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Abstract

Possible ways of realization of a so-called complete experiment for atomic Auger decay, i.e. experimental determination of the Auger
amplitudes, are discussed. Recently found relations between parameters characterizing the angular distributions and the spin polarizatio
of Auger electrons have led to a revision of our understanding which measurement can constitute a complete experiment. Now it is clear
that in general, information on both particles in the final state, electron and residual ion, is necessary. Examples of recent almost complete

experiments are discussed.
© 2004 Published by Elsevier B.V.
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1. Introduction: a concept of a complete experiment for first step of the Auger process: ionization or excitation of an
Auger process atom by photon or particle impact. It is convenient to expand
the Auger electron wave function in partial waves. Then the

A set of measurements is called a “complete” or “perfect” Auger decay may be described in terms of a limited numz
experiment if from the results of the measurements it is ber of complex matrix elements (Auger amplitudd$) = 48
possible to obtain the most complete quantum mechanical (J; s, lj||O| Jini), wherel and j are the orbital and total an- 49
information about the studied process, namely the transi- gular momenta of the Auger electron afids the transition so
tion amplitudes and their relative phases. These experimen-operator. The number of Auger amplitudes is limited by the
tally determined amplitudes can serve as an ultimate test forangular momentum and parity selection rules. In the gesx
the theoretical calculations. Due to their fundamental im- eral case the total number of the amplitudesJs21[3]. s3
portance the complete experiments are widely discussed inFor example, for the transition M 3N 3(J; = 2) there 54
photo- and scattering procesdés. It is clear that the ex-  are four different electron continuum channelgi;sdz/2, 55
periment is “complete” only within the framework of the ds;», and g, and correspondingly four complex Augerse
theory used[2]. A more detailed theoretical description amplitudes. The moduli of the amplitudes and relativer
may need more parameters (more amplitudes) and therephase shifts form a set of the/i4+ 1 real parameters to bess
fore requires more measurements before the experiment isdetermined experimentally for a complete characterizatian

complete. of the Auger decay. In many cases the number of possilate
A concept of a complete experiment for the Auger pro- decay channels is less than maximumJif< J; then the 61
cesses in atoms was first formulated [B] within the number of amplitudes reduces td;2+ 1, thus only 45 +1 62

framework of the conventional two-step model of creation parameters need to be determined experimentally. Anotleer
and decay of a core-ionized or core-excited resonant state possibility to diminish the number of required parameters
An Auger decay itself is considered as a quantum transition is to use some additional approximation for the descriptian
from a well-defined initial ionic state, characterized by its of the Auger decay. For example, application of the LSsh
energy, angular momenturd;}, and parity {;), to a certain approximation for the ionic states and the non-relativisti&
final state of the residual ion/{, 1) and the Auger electron  approximation for the Auger electron considerably dimines
in the continuum. The initial ionic state is prepared in the ishes the number of necessary amplitudes. 69

0368-2048/$ — see front matter © 2004 Published by Elsevier B.V.
doi:10.1016/j.elspec.2004.02.059
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In practice, the absolute measurements of the Auger elec-angular distribution and the intrinsic anisotropy parameters
tron yield are very rare. In the experiments discussed below a; which are expressed in terms of Auger amplitudes asizo
only relative cross sections, relative partial widths, etc. are
determined. Therefore, relative Auger amplitudes and phases% = Y ajry ReMiiM; ) @
are obtained from the experiment which is then dubbed “al- .0y 121

most complete” experiment. Obviously, the above consid- whereaj; ; are the known combinations of the Clebschz2
eration is valid not only for the Auger decay but also for Gordan écnjeﬁicient{sl6] 123

the resonant Auger process and for the autoionization of The Auger electrons can be spin polaridéd, 18] Mea- 124

any strong resonance which can be described within the 5, e ments of the spin polarization of Auger (autoionization}

two-step model. In recent years several attempts have beeryacyrons are difficult but quite feasible as demonstratediby
made to perform the complete experiment for Auger or res- recent experimentt—6,19-23] The three components ofiz7

onant Auger (autoionization) processes in atoms using vari- e gnin-polarization vector can also be expressed in tetss
ous techniquéd—14] Some of them will be discussed below ¢, jentation and alignment tensors and the correspong-

in more detail. ing intrinsic parameterf4]. It is convenient to present thaso
spin-polarization components in the frasiavith thez’-axis 131
along the direction of Auger electron emissi@—-28] The 132

2. Measurable parameters of the Auger decay spin component along the direction of electron motion (lotss

. ) L gitudinal componentpP,’) may be presented as 134
2.1. Anisotropy and spin polarization of Auger electrons
P, — Y k—odd Sk Ako(Ji) Py (cos) 3)
In the following we discuss what parameters can be mea- ° 1+ > k=2 even@k-Axo(Ji) Pr(COSY) 135

sured in experiments with the Auger decay, in principle. R _ )
First, consider the experiments in which only Auger elec- Hered, are the intrinsic parameters which determine the ass

trons are detected. The first observable quantity is, natu-9ular distribution of the longitudinal spin component. Noter
rally, the intensity of the Auger line which is proportional that the sum in the numerator contains terms with iny ocd
to the sum of all matrix elements squardg=~ >; |Mj|2. k values while the sum in the denominator contains onbg
This gives the first equation connecting the observable quan-8Venk terms. The transverse spin component in the reaction
tity and the unknown amplitudes. More detailed informa- Plane @) is 141
tion abou'g thg chpsen Auggr transi'tion. can be obtained from ZkzoddEkAko(Ji)Pkl( cos®)

angular distribution and spin-polarization measurements. In Py = 1+ Aro(J5) Pe(COSD) (4) 2
fact, in many cases the excited initial Auger state is not k=2.even®kHOLI) k

isotropic in a sense that the magnetic substates related tQuhijle another transverse component, perpendicular to the

some physically selected axis are not statistically populated. reaction plane, is 144
The anisotropy of the initial state may be characterized by _

the orientation ¥ = odd) and alignmentk(= even) statis- _ YiczevenskAko(Ji) P (cosd) 5)
tical tensorsAyq which in the simplest case reduce to the Y1 Y k=2 even®kAro(Ji) Pr(cOSY) | 145

statistical tensors of the first and second rank, respectively
[15]. The angular distribution of the Auger electrons emitted In Egs. (4) and (5the functionstl(x) are the associateciss

from an aligned state can be presentedil&s: Legendre polynomials, the coefficiens (k odd) and&, 147
ke (k even) are the intrinsic parameters which determine the
Io x transverse spin components in the reaction plane and per-
Ir;0)=—|1+ Aro(Ji) Pr(cos v 1 ) . .
5 @) A Z ok Ar0(Ji) Fi( ) @) pendicular to it, respectively. Note that the valuég(Ji) 150

=2, _ X . .
f=zeven in Egs. (3)—(5)are still determined in the laboratory frames:

where Iy is the total yield of the transition?;(x) are the and angley is measured from the laboratogyaxis. Since 152
Legendre polynomialsdo(J;) are statistical tensors of even we consider the orientation and alignment tensors of the
rank describing the alignment of the initial state andare initial state Axo(J;) as known values, the measurements ch
intrinsic anisotropy parameters, characteristic for a partic- the spin polarization of Auger electrons provide the intrimss
ular Auger transition. (The-axis of a laboratory system sic parametersy, & (k odd) andg, (k even) which may be 156
is chosen along the alignment axis afds the angle of expressed in terms of the Auger amplitudes by the relatiass

electron emission.) The summation (ib)is over even val- of the general form similar t&q. (2) 158
ues ofk, andkmax < 2J;. In photoinduced Auger emission o 0 i

k = 2 only. The alignment parametero(J;) can be mea- % = > cij vy MMy (6)
sured in independent experiments. Sometimes they are ex- .0y’ 159

actly known (for example, in photoexcitation of resonances 0 . o
from the J = 0 ground state). In any case, we can consider Wherez,”.i = 1 — 3, represents all three intrinsic paramso
Eg. (1)as an equation relating the experimentally observed eters. Simple explicit expressions for the coefficielﬁ‘;)gj, 161

)
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may be found in25,28] The total number of intrinsic pa- 2.3. Coincidence measurements of angular correlations 210
rameters which can be in principle obtained from the mea-

surements of the angular dependence of the intensity and Finally, we consider the angle resolved coincidence mea-
spin polarization of Auger electrons is/i4+ 1 [3] which surements in which the Auger (autoionization) electronzig
is accidentally, equal to the total number of real parameters detected together with the subsequent fluorescence orzan-
characterizing the amplitudes. Thus if the intrinsic parame- other Auger electron. First angle resoled experiments on au-
ters had to be independent, the complete experiment wouldtoionization electron-fluorescence coincidences have besn
be possible by only measuring the parameters of the Augerdone by West and collaboratofs0-13] The experiments2is
electrons. However, as was found recently, the intrinsic pa- were done in Ca and Sr with the polarization analysis of the
rameters are not all independent. There are relations con-following fluorescence. The feasibility of the angular coz:s
necting them, which reduce the number of equations for de- relation study for two successively emitted Auger electrons
termining Auger amplitude$5,6,28-31] These equations measured in coincidence has been demonstrated for thexes-
will be discussed later, but the consequence of their exis- onant Auger—normal Auger correlations in noble-gas atoms

tence is that measurements of the parameters of Auger elec{7,40-44] 222
trons only is not sufficient for a complete experiment. For both types of experiment the angular correlation hes
tween the emitted Auger (autoionization) electron and thre
2.2. Polarization parameters of the residual ion following radiation (fluorescence or the second step Auges
electron) can be presented in the general f8&)45}] 226

Another possibility to get information about the Auger
amplitudes is to measure the polarization parameters of theW(iiy, 1i2) = ¢ Z G lakoko Progo (i) [Yiy (111) X Yy (112)k0g0
residual ions. In the Auger decay, some part of the initial kikoko 228
orientation and alignment is transferred to the residual ion (8) 220
[32]. If the ion is formed in the excited state its anisotropy
can be revealed by studying the angular distribution and where unit vectorsi; and 7, show the directions of thezso
polarization of the subsequent fluorescence or the secondAuger emission and the following radiationy;[(n1) x 231
step Auger electrons. In particular, the alignment transfer Y, (712)]kyq, are the bipolar spherical harmonigsiy, (/i) 232
can be studied by measuring the angular distribution of the is the statistical tensor describing the initial Auger states
second-step Auger electrons (see, for exan|Bg34]and and G,k are generalized anisotropy coefficients which4
references therein) or by measuring the angular distribution are determined by the Auger decay amplitudes. The range
or linear polarization of fluorescence (§86-37]and ref-  of indexes isko < 2J;, k1 andk; are both even and satisfyss
erences therein). The orientation of the residual ion is mea-the triangle rule. This shows that the number of coefficients
sured by studying the circular polarization of fluorescence which in principle can be extracted from the experimens
[14,38,39]excited by circularly polarized primary photon may be much larger than the number of unknown ampis
beam. In principle, information about the orientation trans- tudes. Therefore, there exists redundance which is almest
fer can be obtained also from spin-resolved measurementgiecessary in such complicated experiments. 241
of the second-step Auger electrons. Such experiments are
much more difficult, although feasible as demonstrated by

Kuntze et al.[19,20] for the case of Ba(5p) resonant pho- 3. Relations between intrinsic parameters 242
toionization.

Both alignment and orientation transfer are described by In previous section we have demonstrated that expess
the relation[32,15} ments involving Auger decay can provide many measurapile

parameters which contain information about the Auger ams
plitudes. The question, however, arises if all these parans-
Ako(Jr) = Aro(Ji) Z | M1 eters are independent or not. It is clear that only indepes-

lj dent parameters are important for realization of the coms
plete experiment. For the case of the non-coincidence maa-

-1

x Zjijf(_l)jwiﬂf {JJi Ji j} |M|j|2 y surements of Auger electrons this question was first dis

i oo Jik cussed by Schmidtke et 4b,6]. It was found experimen-2s1

@) tally and then proved mathematically that angular anisotropy
and spin-polarization parameters are not independent. Mase-

wherek = 2, ... , even for alignment and = 1, ... , odd over, first relations between intrinsic parameters have begn

for orientation. Obviously both the alignment and the found for some particular transitions. Below we discuss this
orientation transfer are determined by the Auger ma- problem in considering as an example the Auger decay afa
trix elements squared. There is no interference betweenJ; = 3/2 state[28]. 257
Auger channels and therefore the phase differences do not Consider first the case when the angular momentunssf
enterEq. (7) the final ionic state/; > Jj. As it follows from the above 259
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discussion the Auger electron emission in this case is de-The relationg11)—(13)are all independent. Their existenca1
termined by the 2 + 1 = 4 complex amplitudes (seven limits the number of independent measurable quantitiesto
real parameters). On the other hand, the angular distribu-only four which again is insufficient for the complete detes:s
tion is characterized by one intrinsic parametgwhile the mination of all amplitudes in spite of their reduced numbeia
spin-polarization is characterized by five intrinsic parame-  The above equations are valid ffr= 3/2. Similar equa- 315
terssy, 83, £1, &2 andéz. One can consider the intensity and tions have been found for the cases of Auger decay fremm
all these six intrinsic parameters as functions of the sevenJ; = 1/2 and for the resonance Auger decay frdm= 1 317
unknown values (amplitudes and phases) and solve the prob{29] as well as for some other casis30]. Although it is 318
lem of their independence by considering the Jacobi matrix almost obvious that such equations should exist for any inie
of the system of equations. In this way we have proved that tial state, the general form of them is still not yet found. It #go
the equations are not independent and that there should be&lso not clear what is the physical reason of their existenze.
two (1) equations connecting the intrinsic parameters. The Since the equations are valid for any matrix elements, they
equations have been foulfi28] to be: are independent of the dynamics of the decay and therefage
should reflect the most general symmetry properties and @a-
VBl —a2) + (51 = 39) — 4D (61 -3 = 0. (9) gular momentum conse?rvation Igw. In or):epcaF;qu (12) 325
and similar equations for othef;, it has been found thats2s
2[1 — oz — VB(—=1)! 1] + 2(262)% — [V5(1 — a2) they follow from the conservation of the angular momentuszy
3 projections in the decaB0]. | believe that other equationg2s
— (81— 333)] x [51 — 21" e+ 75} =0. (10 exist due to conservation of angular momentum and pao
ity, however, this should be proved. In almost all considerad
cases the number of independent intrinsic parameters char-
acterizing the emitted Auger electron is less than necessary
for a complete experiment. Thus in general, the compleie
experiment cannot be realized by measuring only pararse-
ters of the Auger electrons. Information about the residuad
ion is necessary. The only exception from this rule is a trane
sition from J; = 1 to J;y = 1/2 states, where informatiorssz
about two possible amplitudes (three parameters) can beseb-
tained from the intensity and two independent and &, 339
1parameters. 340

It is interesting to note that one relation is linear, another
one is quadratic and of the same type as found earlier for
photoionization[46] and for other Auger processé¢s,6].
These relations are independent since rela@)rcontains
both §3 and &3 while relation (10) containsé; and 3 but

not &3. (We suppose that all the intrinsic parameters are
non-zero.) The equations are exact and should be valid for
a set of amplitudes calculated in any theoretical model. We
remind, however, that they are based on the two-step ap-
proach and therefore valid only within the validity of the
model. The existence of these equations shows that even i
one measured intensity and all six intrinsic parameters only
five of them are independent and therefore it is not possible
to solve unambiguously the inverse problem and to obtain
seven amplitude ratios and phases.

It is interesting to consider the cage = 1 where the
number of Auger matrix elements is only three (five real
parameters). Although the number of measurable quantities
(intensity + intrinsic parameters) is still seven, inspection
of the Jacobi matrix shows that in this case there are three
equations connecting the intrinsic parameters. One equatio
connects parameters with < 2. It was the first relation
of this kind found in connection with the experiments by
Schmidtke et al[5,6]:

4. Examples of the complete experiments 341

During the last years several attempts to realize a comr-
plete experiment for Auger or autoionization process haue
been made. Autoionization from photoexcited resonances4in
Ca and Sr has been studied by measuring in coincidencestbhe
angular correlation between the emitted electron and stds-
sequent fluorescence with polarization analysis of the latter
n[10—13] Fit of the experimental data by the parametrizeds
theoretical expressions obtained[#V] yields the general- 349

ized anisotropy parameters. Combining them with the mea-
sured anisotropy parameters for the angular distributions=af

[ — V581 + (_1)151)]2 + (28)2 the autoionization electrons the authors determined the @u-
; toionization amplitudes and phases. 353

— 1+ a2)[5 - V581 — (-1)'2£1)] =0 (11 Interesting idea was suggested by Grum-Grzhimailo etzah.
The second equation relates the anisotropy and the longitu-8.9]- They studied the decay of the Ngs294p °P) au- sss
dinal spin-polarization parametej@0]: toionizing resonance produced by electron impact from lassr
excited sodium atoms. The LSJ coupling approximation was

VB(1+az) — (381483 =0 (12)  used in order to diminish the number of unknown ampts

¢ tudes. By measuring the ratios of the electron yield for twe
resolved fine-structure components of the final ion and the
angular distributions of the autoionization electrons they det

termined the absolute ratio of decay amplitudes and the eed-
VB(1 + 2a2) — [581 + 2(£1 — 3£3)] =0 (13) ative phase.

Finally, the third equation relates also the anisotropy an
spin-polarization parameters but contains the higher order
&3 parameter:
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A spin polarization study for some of the lines of reso- phase differencéy, as a parameter and draw the parametgig
nant and normal Auger NO2 302 3 spectrum excited by  curves for the other three quantities using the measured yg-
photons have been combined with the angular anisotropyues of the spin-polarization and anisotropy parameters. This
data to obtain the ratios of Auger amplitudes and relative is shown inFig. 1 The solid curves represent the values gf,
phases in4,5]. Similar investigation have been made for n1, n2 andé§; as functions o, which are consistent withsgs
Kr M45N1N2 3 transitions[6]. As discussed above, in gen- the measurements. Now we note that according to theorgfi-
eral, these measurements do not constitute a complete exeal calculations the relativistic phase differerdgés usually 595
periment. However, for the particular cage = 1/2 only small, close to zero. Inspection Bfg. 1 shows that in the 544
two partial waves contribute to the decay, therefore only region ofé, ~ 0 all curves are rather flat, therefore, the raq;
one ratio and one phase difference should be determinedtios are not very sensitive to the exact valugofAssuming ;o4
what was made ifj4]. A more difficult situation was en- 32 = 0 (i.e. changing the model!) one gets the valyes)> 399
countered in5]. The studied transition D2 302 3 3p;is andé; i.e. realizes an almost complete experimiit 200
described by three amplitudes corresponding to three par- Very recently a combination of measurements of circiyy
tial waves $,2, d3/2 and d,2. Thus two ratios of abso- lar polarization of fluorescence and parameters of the Auggr
lute values of amplitudeg: = |[My2|/|Ms;2| and i, = electrons was used to obtain the amplitudes for the resongnt
|M3/2|/|1Ms/>| and two phase differencés = A1/2 — As)p2 Auger decay of the Xe 6p core-excited statd 4]. The 204
ands; = Azj2 — Asy2 should be determined. In experiment, resonance was excited by circularly polarized synchrotigg
the transition was induced by circularly polarized light and radiation. A decay to the Xe5p*6p J = 1/2 states with 44
two spin-polarization parameters (equivalentsfoand &1) the following fluorescence transition to the*6g, 5d states 44,
and the angular anisotropy parameter have been mea- has been studied. The residual ion states with 1/2 have 4gg
sured[5]. The third component of the spin-polarization vec- been selected what diminished the number of unknown pa-
tor, perpendicular to the reaction plane, does not give new rameters to only one amplitude rati® & [M1/2|/IM3/2]) 410
information due to the existence of the relatidrl). It is and one phase differenca (= 81,2 — §3/2). A measurement ,;;
clear that one cannot obtain two ratios and two phase dif- of the circular polarization of fluorescence yields the orieqn-
ferences from three measured values. However, we can con-
sider one of the unknown values, for example, the relativistic

3
6 T T T L=
= 5 - {| = measurement ]
e 0.5 cconfidence
g 4 1 - - - 1.0cconfidence 2
w3 ' e
2
1 1
0
15F
0
— 1,0 3
05
0,0 2
a7
15
_ 10 1
fong
05 K T
O-IIIIIIIIIIIIIII IIII|IIII|IIIII
0,0 3002 1 2 3

a0
A(rad)

Fig. 2. (a) Parametric ploR(A) for the electron angular distribution
Fig. 1. Solution space of the amplitude ratios and phase shift differences (AD) data together with the value @t determined from the fluorescence
for the Xe NyO230,3 3Py Auger decay transition. The solid curve  polarization (FL) for final state §;@3P0)6p[1]1/2 [14]. (b) The equiv-
represents the solution which correspond to the measured values of thealent data for final state 56D2)6p[1]1/2 along with the plot for the
intrinsic parameter$5]. The dotted/dashed curves mark the area which spin-polarization (SP) datfd]. The shaded areas show the error bars.
may be occupied if the measured intrinsic parameters are varied within Theoretical results fronj48] (@); [35] (triangle down) and4] (triangle
the range of 120/10, respectively. The figure is taken frof8]. up). The figure is taken frorfiL4].

9, [rad]
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tation of the residual ion after the resonant Auger decay andbe presented as 439
determines the ratio of the absolute values of two ampli- _
tudes. The authors then used the anisotropy parameter of thel(e) = Ao+ A2c08F + A4c08 9 (14) a0
angular distribution of resonant Auger electrons in order to Fitting this expression to the experimental points (see
obtain the cosine function of the phase difference. The inter- Fig. 3(b)) yields two parameter$,/Ao and A4/Ag which 42
section of the two parametric ploR(A) gives the absolute  depend on matrix elements of Auger decay. Another two
value of the phase difference (9éig. 1(a) . In one case ad-  parameters were obtained from the independent measure-
ditional information about the sign of the phase difference ments of the angular anisotropy of the firgi{ and the sec- 445
was obtained using the data on the spin-polarization of the ond (82) Auger emissions. These four experimental values
Auger electrond4] (seeFig. 2(b). This almost complete  are not sufficient to determine three relativistic amplitudes
experiment was realized without any additional approxima- (Si/2, dz/2 and &,2-waves) describing the resonant Augets
tion [14]. decay. However, if LSJ approximation is used for the ionie
As the last example, | have chosen a coincidence study ofstates and the non-relativistic approximation for the Augso
a cascade of Auger transitions in resonant photoexcitationelectrons, then only two, s- and d-amplitudes describe the
of Ar 2p~14s[7,42] by linearly polarized light. Resonant resonant Auger decay, thus only one ratio and one phase
Auger decay to the states of ABs 13p~14s2P has been difference are necessary to determine. In this case, thesex-
studied. The latters can further decay with the emission of perimental information obtained is even redundait This 4s4
the second-step Auger electrons to the statés Bp* 3P;. is an advantage since the experiment is rather complicatad
Both resonant and the second-step Auger electrons were deand the error bars are large. Analysis of the experimental
tected in the plane perpendicular to the photon beam. Thedata yields the amplitudes and cosine function of the phase
angular correlation function in this case can be written us- difference[7]. 458
ing a general approach developed4®,32] In the partic-
ular geometry of this experiment (see insetFig. 3) the
second-step Auger electron was detected at the ahgle
270 with respect to the photon polarization vector. Then
the angular distribution of the resonant Auger electrons can

5. Conclusions 459

In conclusion, a complete experiment for Auger decaysis
not only in principle possible but also quite feasible wits1
modern experimental facilities. Several successful attermyats
5 of almost complete experiments for normal and resonasit
Auger processes have been published. 464

In general, it is not possible to realize a complete expess
iment by studying the parameters of Auger electrons onis
information about the polarization state of the residual iesy
is necessary. The only exception from this rule are the trass
sitions to theJ; = 1/2 final ionic states. 469

Intrinsic parameters describing the angular distributien
and spin polarization of the Auger electron are interrelatedl.
For many particular cases of practical interest all relations
between intrinsic parameters are found. However, in the gen-
eral case the relations are still unknown. Additional theg4
retical efforts are also necessary in order to understand4ie
physical reason for the existence of those relations. ~ 47®

INTENSITY (arb. units)

Acknowledgements 477

I am grateful to U. Becker, N. Cherepkov, M. Dreschers
A. Grum-Grzhimailo, U. Heinzmann, H. Kleinpoppen, Bio
Schmidtke and K. Ueda for many stimulating and usefib
discussions. The hospitality and the financial support sgf
Fritz-Haber Institute of Max-Planck Society are gratefulhg.
acknowledged. 483
Fig. 3. Angular distributions for the resonant Auger electrons ejected in
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