticks in Th is different from 1 as for the synthesized spectra, the shape okKRrhL?
that in Pd. In comparison with Pd the sticks are more W'de|yspectrum for the €12p~t initial states is a little less smooth
distributed(larger distances between the first and the last lingnhan in Th. Conversely, in th&g,L! spectrum for the
in a band for all the kinds of Th satellite lines, which is 151551 injtial states and in th&3,L1 summary spectrum
directly connected with the increase of the role of relativisticine shapes for Pb are smoother than for Th. The distribution
effects. Yet, the increase of Z causes the energy range of Té¥ the sticks generally does not differ much from that in Th,
spectra to be about six times bigger than for Pd. Thereforeespecia”y in the cases of the spectra for tise!4s™ initial
for example in the case of TKe, ,L! lines, the sticks form states.
clearly separated two groups, inside which they seem to be | comparison with Ta, the shapes of Ri,L? spectrum
closer to each other than in Ralthough in fact the distances for the initial states with a £hole and also th&a;L? and
are biggey). A very significant change of the_structure for Th the K/, 4.1 spectra—both summary and for an additional 2
with respect to Pd can be also observed in the case of thgyle—are slightly smoother in Pb. The shapes of all the
KL lines, for which the sticks are much more scattered inK 3,11 spectra differ a little from those for Ta, so that the

Th than in Pd. summaryK3,L! spectrum is less smooth for Pb than for Ta.
In the case of th&B; sL! lines in Pb there is a clear sepa-
3. Sn(z=50), Th (Z=65), Ta (Z=73), and Pb(Z=82) ration between the shapes for tKg;L' and KB,L! lines,

also for theKg; 5Lt spectrum for the €257 initial states.

Analyzing now all Figs. 2—7 we can notice that there is aThe sticks generally are distributed similarly in Pb and in Ta,
gradual change of the structure and shapes of the spectespecially in the case of thea,L* andK 3, 5L ! lines and all
from Pd through Sn, Tb, Ta, and Pb to Th. the KL! spectra for the €125 initial states.

The spectra for SiiFig. 3) are very similar to those for Summarizing the results of the detailed analysis of Figs.
Pd. The most pronounced, but still small, differences be2-7, the distance between tKey;L* and Ka,L! bands and
tween the spectra of these two elements are in the satellifeetween the&8;L* andK3;L* bands increases strongly with
spectra in the cases of thg3; ;L' andKB,L! lines, both for  Z, so that while in Pd, Sn, and Tb tt&s,L* bands are not
the initial states with a 2 hole and the summary spectra, resolved from thek8;L* bands, in Ta, Pb, and Th we can
where in Sn the synthesized spectra are smootlaeger  observe the appropriate satellite bands separated. It should be
natural linewidthg than for Pd. added that the distance between the bands of consecutive

The spectra for the next studied element—(Hy. 49—  satellite line kinds(such as, e.g.KBsL! and KB3,L1) also
are more similar to Pd than to Th only in the cases of thancreases wittZ. The higherZ, the more widely sticks are
KBy 4Lt lines in the spectrum for the initialsI'2p~ states  distributed in all the satellite spectra and thus the wider
and in the summary spectrum, but even in these spectra tte#hapes of the spectra. Moreover, the shapes of the spectra for
sticks are significantly more scattered than in Pd and Srthe 1s12s™! initial states are often significantly different
Also the shape of th&g; 4L line spectrum for the initial  from those for the £*2p~ initial states. It is also observed
states with a & hole is remarkably different from the spec- that with the increase of the shapes of particular spectra
trum for Pd and Sn. Other satellite line spectra seem to retend to be smoother and resemble more the corresponding
semble rather Th spectra, especially in the case oKiag!  diagram line shapes. The only exception are K@ lines.
line spectra, the bands of which are significantly smootheAs for any other lines, th&g, diagram lines with the in-
than in Pd or Sn. The sticks in all Tb spectra are generallcrease oZ become better resolved into two Iin(as,Bg and
more scattered than in Sn and Pd. K,B'z), so that they are experimentally separable into the two
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TABLE Il. Theoretical values of energy shifign eV) of average positions of groups of thé.! satellite lines with respect to the
positions of the appropriate diagram lines. The symlsol1? concerns the energy shifts corresponding tokhé summary spectra, taking
into account statistically addedL? transitions from the €2s™* and from the $'2p™* states.

Transition
Initial states
Element of KL! lines Kas Ka, Kay KBy 3 KBs KB, KB4 KO, 3
46Pd 1512571 29.8 56.9 53.5 112.4 109.9 138.6 141.9
1s12p™t 84.0 56.1 64.7 141.4 139.6 168.2 171.8
st 76.2 56.3 61.5 134.3 132.4 160.8 164.6
5oSN 1512571 33.7 62.9 60.9 126.6 123.1 157.4 160.2 169.6
1s12p™t 93.6 61.9 72.8 158.2 155.2 189.5 192.8 202.8
st 84.9 62.2 69.4 150.4 147.4 181.5 184.9 193.9
esTh 15712571 52.4 90.0 94.8 187.1 181.1 231.2 233.0 247.6
1s12p7t 134.9 84.4 108.5 225.9 220.5 271.1 272.8 288.7
1571t 123.1 86.1 104.6 216.5 210.8 261.3 263.0 278.3
soTa 1s12571 60.8 107.8 118.1 225.2 218.8 275.3 277.1 292.4
1s12p7t 156.8 96.9 132.4 266.4 260.1 317.7 319.3 335.1
1sit 143.0 100.0 128.3 256.5 249.9 307.2 308.8 324.4
aPb 15712571 73.2 129.8 148.8 273.5 267.0 334.1 336.4 355.8
1s12p™t 185.3 109.7 163.1 316.8 314.7 377.0 381.3 398.3
1si 7t 169.2 115.5 159.0 306.3 302.3 366.4 369.8 387.7
ooTh 1si2s7t 84.0 152.8 183.0 324.3 3194 395.3 399.2 423.9
1s12pt 212.6 120.8 195.9 366.3 370.9 435.8 439.0 463.8
st 194.1 129.9 192.2 356.2 357.5 425.8 429.1 453.9

bands in the cases of the heaviest studied elements—Ta, Rbke part in the studied transitions it might be expected that
and Th[56]. TheK3,L! lines with the increase & are more  the biggest increase would be for the drbital, then 3,
and more widely distributed. That is why the groups of2p,.,, 2pss 3P12 3Ps/2 332 3dsi0, 4P1/2 4Pzjze 4030,
KB5L! and KBLL! lines overlap and even in Th the appro- 4dy,, 5p; 5, and the smallest forgs,,. The energy shift is the
priate two bands are not visible. As it can be seenKBaL"  higher, the bigger the difference between the amounts of the
Iines retain a rich structur@lespite a very large natural line- energy increase for the appropriate two orbitalspending
width). on the transitiopn Accordingly, if the above order of the
amount of energy increase was correct, the shifts of the
groups of theKL! satellite lines(with respect to the appro-
priate diagram lineswould increase with the energy of the
The groups of satellite lines are shifted in the spectra toeorresponding diagram transitions. The shift would be then
wards higher energies with respect to the corresponding diahe biggest for th&O;L* line group(the difference between
gram lines, which originates from the fact that the electronthe increase for thesland 3, orbitals would be the biggest
screening of the nuclear charge in multiply ionized atoms isof all) and the smallest for thi€azL? line group(the differ-
weaker than in singly ionized atoms. A rough estimate of theence between the increase for tleeahd % orbitals would be
shifts of the satellit&KL* lines with respect to the appropriate the smallest of ajl
diagram lines can be performed on the basis of Figs. 2-7. However, it can be seen from Table Il that the shifts do
Yet, a more detailed analysis demands the exact values of tht follow exactly the trends expected before obtaining the
energy shifts of the average positions of all the analyzed@dxact values of the energy shifts. The energy shifts of respec-
groups of thek L satellite lines, which are gathered in Table tive groups of satellite lines accompanying the transitions
Il. from the 1s712p™! states generally increase, according to the
From Table Il it can be observed that the higlethe  energetic order, from th&a,L! to KO, 5L lines. Yet, there
bigger shifts of all the satellite line groups in the case of theis a break in the increasing trend for Pd, Sn, Tbh, Ta, and Pb
1s'2s™t and 7'2p! initial states and also the summary in the case of th&g; JL.* and KgsL? lines. For the above
spectra. As for the energy shifts in the case of each elementjements th& 3L lines have a shift being 97-99 % of the
it could be predicted that the increase of orbital energieshifts of theK, 5L! lines. Moreover, the case of théxsl*
resulting from removing an additionatshell electron is the satellite lines for the initial states with @p2ole seems to be
bigger, the lower(meaning more negatiyesnergy the re- especial, as for all the studied elements their shifts are rela-
spective orbital has. For the orbitals the electrons of whichtively big, stronger than for th&a,L! andKa;,L* lines.

B. Energy shifts resulting from the L-shell ionization
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In the case of the transitions from the 12s™* states the relatively light Pd(Z=46) and Sn(Z=50) there is in fact a
trends are a little different. First, the energy shifts of theso-called intermediate coupling and significant mixing of the
KasL?! satellite lines are the smallest of all the lines. Then,states with the samioccurs. As a result, some satellite lines
for Th, Ta, Pb, and Th the shifts increase in the ortters, regarded as of th&a, kind are in fact a mixture of the
Kay, Kay, KBs, KBy 3 KBa, KBs, andKO, 3 (so with only  Ka,L?! line with the KeyL! line (with smaller contribution
one break in the energetic order, again betweerK{igand and vice versa. This can lead even to the change of the order
KB 3 lines). In the case of the lightest studied elemefi®d  of the values of the energy shifts for tiey,L* and Ka,L!
and Sp the order of increasing shifts is as followKas;,  lines. The mixing coefficients vary significantly with so
Kay, Kay, KBs, KBy 3, KBs, KB4, and(only for Sn) KO, 3(so  that for higherZ elements(especially for the heaviest one
with two breaks in the energetic order, betweenithg and  studied here—Thit can be assumed that no lines, at least of
Kea; lines and between thi€8s andKg; 3 lines). theKay ,L* kind, have any admixture. Thus in the case of the

In the summary spectra the energy shifts follow the sama&tudied elements other than Pd and Sn the energy shift of the
pattern as in the spectra for the12p™t initial states. More-  Ka4L! lines for the 51251 initial states is bigger than that
over, for all satellite lines apart frotia,, the energy shift of  of the Ka,L? lines. Yet, it should be noted that even for Pd
the average position of a line accompanying the transitiorand Sn thej-j coupling model is more adequate than the
from the initial state with an additionabzhole is bigger than L-S coupling.
the shift of the average position of the same line accompa- Another observation, previously mentioned, which cannot
nying the transition from the initial state with an additional be explained simply basing dn) values is that the shift of
2s hole. It is also interesting that with increasidghe shift  theKa,L line is bigger for the $2s 1 initial states than for
of theKasL! lines is closer and closer to tiiay;L* line shift,  the 1s12p™ ones, which is contrary to all the other lines.
so that for Pd(in the summary spectrahe KasL* shift is  This may be partly understood by analyzing te,L* spec-
124% of theKayL* shift, while in Th it is only 101%. trum for the initial states with ahole in each of Figs. 27,

The discrepancies between the described predictions ahere there is a peak of remarkable intensity on the right
the actual trends may be partly explained by the fact that theide of theKa,L* band, i.e., in the energy region where there
value of mean radiugr) of the orbitals important in our are noKa,L! lines of significant intensities for the initial
studies increases for Pd, Sn, Th, Ta, and Pb in the order: 1states with a @ hole. This peak must be the reason for the
2P1/2, 2P3/2, 2S, 3dgsn, 3ds/9, 3P12 P32 AP1s22 4P3s20 430, bigger shift of the average position of they,L* lines in the
4ds),, and (if applicable 5py, and 53, wWhereas for Th case of a & hole and appears as a result of the fact that in
there is a difference in the case of theshell orbitals, for  each of theKa; L' andKa,L* bands for the initial states with
which (r) increases in the orderdg;, 3p;», 3ds;, and Jg),. a 2 hole the sticks are considerably scattered and that the
First, such order of all the investigated orbitals justifies theastKa,L! stick for the initial states with ahole is of high
previously mentioned fact that removing & Zlectron intensity. In the satellite spectrum for thes2s™ initial
causes a bigger effect than removingsefectron. Second, states the distance between the first and kKatL® line
the above order is identical to the order of the declining(equal to the distance between the first and kKgjL® line)
sensitivity of respective orbitals to removing @ 2lectron  reflects the size of the splitting of thes12s™t initial states,
(and thus also of the declining extent of the energy incneasewhich is quite big[see Figs. (b) and 2a) in Ref.[32]] and is
Consequently, the smallest shifts of the groups of Khé  characteristic of each element.
lines for the 5 12p~tinitial states(and also the groups in the In Table Ill we have compared the calculated energy
summary spectjaare observed for thEa,L* lines, and then  shifts with available experimental data and also with the val-
they increase in the ordeKa;L!, KasL!, KBsLY, KBy 4LY,  ues based on a crude theoretical model by Butchl. [59]
KB,L!, andKO, 5L for Pd, Sn, Tb, Ta, and Pb. In the case of and two semiempirical formulas by Tordk al. [60,61. It
Th the shift of theKB; sL* lines is smaller than that of the can be observed that our theoretical values are in a good
KBsL! lines. agreement with the experimental ones. The formulas by

Removing a 2 electron causes similar effects, but it must Burchet al.and by Toroket al. give the values agreeing with
be considered that thes®rbital is more sensitive to remov- ours only in some cases, because each of the formulas works
ing a X electron than the [, and 25, orbitals. Thus the well only for a very restricted range &. The values calcu-
shifts of the satellite line kinds for thesT2s™* initial states  lated with both formulas by Torokt al. (for the Kay 5Lt
generally increase in the ordefus, Kay, Ka,, KBs, KBy 5 lines [60] and for theKp; oLt lines [61]) agree with our
KB, KB4, andKO, 3. Even Th follows this pattern, in spite values only for Pd and Sn. The formulas by Buetfal. [59],
of different order of orbitakr) values, but it is understand- based on a very crude model, generally describe the investi-
able, as the order in the case of thebahd 3 orbitals in Th ~ gated energy region poorly and they give the accurate value
is not completely reverse to that of other studied elements.only in the case of Tha; L' lines and a sensible value,

Moreover, there are some exceptions to the above ordefhough still with clear discrepancy, for Ha; ,L* lines and
concerning th&a,L! andKa4L? line shifts in the two light-  for Th KB 5L.* lines.
est elements. As it has been noticed before, in Pd and Sn the
KayL?! shift is smaller than th&a,L? shift in the case of the
1s 1257t initial states. This can be explained on the basis of
the j-j coupling model, used in our calculations, which MCDF-MSAL calculations (with the inclusion of the
works the better, the highet an element has. Thus for the Breit interaction, self-energy, and vacuum polarization cor-

IV. SUMMARY AND CONCLUSIONS
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TABLE lIl. Comparison of some of the values of energy shiftseV) of the KL! lines: calculatedE.,,
with available experimental oneEg,, and with the values obtained on the basis of two kinds of formulas,
Egurch @NdEgemi Egurch Values concern a crude model by Buettal. [59] andEgg,values concern one of the
two formulas by Téroket al. (for the Key 5L* lines [60] or for the KB, 5Lt lines [61)).

Element Satellite line Ecalc Eexp Egurch Egemi
4ePd Ka,Lt 56.3 5%%5
54.4+3.9
KayLt 61.5 62+5
62.8+2.5
Kay oLt 61.8 6F+2 69.5 59.9
KBy al! 134.3 139+5 183.3 136.9
13F+2
136°+4
KB,Lt 160.8 168+5
50N Kay oLt 69.1 76.1 66.1
KBy aL! 150.4 200.8 150.4
esTh Kayl? 86.1 81+7
KayL? 104.6 99.246.0
101946
Kay oLt 100.7 101.0 89.0
KBy it 216.5 266.5 201.0
SNEY KaylL? 128.3 128+10
Kay Lt 121.0 114.3 101.2
KBy al! 256.5 301.6 227.9
aoPb Kay Lt 148.5 129.2 115.0
KBy al! 306.3 341.0 258.2
9Th Kay Lt 175.4 142.5 127.2
KBy al! 356.2 376.0 285.2

2100-MeV 0 ion impact(Ref. [62)).
b88.0-MeV %0 ion impact(Ref. [24]).
“He?* jon impact(Ref. [53]).
926.8-MeV “He ion impact(Ref. [31]).
€88.0-MeV %0 ion impact(Ref. [38]).
210-MeV N’* ion impact(Ref. [63]).
9300-MeV %°Ne ion impact(Ref. [64]).
"350-MeV **N"* ion impact(Ref. [63]).

rectiong of the positions and intensities of thex-ray lines  given element the shapes of th&' spectra for the initial
have been performed for a wide range of the atomic numbestates with a 2 hole are more different from the shapes of
(from Z=46 toZ=90). The results obtained for Xfor Pd) or  the corresponding diagram lines than the shapes oKite
13 (for Sn, Th, Ta, Pb, and T x-ray diagram lines of the spectra for the initial states with gpzhole. Moreover, there
El, E2, and M1 types are in a good agreement with theare gradual changes of the shapes and structure dflthe
experimental one$55-57. Our theoretical energies of the spectra with the increase &, though generally there are
KL! satellite lines also agree with available experimentaimany differences in the shapes and structures between the
data(see Table ). elements. The distribution of particular sticks in tHé?!
Removing anL-shell electron, apart from aslelectron, spectra is the wider, the high&rof the element. It has been
results in a dramatic increag@ith respect to the diagram observed that with increasirg the shapes of th&L* lines
lines) of the number of transitions and also in a wide distri- (apart from theK 8,L* lines) become smoother and they also
bution of theK L satellite lines in the spectra. The theoretical tend to resemble more and more the shapes of the appropri-
simulation of the spectra as the sum of the Lorentzian naturate diagram lines.
line shapes with the appropriate natural linewidths enables The analysis of the energy shifts of average positions of
an investigation of the satellite line shape for each kind ofthe KL! satellite lines with respect to the corresponding dia-
line. It has been found that the shapes of the spectra for thgram lines has shown that the shifts follow similar trends for
1s12s 1 initial states are often very different from the shapesall the studied elements. The particular line groups have big-
of the spectra for thest'2p™ initial states. Generally, for a ger shifts when the hole is in thgpZubshell than when it is
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in the 2 subshell in all the cases apart from #e,L! lines. =46 toZ=90). It is understandable because if an electron is
This fact can be justified byr) value, which is smaller for removed from a neutral atom, the energies of the levels in-
the 2 orbital than for the 8 orbital and thus removing ap2  crease with respect to the appropriate energies in the neutral
electron has a more significant effect on the increase of thatom. The highest relative energy increase is in the case of
orbital energy than removing asZlectron. The obtained the K x-ray level (i.e., the 5! state§, as the amount of
order of increasing shifts for a given elemgmthich was  energy needed to remove an electron from this level is the
supposed to be in agreement with the order of increasing liniggest. Then the relative energy increase of the levels im-
energies has appeared to be a little surprising, but it can b&yortant in our studies declines in the ordes:’2 2p; %, 2psh,
qualitatively explained mainly on the basis @f) values. D15 3Pk 30z 30zh, 4P1h, 4Pams Adsh, 4dh, 5pih, and
What seems especially interesting is that the _shifts of theg;pgll2 (see Fig. 1. The relative energy increase of each x-ray
KpsL! lines are smaller than those of thgg; iL* lines (for  |evel is the bigger, the highét. Thus the biggest increase of
all the elements St“ld'_ed apart from the heaviestdrd that  yansitions energies with will be observed in the case of the
the shift of theKasl" lines for the states with aiZhole (and transition between the levels for which the amounts of rela-

1 . X
thushglso c?[f tht«da?’ll‘ Ilnetsbl_n thetzumiﬂary S%Dr? fo(rj tive energy increase due to the ionization differ most. Con-
each investigated element bigger than those ofiag ~ an sequently, the energy of th€O; transition increases most

Ka,L! lines. : . : .
. : . with Z (because the relative energy increase of the final,
Both the results of the calculations and their analysis pre- _; ) . .
Psix level is the smallest of all the levels studjednhile the

sented in this paper make a systematic study which examinefr>

in detail and explains various aspects of the structure angneray _Of theKas transition increases leagas the rel_at|ve
shapes of the spectra of many different satelte" x-ray energy increase of the finalsZ, level is the second biggest

: ) . . -1
lines and concems a wide range of the atomic number. It i§fter the 57 level. _
also worth emphasizing that our investigation considers apart 't can also be seen from Table I, again as we should an-
from strongE1 diagram and satellite lines also weak lines ofticipate, that the lines of thel type (i.e., Kay, Kay, Kf;,
this type and the lines of other type&2 and M1). The  KBi KB, Kp;, KO, andKOg) are much stronger than the
authors believe that the results of their analysis will be veryines of theE2 type (KBs, KBs, Kg;, andKp,) and of the
helpful in reliable and quantitative interpretation of tke M1 type(Kas). For example, thia, line (E1) is 200-1300
x-ray spectra of Pd, Sn, Tb, Ta, Pb, and Th induced by varitimes (depending or) stronger than th&gj line (E2) and
ous projectiles, which will be measured in the future or500-52 500 times stronger than tKes line (M1). The K5
which have already been measured but could not be succede is thus 2.5-40 times stronger than e; line. Within
fully analyzed. It is also worth mentioning that our researchthe E1 type the most intense are they, , lines and then in
will contribute to better understanding of collision processesfurn: KB, 3, KB,, andKO, 3. In each of these pairs of lines
by enabling obtaining reliable data about the ionization ofthe lines of higher energies, for whidti=-1 andAJ=1, are
the L shell of target atomgin collisions with light or heavy stronger. These lines ara;, KBy, Kﬁ'z, andKO;. For the
projectiles. These data will be very valuable in testing and weaker lines from each pafi.e., Kay, KB3, K,Gg, andKO,)
improving various theoretical models describing the coursé\l=—1 and AJ=0. Within the E2 type theKpgs lines are
of collision processege.g., plane-wave Born approximation, more intense than thi€g, lines and in both these pairs the
semiclassical approximation, classical trajectory Montelines of higher energieeKB'5 and K,BL), whereAl=-2 and
Carlo). Moreover, our results can be of vital importance inAJ=2, are stronger. For the weaker IinéSﬁg' and K,8'4')
designing new experiments, involving elements studied herdAl=-2 andAJ=1. Thus among the investigated lines of the
and other elements having the x-ray spectra in a similar ensame typgE1 or E2) the intensity is the stronger from the
ergy range. more inner shell the transition takes place. Moreover, the
most probable among the transitions from the same shell are
those wherel changes by the same amountlasut in the
opposite direction thah This may be explained by the sta-
This work has been financially supported by the Polishtistical reasons, since the stronger transitions in each pair are
Committee for Scientific Resear¢KBN) under Grant No. 2 from the states with highed quantum number than the
P0O3B 094 24 awarded for the period of 2003—2006 andveaker transitions.
Grant No. 1 PO3B 021 26 awarded for the period of 2004— From the performed calculations it can be observed that,
2006. as should be expected, with increasihgbsolute intensities
I, of all the diagram lines increase, e.g., for ke, line of
Pdl,=4.1206x 10, while for Th1,=5.2788x 10 (the val-
ues ofl ; have been calculated using Coulomb gaj# and
Here we analyze in detail the results of the calculations obive the number of transitions per secgnBrom Table | it
the positions and intensities of the studig¢dk-ray diagram can be noticed that also relatigeith respect to th&«; line)
lines of Pd, Tb, Pb, and Th, presented in Table |. From thentensities of all the lines increase with The most con-
comparison of the calculated values of energies it can bepicuous relative increase withof the intensity with respect
observed that, as should be expected, with the increaZe ofto theKea, line is for theKaz (M1) line, which is the weakest
transition energies increase significanfjepending on the of all the investigated lines in Pd, Sn, Tb, and Ta, whereas in
line, by about 70—-85 keV with the increase B#ffrom Z Pb it is stronger than th§,6"4' line and in Th—stronger than
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each of theKp, lines. The intensities of th&2 lines with  whose role increases with). In addition, as could be antici-
respect to the appropriat€éa, lines also significantly in- pated, the increasing role of relativistic effects causes the
crease withZ, more(relatively) in the case of th&B, lines  distance between the diagram lines in the same @air,
than for theKBs lines. Remarkably smaller relative increase accompanying the transitions from the same nonrelativistic
with Z of the intensity with respect to th€a; line can be  subshell, like, e.g., th&a; and Ka, lines) to strongly in-
observed for the majority of thEl lines(with the exception crease withZ. For each element the distance between the
of the KO, 3 lines, where the increase is quite larg€hus  lines from such pairs of lines is the bigger from the more
the heavier the atom, the more important the transitions oinner shell the transition takes place, thus it is the greatest for
the M1 andE2 types and transitions of different types from the Ka; andKa; lines, which are at the same time the easiest
high shells (which is connected with relativistic effects, to resolve in the spectra.
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