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Electron correlation in the 3p#4s state of Ar studied via the 20°4s resonant Auger spectra
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The 2p,, 312 €lectrons of Ar have been excited selectively to tiseofbital and the deexcitation has been
recorded by utilizing the Auger resonant Raman effect. Intensity distribution resulting from the mixing be-
tween 3%4s and 3*3d final ionic states of the resonant Auger transitions has been clearly revealed. Experi-
mental results are compared with the results of multiconfigurational Dirac-Fock calculations.
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PACS numbe(s): 32.80.Hd, 32.80.Fb

I. INTRODUCTION cross sections for selective excitations of the @ectrons.
Recent experimental progress at beamline 51 at the Max-
When a core electron is excited to an unoccupied boundhboratory has provided powerful tools to study the strength
state, the vacancy can be filled via a resonant Auger proce$¥ FISCI in the spectra. The spectra now recorded reveal
where the excited electron takes part in the recombinatioficely resolved fine structures which form a far more solid
process(participator Auger procesr stays as a spectator basis for comparison between experiment and theory than
(spectator Auger processSpectator Auger process is usually before[4,6,7]. In Ref.[6] the FISCI between thef#'4s and
the dominating decay channel and in the first approximatior3p43d configurations could be seen indirectly as a shifting
the spectra are expected to be similar to the normal Augeand broadening of the®(D)4s peak as compared to the
electron spectra except an overall energy shift due to thd8p*(®P)4s and 3p*(*S)4s peaks. Our results show different
shielding by the spectator electron. Quite recently this sofine structures in the case of each peak. This means that
called strict spectator model has been shown to fail comeomparision between the linewidths of the main peaks where
pletely in explaining the high-resolution resonant Augerthe fine structure is smeared out due to a moderate resolu-
electron spectra of Kr and XEL—3]. This is because the tion, is not so straightforward. De Gouet al. [7] could ac-
coupling between the spectator electron and the core holdsally see two partly separated peaks corresponding to the
created by the Auger decay splits the parent levels to enetransitions to the final states with pronounceg*8s or
getically close lying daughter levels. Changes in the interme3p*3d character in their spectra. They were not, however,
diate coupling conditions cause a remarkable redistributiomble to reveal the fine structure and determine the partial
in the population of the parent final states as compared to thiatensities of the lines.
normal Auger electron spectra. The strict spectator model
has been, however, assumed to explain rather well the main
features of the resonant Auger spectra taken at the first reso-
nance of Ar, the P°4s resonancg4]. Because the final
double-core-hole states of Ar are close to th#& coupling A. Measurements

the spectator electron does not change the mixing of Core- ¢ eaqyrements were carried out on the so-called Finn-

hole states having different total orbital angular momentg,, beamline(BL 51) [8] at the MAX-laboratory in Lund
since it 'r?‘rOd_“C?S p_nmanly an SeIectrostatlc perturbafioh Sweden. Details of the measurements of the Ar resonant, Au-
Intensity distribution of the @"4s resonant Auger decay, er spectra taken at several resonances will be discussed

howev_er, differs remarkably frqm the_ predlcno_ns based o Isewherd9]. Therefore only a short summary of the results
the strict spectator model, as will be discussed in more det ill be given here

below. The occurence of spectral features can be traced bac High-energy parts of the electron spectra taken at

to be caused by the strong mixing of final ionic conﬁgura-hy_244 4 :
) . . . =244.4 eV and 246.5 eV corresponding to the
tions (FISCI). The first hints of this were reported by Meyer Pyr—ds and J,,—4s excitations, respectively, are

et al. [6] who observed some brqadening .Of th? spectrabp i in Fig. 1. The narrow bandwidth of the synchrotron
lines. The same authors also predicted an intensity red'StrFadiation(about 70 meY, which is clearly smaller than the
bution in the spectrum caused by the FISCI. Their mOderat?nherent linewidth of thé @%4s states(about 115 meY, en-
resolution did not allow for further studies of the strength Ofabled us to benefit from the resonant Raman e{fmj[' As

the effect. Very recently de Gouet al. measured the same :

. i . . compared with the spectra reported by Megeal. [6] and
spectra V\_/lth a slightly better resolutid’]. Their results by de Gouwet al. [7] the structure in our spectra is much
agreed with those of Meyeat al. [6] but were not accurate atter resolved

enough to allow for detailed comparison between experimen
and theory.

High-resolution measurements of the Ap2s resonant
Auger spectra are rather difficult due to high energies of The energies and intensities of the resonant Auger lines
photons and electrons in association with relatively smallwere determined with the use of a least-squares fitting rou-

Il. EXPERIMENT

B. Experimental results
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fixed during the fitting procedure. The linewidths and shapes
were also kept fixed after they had been determined reliably.
The first estimate for the linewidth was obtained after fitting
the first five lineg(lines 1-5 in Fig. 1 After that the eleven
lines (lines 1-11 in Fig. 1 were fixed to have a common
initial linewidth achieved above. Fitting procedure was con-
tinued but now the program was allowed to change the com-
mon initial linewidth. A total linewidth of 96 meV for indi-
vidual line components was eventually achieved. The line
shapes were well produced by Voigt functions. The product
of the distribution of incoming photons and the Lorentzian
lifetime broadening results in a shape of resonant Raman
lines with the Lorentzian tails cut offL3]. Such line shapes
are in close resemblance to the Voigt functigmd].

Energies and relative intensities of the individual lines are
given in Tables | and Il, columns 4 and 5. In column 6 the
intensities of well resolved prominant peaks, due to partly
overlapping line components, are also shown. The accuracy
of the relative line intensities is not as good as that of the
peak intensities due to the heavy overlap of close lying lines.

The intensity of line §corresponding to the transitions to
the final state assigned ap®3P)3d 2Fs, in optical data
[11,12)) is very weak but the presence of the line is clearly
seen when the 2, ,4s resonant Auger spectrum is examined

in morge detail. We have included line 8 also in the case of
oA ar a4 a2 a the 2p3,4s resonant Auger spectruiifable 1l) in order to
37 36 35 34 33 32 keep the line numbers consistent for the two spectra.
Binding energy (eV) Final states in Tables | and Il can also be occupied via
direct photoionization. ThesBphotoionization Cross section

FIG. 1. Kinetic-energy region of lines 1—11 of the electron spec-iS distributed between the main and correlation satellite
trum of Ar excited(a) by 246.5 eV photons anth) by 244.4 eV channels due to th2e FISCI and channel interaction between
photons. Line numbers refer to Tables | and II. the 3s3p°el and H?3p*nlel’ channels. The photoelectron

spectrum, recorded below the resonances, was used to esti-

mate the contribution of the direct photoionization in the
tine. The energy separation of the individual lines was takempopulation of the final states under study in present work. It
from the energy splitting of the final-state levels determinedurned out, however, that less than two percent of the total
by optical measurementsl1,12. The splitting was kept intensity at resonances is gained via direct photoionization.

Intensity (arb. units)

Intensity (arb. units)

o N A O 00 O

TABLE |. Relative transition rates of the Arg,4s resonant Auger transitions.

) Intensity (%)
Line Energy
Final ionic state J no. (eV)[11,19 Expt. Expt.[7] Expt.[6] Calc Il Calc IV Calc V[6]
5/2 1 32.40 5.31) 5.9 5.9
3p*(®P)4s 32 2 3251  5.83) ; 16.43) 12.4 13 61 ;183 6.1 | 16.0 20
172 3/3 32.57 5.32) 0.3/6.0 3.8/0.2
a3 3/2 4 32.90 24.3 24.3
3 P)4
p*(°P)4s 12 s 33.03 66(2) ] 27.24) ] 24.7 } 29 7.8} 32.1 98} 34.1 } 31
3/2 6/6 34.19 21.718) 14.9/9.1 14.9/9.1
5/2 7 34.21 7.61.1) 29. 28.1 5.0 29. 5.0 25
3p*(*DI*P)4si3d g5;p g 3438 0202 46 0.0 0.0
3/2 9 34.42 14.44) ; 16.21) 23.6 9.1, 103 9.1, 103 15
5/2 10 34.49 1.64) 1.2 1.2

3p*(*9)4s 12 11/11 36.50 10.92) 10.92) 11.2 12 7.9/2.4 10.3 9.9/0.7 10.6 9
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TABLE Il. Relative transition rates of the Ar®,,4s resonant Auger transitions.

) Intensity (%)
Line Energy
Final ionic state J no. (ev)[11,12 Expt. Expt.[7] Expt.[6] Calc llI Calc IV Calc V[6]
5/2 1 32.40 7.01) 9.3 9.3
3p*(°P)4s 32 2 3251 492 ; 20.08) 15.6 19 55 ;249 55 ;245 24
12 3/3 32.57 8.1(4) 0.4/9.7 9.1/0.6
3p*(°P)4s . 2% 84y 17.62 1 1 021, 021 04 22
12 5 33.03 9.22) 42 56 o 10.6 0.8 10.2 0.
3/2 6/6 34.19 9.0(5) 3 36.3 3.5/3.6 3.5/3.6 3 )
5/2 7 34.21 26.48) 545 ’ 26.6 26.6 ’ °
3p*('DI*P)4si3d 5 g 3438  1.14) 53 0.2 0.2
32 9 34.42 6.19) ; 14.55) 20.8 254 8.9 254 8.9 18
52 10 34.49 7.31) 6.2 6.2
3p*(l9)as 12 11/11 36.50 12.51) 12.51) 11.7 9 8.9/2.8 11.7 11.8/0.7 12.5 11
This indicates that the interference of direct photoionization lll. DISCUSSION

and resonant Auger channels is of minor importance. A Calculations

C. Comparison with previous results Relative transition rates were calculated using a single-
channel multiconfiguration Dirac-Fock methgtb]. In order

to follow how the intensity distribution changes in passing
Srom the normal Auger electron spectra to the resonant Au-
ger electron spectra and how strong is the effect of FISCI,
four different calculations were carried out. First, the normal

that we are able to determine the intensities of individuatAuger’ second th.e.spe(.:tatorAuger, third apd fourth.the Spec-
transitions (column 5 our relative intensities of the main tatOr Auger transitions including the FISGAith two differ-
peaks also differ from the values reported ear@7]. De €Nt basis se)swefe reproduced: For 'ghe flnal'lonlc state we
Gouw et al. [7] noted that their relative intensities of the included all the jj-coupled configurations which result from
main peaks at higher binding energies are in general highdhe nonrelativistic configurationsp34s (calculation 1), and
than the values reported by Meyetral.[6]. De Gouwet al.  configurations §*4s, 3p*5s and 3*3d (calculation 1.
assigned this to be due to the lack of transmission correctioihe results of calculations |-l are depicted in Figs. 2 and 3.
in the spectra of Meyeet al. However, our relative intensi- Results of calculation 1l are also given in Tables | and II,
ties for the main peaks are closer to those of Megeal.  columns 9 and 10. Furthermore, we have used the total an-
even though we measured our spectra much in the same waylar momentum value$ to assign the final states in Tables
as de Gouwvet al. We argue that in a short energy range thel and Il since the final states are strongly mixed of several
transmission does not change as strongly as proposed by #&-coupled states which all have a common valueJof
Gouw et al. The differences between the relative intensitiesTherefore, thel. S-coupling scheme is not adequate in de-
of the main peaks in the spectra reported here, by Meyescribing the states.

et al. [6] and by de Gouwet al. [7] are probably caused by Final-state configurations p#ns, n=6,7,... and

the fact that the main peaks are not well resolved in the8p*md, m=4,5, ... were not included in our calculation IIl.
spectra of Refs[6,7]. This makes it very difficult to deter- This calculation is however, assumed to reproduce the inten-
mine the relative intensities of peaks properly. In addition,sity distribution of the transitions to the final states with
statistics of the spectra reported by de Goetval. is not as J=3/2 and 5/2 reasonably well. There is, however, one extra
good as ours, and the line shape in their spectra seems to peak in the calculated spectra labeled asvich indicates
somewhat asymmetric due to asymmetric transmission prahe need of larger basis set. We have given the intensity of
file of the electron analyzdrl5]. We have used Voigt line line 6' together with the intensity of line 6 in Tables | and Il
shapes for each individual line in the fitting procedure, whichsince we assume that the use of a larger basis set would
reproduced well the measured symmetric line shapes. D&ansfer most of the intensity of lin€ &o the line 6 nearby.
Gouwet al. used pure Lorentzian line shapes for peaks even For theJ=1/2 states the intensity distribution was recal-
though the shapes obviously were far from Lorentzian. Atculated using the mixing coefficients from a calculation with
the 2p,4s resonance our spectrum is also free from thea larger basis set which included configurations33®,
contribution due to the @3,— 3d excitation. 3p*ns, 3p*md where n=4-7 and m=3-7, 3s3p*3d4st,

Our valuegcolumn 6 in Tables | and )JIcan be compared

Gouwet al.[7] given in column 7(we normalized their val-
ues to 100% to agree with our normalizaticand those of
Meyer et al. [6] given in column 8. In addition to the fact
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FIG. 2. Calculated spectra for the transitio@s ZngZ_)3p4 FIG. 3. Calculated .SpeC’.[ra for the transitiof@ 2p:h/2_>3p4
(referred to as calculation | in the tgxtb) 2p3,,4s—3p*4s (cal-  (referred to as calculation I in tt:e toxtb) 2p, ,4s—3p“4s (cal-
culation 1)), and(c) 2p3,,4s—3p*4s,3d (calculation II). culation 1l), and(c) 2py,,4s— 3p“4s,3d (calculation 1.

3p23324§, 3s3p*4s?,  3s°3p°4s, 3s3p*3d’, and  ynderestimate the rate to th® parent multiplet in both the
3s3p”4p” (referred to as calculation IV When the new normal and resonant Auger decay. Similar results were re-
mixing coefficients were used, most of the intensity d'St”b'ported earlier for both the norm&l6] and resonant Auger
uted between thd=1/2 lines 3, 3, 11, and 11[see Figs. gpecirg6]. The discrepancy, however, seems to decrease in
2(0) anc:] 3c)] was tr_ansfﬁrred Ito thefllnels 3 ang lla -T(‘)'S IS hassing from the normal to the resonant Auger spectra. This
tsr?en ernlcompalrllng tdel\zla_ u?rs t())l COI umg% Baln V\t”r: ay indicate that correlation effects, which have been com-

oseGo columns 11 and Lz In Tapbles [ and 1l. because %Ietely omitted in the case of the normal Auger spectrum, are
3s3p°, J=1/2 state is also involved in the mixing, the FISCI of importance

plays the most prominant role whér=1/2. Its omission in . S
the calculations results in incorrect eivenvalues and eigen- | ¢ difference between the profiles in Figébj2and 3c)

vectors for the B*4s configuration as well. In calculation IV shows that the FISCI results in a redistribution of the inten-

the mixing of the P*4s and *3d states withJ=1/2 is sity of the transitions to the |3‘(1II_))45 final state. Our re-
much weaker than suggested by calculation I, §u|ts confirm the earlier assumptiof that the extra split-
Theoretical values reported by Meyet al. [6] are also  ting of the peaks due to the transitions to the? 3'D parent
given in Tables | and II. Their calculatiofreferred to as State is due to the mixing offg'4s, J=3/2,5/2 and $3d,
calculation V, column 1Bincluded the final-state configura- J=3/2,5/2 final ionic stateglines 6—10. The calculated in-
tions 3p*4s and P*3d. tensity distribution is close to the measured one, when the
mixing coefficients from calculation IV are used fo=1/2.
High resolution allows us to see how big is the difference
B. Comparison between experiment and theory between the spectra resulting from the decay of the two reso-
nant states, @,,,4s and 2p§,243. Not only does the branch-
ing ratio between théP (lines 1-3 and 2P (lines 4 and 5
Intensity distribution of the resonant Auger spectrapeaks change, but also the branching ratio between the peak
changes clearly when an extra electron stays as a spectaidue to lines 6 and 7 and the peak due to lines 8-10 is dif-
during the decay as can be seen when comparing the profilésrent. The difference in the intensity distribution between
in Figs. 4a) and 3a) to those in Figs. @) and 3b). Calcu-  the two spectra seems to be better reproduced by our calcu-
lations tend to overestimate the decay rate to tReand lations than by the calculations reported in Réf.

1. Overall intensity distribution
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TABLE Ill. Relative transition rates as a sum ovérof the  and experimental values for the intensity distribution but also

individual rates. for the energy splitting. We will use the energy splitting
taken from calculation Il in the following. The calculations

Initial state overestimate the energy difference between the pé&ks

_ 2p3.As 2pyAs (lines 1-3 and 2P (lines 4 and 5 by about 0.0.6 eV and
Final between the peakP and the peak composed of lines 6—8 by
state Calc. Expt. Calc. Expt. about 0.31 eV. The calculated energy splitting of the indi-

vidual line components inside the peakB and 2P differs

Jillz 244 228 324 29.8 less than 0.01 eV from the measured values. Both the inten-
J=312 63.5 62.5 25.3 284 sity distribution and the energy splitting of lines 1-5, which
J=5/2 12.1 14.7 42.3 41.8

is less influenced by FISCI, is well reproduced by the present
calculations. This indicates that the theory accounts very
well for the spectator-core coupling.

The measured intensity of the peak composed of lines The calculated energy splitting between the lines 6 and 7
1-3 agrees better with our calculations than with those ofs by 0.026 eV too big and the one between lines 7 and 8 by
Meyer et al. [6] in the case of the ,233/243 resonant Auger 0.076 eV. The calculations overestimate the energy splitting
spectrum. For the [2;,,4s resonant Auger spectrum our between lines 8 and 9 by 0.267 eV and between lines 9 and
value is almost identical with that of Meyet al, both of 10 by 0.04 eV. The position of line 8 is thus misplaced by
them being too big when compared to our experimentatheory, but since the line is very weakee Tables | and )i
value. The relative intensity of the peak composed of lines 4his has no real effect when the calculated and experimental
and 5 is somewhat better reproduced by our calculations thaprofiles are compared to each other. Here the FISCI is more
by the calculations of Refl6] when the D,4s resonant imp_ortant thaq in the case of lines 1-5. Even though fche
Auger spectrum is concerned. In the case p} 2is resonant ~ Main features in the spectra are accounted for by calculations

Auger spectrum the opposite is true. Our value for the sunyvith limited basis set, finest details are not reproduced prop-

of the intensities of lines 6 and 7 is clearly closer to the®Y- - _
experimental value. Meyest al. [6] seem to be able to re-  The calculated energy splitting between tf® (line 11)
produce the sum intensity of lines 8—10 better than we, esand the peak composed of lines 9 and 10 is already by 0.72
pecially in the case of thef,4s resonant Auger spectrum. eV too big. Thg larger paS|s set used' in palculaﬂon IV re-
Intensity of line 11 in both spectra is somewhat better reproduces the splitting considerably resulting in a better agree-

duced by the calculations of this work than of Ri]. ment with the experiment. Thus fdr=1/2 the limited basis
set is too rough.

2. Intensities of individual lines
4. General

The relative intensities of lines 1-5 are quite well repro- )
duced by our calculations. Our calculated intensity ratio of Vell resolved structure in the [?4s resonant Auger
lines 6 and 7 agrees quite well with the experimental valugPectra of Ar has allowed us to carry out a detailed compa-
for the 2p44s resonant Auger spectrum. For th@?ﬂs rision between experiment and t_he_or_y. The_ expenr_nental and
resonant Auger spectrum our calculations overestimate th(éalcqlgted relative intensities of individual Ime;, being a very
intensity of line 6 and underestimate the intensity of line 7. Sensitive test to the accuracy of method o include FISCI,

This is not necessarily due to the incompleteness of the mupave been found to be in a fairly good agreement to each

ticonfigurational Dirac-FockMCDF) calculations, but could qther. Earlier Works_§6,7] d.i(.j not report relative line intens_i—.
also indicate that our fitting procedure was not able to solvé'®S but the peaks intensities only, and thus the comparision

the relative intensities in the case of lines 6 and 7. TheCOUId not reach the individual values. Our results clearly

branching ratio for lines 9 and 10 is well reproduced bymdi(_:ate, t_hat especially fgﬂ=1/2 fina_l states an extend_ed
theory for the DS AS resonant Auger spectrum whereas thebasls set is needed to arrive at a satisfactory reproduction of
3/

opposite holds true for thef,As resonant Auger spectrum the experiment. Some minor discrepancies still remain be-
PP / ) gersp " tween experiment and theory, indicating that the basis set
Here the accuracy of the experimental values is not ver

) Yised in the calculations is not large enough. A slightly better
high, however. th imental side might also help in furth
The relative intensities of the individual lines have now Sccaracy On IN€ expenimental side might aiso Nep In furiher
; . : ; ... development of the method. The eigenvectors used in our
been reported. This makes it possible to sum the intensiti

€Calculations are available from the authors.

over the total angular momentuthand compare the sums
with the theoretical ones. As seen from Table Il the theory
seems to reproduce the observed sum intensities fairly well.
This indicates that the Auger amplitudes are well reproduced IV. CONCLUSIONS
by theory, whereas the discrepancies in the case of individual Fine structure in the @°4s resonant Auger spectra has
partial rates are related to the problems in calculating theen well resolved by utilizing the Auger resonant Raman
mixing coefficients properly. effect which allowed us to record the spectra with a line-
width narrower than the natural lifetime broadening. A re-
markably better accuracy is also obtained for peak intensities

The capacity of the MCDF calculations to account forin present work as compared to Reff§,7], where the data
FISCI can be tested not only by comparing the calculatedhandling was hampered due to lower resolution, lower sta-

3. Energy splitting



54 ELECTRON CORRELATION IN THE $*4s STATE OF ... 2887

tistics, and, curious line shape. Comparision between MCDF ACKNOWLEDGMENTS

calculations and experimental results showed that the exist-

ence of extra peaks in the spectra could be explained to be The authors would like to thank Dr. S. Aksela, Dr. O.-P.
due to strong mixing betweenp34s and 3*3d final ionic ~ Sairanen, Dr. A. Kivim&i, Dr. E. Nommiste, Dr. S. Svens-
states. Achieved experimental resolution is now goodson, and Dr. A. Ausmees for their contribution to the experi-
enough to give an opportunity to test and develop theoreticahental part of this work. Financial support from the Re-
calculation methods as far as configuration interaction isearch Council for Natural Sciences of the Academy of

concerned. Finland is acknowledged.
[1] H. Aksela, G. M. Bancroft, and B. Olsson, Phys. Rev48, Svensson, and J."Yeynen, Rev. Sci. Instrun65, 831(1994).
1345(1992. [9] The spectra were recorded with a hemispherical sector ana-
[2] H. Aksela, S. Aksela, O.-P. Sairanen, A. KivikiaA. Naves lyzer from Uppsala. A complete set of results will be presented
de Brito, E. Nanmiste, J. Tulkki, S. Svensson, A. Ausmees, elsewhere.
and S. J. Osborne, Phys. Rev.48, R2469(1994). [10] A. Kivimaki, A. Naves de Brito, S. Aksela, H. Aksela, O.-P.
[3] H. Aksela, O.-P. Sairanen, S. Aksela, A. KivikigA. Naves Sairanen, A. Ausmees, S. J. Osborne, L. B. Dantas, and S.
de Brito, E. Nonmiste, J. Tulkki, A. Ausmees, S. J. Oshorne, Svensson, Phys. Rev. Leftl, 4307(1993.
and S. Svensson, Phys. Rev54A, 1291(1995. [11] C. E. Moore,Atomic Energy Leve)sNat. Bur. Stand(U.S)

[4] M. Meyer, E. von Raven, M. Richter, B. Sonntag, and J. E. Circ. No. 467(U.S. GPO, Washington, DC, 1949/l I.
Hansen, J. Electron Spectrosc. Relat. Pher&in407(1990. [12] L. Minnhagen, Ark. Fys25, 203(1963.
[5] J. Tulkki, H. Aksela, and N. M. Kabachnik, Phys. Rev.48 [13] S. Aksela, E. Kukk, H. Aksela, and S. Svensson, Phys. Rev.

2957(1993. Lett. 74, 2917(1995.
[6] M. Meyer, E. von Raven, B. Sonntag, and J. E. Hansen, Phyq.14] E. Kukk, S. Aksela, and H. Aksela, Phys. Rev53, 1(1996.
Rev. A 49, 3685(1994. [15] J.A. de Gouw, C.A. Peters, J. van Eck, and H.M.G Heideman,
[7]J. A. de Gouw, J. van Eck, A. C. Peters, J. van der Weg, and  J. Electron Spectrosc. Relat. Phend8, 379 (1993.
H. G. M. Heideman, J. Phys. B8, 2127(1995. [16] J. Tulkki, T. Aberg, A. Matykentia and H. Aksela, Phys.

[8] S. Aksela, A. Kivimi, A. Naves de Brito, O.-P. Sairanen, S. Rev. A46, 1357(1992.



