PHYSICAL REVIEW A, VOLUME 63, 032703

Electron correlation effects in Auger cascades following @~ '4s excitations in argon
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Effects of intermediate coupling and configuration interaction on the partial transition rates, total decay
widths, and angular distribution parameters of the Ar resonant Auger transitigds-2 3s'3p®4s and of the
second-step Auger transitionslsip54s(2P1,2,3,2)H3p4 have been studied both theoretically and experimen-
tally. Transition rates and angular anisotropies have been calculated for the first- and second-step transitions
using the multiconfiguration Dirac-Fock method. High-resolution spectra of both steps have been measured
and used to test different schemes for the description of the many-particle states and the existence of possible
coherence effects in the second-step spectra.
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I. INTRODUCTION first-step Auger decay. Uedat al. showed [15,16 that
within the nonrelativistid.SJ approximation the lifetime in-
The 2p~'4s—3p*4s resonant Auger spectra of Ar have terference effect has an important role in the angular distri-
been widely studied in the pagt—6]. Much less attention bution of second-step Auger decay. They also determined the
has been paid to the intensity and angular distributions of theatio of thes andd Auger decay amplitudes and their phase

resonant Auger transitions difference in the resonant Auger transitionp§2214s
6 20 611 S 2 62 —3s'3p°(1P)4s(?P) from two experiments: first, from a
2p°3s73p°("Sp) +hv—2p°3s°3p°(“Pyj2 31248,d0=1, coincidence measurement of the angular correlation between

(D the resonant Auger electron and the subsequent second-step
_ Auger electron and, second, from measurements of the an-
6ol 5 3 ’
—2p°3si3piaste. @ gular distributions of the two electrons separately. The ratio

In the ArL, sM; M, ; normal Auger spectrum the single con- ©f the amplitudes they obtained wa8;/Ms=0.52+0.15
i ’ .and the phase difference chg=0.01+0.03.

figuration 3'3p® does not represent the final state correctly;
g P P y In the second part of the present work, the second-step

it is necessary to include configuration interacti¢@l) : oo
[7—11. The mixing between the final state configurationsA,uge,r spectra were measured. The ar)gular and intensity dis-
3s!3p5, 3s23p33d!, 3s?3p%4s!, and F*3p34d! is strong tributions of these second-step transitions were calculated,
and changes the structure of the normal Auger spectrum coitnd the results are compared with experiments. The effects
siderably as compared to the single configuration predictior©’ the électron correlation in the cascade process are studied,
The same effect has been observed in the &pBotoelec- and the limits of the_SJ approximation are discussed.
tron spectrum, in which the mixing of thes3! and 3*nl
states produces a rich correlation satellite strucfigel13. Il. EXPERIMENT

In the first part of this work, we measured the resonant
Auger spectra @~ '4s—3s'3p°4s with very high photon

and electron energy resolutions. The energies and angul

and intensity distributions of the first-stégesonant Auger well above 1000 eV is monochromatized by a modified SX-

transitions were determined. The effects of electron correla700 lane grating monochromati7]. The resonant Auger
tion were studied by using three different calculation meth- P g 9 : 9

: . . and second-step Auger spectra were measured with photon
gﬁlﬁsand by comparing the theoretical and experimental reenergieéw=244.4 eV anthv—246.5 eV, corresponding to

A careful study of electron correlation that affects theflt]f Ar 2236_’|4$ t?nr(\j 2&1’?’?3 r?iogawi(t:ﬁs' rre?ptecgllvelsyl.z S
population of the states in E2) is of great interest since € €jected electrons were recorde a rotatabie )

: A =200 hemispherical analyzgt8] at the angles 0 °, 54.7 °, and

these states decay further via second-step Auger transition 0 ° with respect to the polarization direction of the incident
2p®3s!3p®(tP,)4S(2Pyjp 59— 2p®3s23p?+e~. (3)  radiation. For the resonant Auger measurements, a 20 eV

’ pass energy was used, which corresponds to a kinetic energy
The cascade process was investigated by means of amasolution of about 30 meV, while the second-step Auger
electron-electron coincidence experiment previously by vorspectra were taken with 10 eV pass enefigyetic energy
Ravenet al. [14] and recently by Ued&t al. [15,16. As  resolution ~15 meV). The photon energy resolution was
pointed out by Uedat al,, the energy separation between theabout 35 meV in the resonant Auger spectra and about 100
two spin-orbit split states @®3s'3p°(*P,)4s(’P;,) and meV in the second-step Auger spectra. The former is nar-
(?Pg) is much smaller than the natural widths of theserower than the lifetime widths of 2,—4s and 2p,,—4s
states and thus the states are populated coherently via thesonance$114 meV and 109 meV19]). Hence line nar-

The experiments were performed on the new undulator
amline 1411 at the 1.5 GeV MAX-II storage ring at Lund,
weden. Radiation in the photon energy range from 50 eV to
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rowing occurs in the first-step decay spectra due to the Auger C
resonant Raman effef20]. W(0)= ype > A3 I0)pke(3.3")
For angular distribution measurements, the spectrometer k.3,"
can be rotated in a plane perpendicular to the direction of the T
photon beam. The asymmetry paramegrcan be deter- X%Pk(cosa) 5)
mined from measurements performed at three angles. The oy 15y

resonant Auger spectra were energy calibrated using she 3
photoelectron line, whose binding energy is 29.240[2Y/].
The kinetic energy scale of the second-step spectra was call
51

brated with the aid of the§}3p_ ("P)4s p?a" in the resonant J and J’ immediately after the first decay; is the total
Auger spectrum and the optical energies for thp 3tates

angular momentum of the cascade final stangﬂ,— E;
[21]. The differences in the transmission of the electron ana- v

—E; is the energy splitting of these levelE,; =3(T,
lyzer at the three angles were found to be negligibly small .

) o : +1T';/) with I"; being the total width of the level, P (x) is

(=5%); hence no transmission correction was performed. ; .

the Legendre polynomial, and is a constant factor. If the

final state fine structure is not resolved by experiment, Eq.

(5) should be summed ovel; because the contributions of

different final states are incoherent. The coefficients
The energy difference between the resonant state8,(J,J’,J;) in Eq. (5) read, using the abbreviatiox

2pa34s and 234s is much larger than the natural width of =\2x+1,

these states and thus they can be excited separately. There-

fore a two-step model can be used for the resonant Auger

Y\nth k=0,2,4 ... .Herepy(J,J") are the statistical tensors
describing the overlapplng states with total angular momenta

IIl. CALCULATIONS

decay. The Auger decay rate from an initial state a final A(J,3",30)=(— 1)J+Jf—1/2 2 K A]A 33 (101" 0|kO)
statef is then given by ol
i3 el 12
X
dWi_+(0) W.ﬁf Jojr okl )k
do [1+,8P2(cos¢9)] (4) _ .
X(Ip N INVI[I)(3e 17 (V7)Y (B)

whered is the angle between the direction of the polarizationand
vector of the incoming radiation and the direction of Auger

electrons andP,(cosé) is the second-order Legendre poly- Jo I
nomial. Reflecting the two-step nature of the decay, the an- ,, ,(3,3")=p(J,,J 0)2 J35(— 1)11“0“[ ? l}
gular distribution paramete8 is given as a product of two J'Jo k
factors, 8= A,pa,. In the dipole approximation, the second- (I3 IV &

rank statistical tensord,, (the alignment parametecom-
pletely describes the population of magnelt sublevels of
the core excited state. Using linearly polarized light, photo-wherep,((Jg,Jo) are the statistical tensors of the initial reso-
excitation from aly, =0 ground state to d,=1 state results nant state, and the amplitud€d,lj||V||J,) describe the
in an energy-independent value ofy2 for the alignment. first-step Auger decajl5].
The energies and eigenvectors for the states involved in the The angular distribution parameters and transition rates
cascade process were calculated usingakRespcode[22].  were calculated for both the first-step and cascade Auger
The continuum orbitals were calculated in theaveraged transitions using three different calculation methods for the
field of the core and spectator electrons and they were madsates involved in the decay process. First, the states were
orthogonal to the bound orbitals using Lagrangian multipli-calculated using a single-configuration Dirac-Fock calcula-
ers. The bound orbitals were optimized for the final state andion in the “nonrelativistic” limit (NRL). Here the value
kept frozen during Auger decay. The energies that were obdsed for the speed of light is increased, which suppresses the
tained as differences between the separately optimized initi@mall components of the one-particle spinors. Second, the
and final state atomic state functions were used in the calcuntermediate-couplinglC) method was used. The effect due
lation of the transition amplitudes. For details of our compu-to the mixing of the configurations was investigated by using
tational approach, see Ref&3,24. the multiconfigurationMC) method. A basis set including
The angular distribution parameters for the cascade prahe 2p°3s'3p®4st, 2p®3s'3p®3d?, 2p®3s23p34st3d?, and
cess(1), (2), and(3) were calculated both by using the two- 2p®3s23p33d? configurations was used for the final states of
step model and by including the lifetime interference effectthe first-step decay.
in the calculations. When the first-step Auger electron is not Channel mixing was completely omitted in our calcula-
detected the angular distribution of the Auger electron emistions. In a previous study23], channel interaction was found
sion in the second-step decay can be described, using the affect the angular anisotropy of normal Auger transitions
general expressiof25], as significantly, and sometimes even to change the sign.
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FIG. 1. The 2 '4s—3s'3p®4s resonant Auger spectra of Ar
excited at(a) hv=246.5 eV corresponding to thepg,214s excita-
tion and(b) hv=244.4 eV corresponding to theZ34s excitation.
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suggested that the peaks in the binding energy region 46.5—
47.5 eV originate from the transitions to the'3p°(3P)4s
states and the peak at 50.37 eV binding energy originates
from the transitions to thes33p°(1P)4s states. In order to
determine the relative line intensities at each angle, the spec-
tra were least-squares fitted using Voigt functions. The inten-
sities were normalized by assuming that h@arameters of

the 2p~'4s—3p~?4s transitions[6] are known. Only the
spectra measured at the angles 54.7 ° and 90 ° were used for
the determination o8 parameters since there was some un-
certainty in the normalization of the spectra measured at 0 °.
The experimental energies, relative intensities, and angular
distribution parameters of the resonant Auger lines are
shown in Table I. The intensities in Table | are given relative
to the F'3p>(*P)4s(*Py.3) line.

2. Results of calculations and comparison with experiment

The excited state includes in theS J coupling two terms
2p°4s(*P4,%P;) and in the resonant Auger final state seven
terms 3'3p°(°P)4s(*Psj3212, 35'3p°(°P)4S(*P3p211,
and F'3p>(*P)4s(?Py, 39 . According to the MC calcula-
tions, the excited states are intermediate-coupling states,
which are linear combinations of tHeSJ states as follows:
"|*P,)’ =0.8114'P,) + 0.5845°P,) and "1BPy)
=0.8114°P,)—0.5845'P,). The F'3p°4s states are quite
well described by ond.SJ term in a single-configuration
picture.

The calculated ﬁg,§4s—>3sl3p54s resonant Auger spec-
tra are shown together with the experimental spectrum in

The spectra were measured at 54.7 ° upward from the electric ve&ig. 2. The resonant Auger spectrum following thp;2

tor of the incident light. Line numbers refer to Table I.

IV. RESULTS AND DISCUSSION

A. The resonant Auger (first-step) transitions

1. Experimental results

—4s excitation obtained from the NRL calculation shows
only two peaks[Fig. 2(d)], which correspond to the
3s'3p°(*P)4s and F'3p°(3P)4s peaks in the experimental
spectrum. The energy splitting of the peaks is about 8 eV,
which is much larger than the experimental splitting. In in-
termediate couplingFig. 2(c)], the 3'3p°(®P)4s peak is
divided into two components, which are also resolved in the

Figure 1 shows the resonant Auger spectra following theexperimental spectrum. The energy splitting of th@)és
Ar 2pz,—4s and 20,—4s resonant excitations in the and GP)4s peaks is smaller and thus closer to the experi-
binding energy region 45-52 eV, measured at the anglenental values than in the NRL calculation.
54.7 °. This energy region includes the resonant Auger tran- The energy splitting of the®P)4s and (P)4s peaks in

sitions to the 3'3p°4s states. In a previous studly?] it was

the MC calculatiofFig. 2(b)] is much closer to the experi-

TABLE |. Experimental energies, intensities, afgcharameters for the 2 4s— 3s'3p®4s transitions.

2pp4s 2p;4s
No. Energy Final state Rel. intensity g Ref.[26] Rel. intensity B Ref.[16]
1 4584 1.83) 0.41(7) 1.1(3) 0.476)
2 46.03 3.810) 0.60(6) 2.8(10) 0.476)
3 46.26 24100  —0.4510
4 46.64 CP)4S*Pyyap 54(5) 0.088) 56(5) 0.057)
5 47.19 @P)4s?Py,qp 47(8) 0.178) 71(8) 0.125)
6 4833 2.1) 0.397) 1.8(3) 0.337)
7 4851 1.45) 0.726) 1.2(3) 0.427)
8 4965 3.65 0.476) 3.74) -0.129)
9 50.36 (P)4s?Py,qp 100 0.287) —0.039) 100 0.088)  0.095)
10 51.35 1R) —0.3410) 1.84) -0.7912
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TABLE II. Calculated intensities and angular anisotropy parameters for the resonant Auger transitions followipgthel excita-

tion.
MC IC NRL
Final state Intensity B Intensity B Intensity B
024 0.03
1.44 0.02
(CPy4s *Ps), 0.0 —1.00 0.0 —1.00
(CP)4s *Ps), 69.7 85 0.02 0.02 327 39 0.02 0.02 0.5 1 0.01 0.01
(CP)4s *Pyp 14.9 0.03 6.2 0.03 0.1 0.01
(*P)4s *P5p 151.2 —-0.06 53.1 —-0.07 73.6 —0.02
186 —-0.07 63 —-0.08 107 -0.02
(*P)4s 2Py 34.9 -0.11 10.3 —-0.14 33.1 —0.03
5.0 —-0.05
25 -0.32
('P)4s 2P, 8.2 —043 14.9 —0.43 58.8 -0.15
100 —-0.06 100 -0.10 100 —-0.14
(‘P)ds 2Py 91.8 —-0.03 85.1 —0.04 412 -0.12
6.8 —-0.03

mental value than is that obtained in the intermediate cougular anisotropy parameters for the peaks obtained from dif-
pling. The mixing of the 3'3p°4s, 3s'3p®3d, 3p°4s'3d!,  ferent calculation methods are given in Tables Il and Il
and 333d? configurations produces a completely different The 3s*3p%(°P)4s peak is composed of several compo-
fine structure in the calculated resonant Auger spectrumments, the average of which is given in Table I. The basis set
Some weak peaks can be seen on the lower binding energysed in the MC calculations cannot reproduce the structure
side of the 3'3p®(®P)4s and around the $3p°(*P)4s  around the 8'3p®(°P)4s state correctly, whereas it is suf-
peaks. The biggest difference due to the mixing of configuficient to produce the satellite structure in the binding energy
rations is the satellite structure in the binding energy regiorregion of 57—60 eV. The calculated intensities of the reso-
of 57—-60 eV. These lines can also be seen in the experimemant Auger and the satellite lines deviate in part strongly
tal spectrum. The peaks at binding energies of about 56.from the experimental values. This indicates that the basis
and 52.4 eV originate from the shake-up transitions to theset used in the calculations was not large enough. It can be
3s'3p®(®P)5s and F'3p°(*P)5s stateg12], which are not  concluded that the energy and intensity distribution of the
included in the calculations. The relative intensities and an2p~'4s— 3s'3p®4s resonant Auger spectra are very sensi-

TABLE lll. Calculated intensities and angular anisotropy parameters for the resonant Auger transitions followipg,the42 exci-
tation.

MC IC NRL
Final state Intensity B Intensity B Intensity B
0.3 0.04
1.9 0.03
(CPyds *Psp, 0.0 -0.99 0.0 —1.00
(3P)4s *P3p 84.5 104 0.03 0.03 42.5 51 0.04 0.04 71.8 86 0.01 } 0.01
(CP)4s *Pyp 19.2 0.04 8.1 0.05 14.4 0.01
(*P)4s *P5p 24.5 —0.09 14.8 —0.08 1.3 0.02
80 —-0.06 47 —-0.05 10 0.00
(*P)4s 2Py 55.3 —0.04 31.7 —0.03 8.9 0.00
0.0 1.13
7.1 —0.04
('P)4s 2P, 86.4 —0.04 88.7 —0.05 40.8 0.04
100 0.00 100 0.00 100 0.07
(‘P)ds 2Py 13.6 0.26 113 0.36 59.2 0.09
1.3 024

032703-4



ELECTRON CORRELATION EFFECTS IN AUGE . . .

(a)

('P)as

(‘P)ds

60
()

TR

T
58 56

(C)

(d)

o
L

1
e

18

FIG. 2. The experimental [%;4s— 3s'3p°4s resonant Auger
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spectrum(a) in comparison with calculations witth) MC, (c) in-
termediate coupling, an@l) calculation in nonrelativistic limit.

tive to the calculation method.
The effects of the mixing of configurations on tfBepa-
rameters of the 83p°(°P)4s and &'3p°(*P)4s lines are

nevertheless quite small. At thepg,—4s resonance, the

calculated angular anisotropy parameter for the)és line
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is —0.06. This parameter approaches the experimental result
when the IC and, furthermore, the MC method is used. It
remains negative, however, whereas the experimental angu-
lar anisotropy parameter is positive. Our experimental value
is in agreement with the previous stufR®6].

At the 2pq,,—4s resonance the calculatg@l parameter
for the (*P)4s peak is zero. The previously determined ex-
perimental value for thgg parameter of thelfP)4s peak is
negative[26] and thus there is a contradiction between the
previous and present values. In the resonant Auger spectrum,
there is a peak at the binding energy of 51.35 eV. The angu-
lar anisotropy parameter of this line is negative. If the kinetic
energy resolution is not high enough to resolve this structure
in the resonant Auger spectrum, its angular distribution de-
creases the appareftvalue of the transition to the'P)4s
state. Our MC calculation identifies the peak to be 62.9% of
3p33d?, 32.9% of P34s3d, 2.7% of F'3p°4s, and 1.5%
of 3s'3p°3d character. In their study of inner valence-shell
satellites, Combet-Farnougt al. [27] calculated that the
peak is 66% of 3%3p®3d? and 27.4% of 3'3p°(*P)3d
character. Despite the different identification, it can be as-
sumed that the @ contribution to the peak is very strong.
The energy difference between thg,24s and 2553d
resonances in the absorption spectrum of Ar is only 0.42 eV
and the resonances are partly overlapdit®,28. Thus the
excitation to the 2>§,213d resonant state already takes place
to some extent at the maximum of thp34s resonance, no
matter how high the photon energy resolution is. When a
wider photon band is used in the experiment, the,23d
state is excited with higher probability and the intensity of
the peak at binding energy 51.35 eV grows. We studied the
effect of the different relative populations of thpg%3d and
2p;34s states by measuring thepZ;4s— 3s'3p°4s reso-
nant Auger spectra at photon energies 246.5 eV, 246.6 eV,
and 246.7 eV. The spectra are shown in Fig. 3. When the
photon energy grows, the intensity of the peak at binding
energy 51.35 eV increases remarkably. It can therefore be
expected that the width of the photon band used in the mea-
surement affects the determination of tevalue of the
(*P)4s state, if the kinetic energy resolution in the resonant
Auger spectrum is not good enough.

TABLE IV. Calculated and experimental intensities for the cascade process.

Interference Two-step
Excitation Final state Expt. MC IC NRL MC IC NRL
2ps—4s 3p* °p, 1.0 1.0 1.0 1.0 1.0 1.0 1.0
3P, 1.52) 1.5 1.4 2.6 1.7 1.2 0.7
3P, 0.51) 0.6 0.6 3.2 0.7 0.5 0.4
D, 0.72) 0.2 5.7 16.0 0.5 5.3 0.9
s, 0.0 1.4 4.0 0.3 1.3 0.3
2p1—4s 3p* 3P, 1.0 1.0 1.0 1.0 1.0 1.0 1.0
°p, 0.51) 0.5 0.5 2.5 0.5 0.4 0.9
3P, 0.1(1) 0.2 0.1 2.3 0.2 0.1 0.3
D, 0.41) 0.2 3.7 13.4 0.5 3.6 0.3
s, 0.0 0.9 3.4 1.5 0.9 0.1
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52 50 48 46 sured at photon energigg) 246.5 eV corresponding to the Ar
2py,—4s excitation and(b) 244.4 eV corresponding to the Ar
Binding energy (eV) 2p3,—4s excitation. The spectra were measured at @@fid line)
and 0°(dotted ling upward from the electric vector of the incident
FIG. 3. The experimental [£,,4s— 3s!3p°4s resonant Auger light.
spectra excited afa) hv=246.5 eV, (b) hv=246.6 eV, and(c)
hv=246.7 eV. The absorption spectrum of [&9] is shown inthe  The 2p§,214s excited state thus decays mainly via the

inset of panelc). 3s'3p®(*P)4s(?P,,,) state. The excited statgpZi4s, how-
ever, decays mainly via théR)4s(?P,,) state(the intensity
B. The second-step Auger decay ratio in the MC calculation i$Pg/,:2P1,=1:0.19).
) The relative intensities calculated for the second-step Au-
1. Experimental results ger transitions using the three different approaches are given

The second-step Auger spectra measured at the angles 0F Table IV. The mixing of configurations and the interfer-
and 90° are shown in Fig. 4. The displayed kinetic energyence effect do not change the intensity distribution of the
region of 4.5—-7.5 eV corresponds to the Auger decay of th@p*(®P) states much from that of the two-step IC approxi-
3s'3p>(*P)4s state to the B*(*D,%P) states. The transition mation, but the NRL limit with interference differs some-
to the 3p*(1S,) state was not observed. In order to determinewhat from the other predictions. ThélX,) state is, however,
the angular anisotropy parameters of the transitions, th&wch more sensitive to the calculation method. In the inter-
spectra were least squares fitted using Voigt functions. Theediate coupling, the relative intensity of thkD(,) state is
experimental intensities an@ parameters for the cascade clearly too high at both resonances and in both type of cal-

process are given in Tables IV and VI below.
TABLE V. Calculated and experimental natural linewidths for

the 3s*3p>(*P)4s(*Py,3,) state using the two-step model.

2. Results of calculations and comparison with experiment

The NRL calculation predicts that the transition ratesinitial state Expt.(meV) Calc. (meV)
to the F'3p°(*P)4s(®P,,) and @P,,) states are nearly

the same, but in the IC approach the rate to the MC I NRL
3s'3p>(*P)4s(?P,,) state is clearly dominating. In the MC 2p;l4s 92 99 275 41
model the transition rate to théR)4s(’Py,) state is only a  2p las 90 159 281 41

few percent of the transition rate to th&)4s(’P,,,) state.
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TABLE VI. Calculated and experimental angular anisotropy parameters for the cascade process.

Interference Two-step

Excitation Final state Expt. Exptl5],[16] MC IC NRL MC IC NRL

2ps—4s  3p*cP, —0.455) -0.15 -0.22 -0.35 -0.13 —-0.20 —0.63
3p, —-0.62) -0.12 -0.17 -0.44 000 0.00 0.00
3P, -0.32) -0.14 -0.14 -0.73 003 0.03 0.26
S(3P)  —0.51) —0.445) -0.14 -0.18 -0.56 —0.03 -0.07 -0.27
D, —-0.2(1) 0.09 004 011 000 0.01 006
s, 083 041 112 094 016 0.58
2py—4s  3p* 3P, —0.5005) -055 —-0.57 049 —-0.73 -0.75 -0.51
3P, 0.7(1) 0.44 043 037 0.04-0.03 0.00
P, 1.51) 116 117 -0.17 0.66 062 0.15
S(3P) 0.0(1) 0.127) -0.06 —-0.12 0.18 -0.34 -045 -0.21
D, —0.1(1) 021 001 -0.03 0.02 0.08 0.04
s, 1.01 031 -035 1.00 090 0.40

culation(the two-step model and the inclusion of the lifetime the agreement is better at the24s resonance than at the

interference effegt The NRL calculation with interference 2p;34s resonance.

heavily overestimates the intensity of this state. The intensi- The analysis i116] was done by assuming that only the

ties obtained from the MC calculation including the lifetime wave contributes in the second step, as it is the only contrib-

interference effect agree best with the experiment. uting wave in theLSJ approximation. Our computations,
The results for the natural linewidth of the however, suggest that thevave is also present in the second

3s'3p>(*P)4s(?Py, 3 States obtained from different cal- step of the cascade. This can be attributed to Cl which mixes

culations using the two-step model are given in Table V. Théhe first-step final states havings®p°4s and 3°3d'4s

experimental linewidths are obtained from the second-stepccupations. These decay tp“3final states through the Au-

Auger spectra. The linewidths predicted with the MC methodger amplitudes(3sel||r ,'|3p4s) and (3pel||ri;||4s3d),

are much smaller than with the IC approach. This is causefespectively. The latter amplitudes give riseftoontinuum

by the decrease of the absolute transition rate to thavaves in addition tg waves. According to the MC calcula-

3p*(!D,) state. The absolute rate of théP(4s(2Pa,) tions, the contribution of thEwave can be quite large. In the

401 oo ; ; (P —3p*(3P,) transition especially the ratio of tHeand

—3p*(*Sy) transition is clearly overestimated in the MC 1/2) - ) _ a1 =

approach. This may cause the big discrepancy between tz2MPplitudes is 34% and in théR 1) —3p*(*D,) transition

experimental and calculated linewidths of the 74%.

3s'3p°(*P)4s(?Py), 5) State at the @;,;4s resonance. Ex-

cluding the transition rate to thep3('S,) state, the line-

widths are 93 meV for the (25— 4s excitation and 95 meV Previous analyses of the cascade spectra have been made

for the 2py,—4s excitation, which are in good agreement Using theL SJapproximatior{ 15,16. To state briefly, in that

with experiment. The intensity of thepd(1S,) line, how-  case thgj coupled amplitudes are written in thes scheme

ever, decreases when the interference effect is includedSing the relatiorisee, e.g.[29])

(Table IV). This indicates that the two-step description is not

3. Breakdown of the LSJ approximation

capable of predicting the natural widths of the cascade Auger (LS 35, (12)j:NIVII(LiS)I)
lines. L. S J
A state with the total angular momentuds< 1/2 decays TR f ' .f
isotropically and so th@ parameters of all final states in the =JJjSy | V2 (Ld:LlVIIL). (8)
cascade following the [2;, excitation, which decay mainly L § J

via the 2P, state, are close to zero. The calculajgga-

rameters are shown in Table VI. The interference effecfThe decay amplitude on the right-hand side of ER). no
changes the angular anisotropy parameters greatly, wherelmger depends of. When this is applied to Eq6) the

the effect due to the mixing of configurations is small. Forsummation over the continuum angular momenta involves
most of the peaks thg parameters obtained with MC and IC only the coupling coefficients and can be performed. This
approximations, and including the interference effect, are irsimplifies the algebra considerably as the number of ampli-
better agreement with the experimental results than the othéundes is reduced. However, the true atomic states can sel-
predictions. There is, however, a quite large discrepancy bedomly be described using oneS coupled state only. ClI
tween the MC calculations and experimental values fomixes states with the sandevalue, which may correspond to
3p*(®P) peaks in the second step. Somewhat surprisinglymore than one value of tHeandS quantum numbers. In the
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TABLE VII. Calculated ratios of thes andd Auger decay amplitudes and their phase differences for the
2pa34s— 3s'3p®4s(?P) resonant Auger transitions.

My/Mg COSA¢
Excitation Final state MC IC NRL MC IC NRL
2p5i—4s 2Py 0.15 0.15 0.04 ~0.94 ~-0.92 ~0.96
2P 0.01 0.02 0.05 —0.94 —0.93 —0.96
2py3—4s 2Py, 0.03 0.04 0.05 —0.94 -0.93 —0.96
2P, 0.10 0.14 0.03 -0.94 -0.93 —-0.96
presence of Cl one thus has to include in both the initial and V. CONCLUSIONS

final states all th& S amplitudes corresponding to the chosen Bv utilizing the Auger resonant Raman effect it has been
J value together with the associated mixing coefficients. In oss%ble togresolveg the fine structure of thep®2s
this way, the application of Eq8) may lead to a large num- P P

ber of recoupled amplitudes and the advantage of its use 5’ 35"3p>4s resonant Auger spectra in much more detai
lost than before. Present experimental accuracy allowed us to

compare the experimental angular anisotropy parameters
with theoretical values obtained from different calculations.
The Auger cascade process in Ar was found to be very sen-
The calculated ratios of theandd Auger decay ampli- sitive to the calculation method. Moreover, it was shown that
tudes and their phase differences in the resonant Auger trafhe nonrelativistic scheme is not sufficient for the Ar cascade
sitions 2054s— 3s'3p>(*P)4s(?P) are given in Table VII.  process. In general, the intensity distributions are more sen-
The authors of Refl16] used an indirect method based on sitive to the correlation effects than the angular distributions.
the LSJ transformation of the amplitudes to extract the ratioThis may be one reason for the different results between this
of the s andd amplitudes and their associated phase differ-and the earlief15,16 work. Only p waves were considered
ence. Their value for the amplitude ratio was (3215 in the final states of the second-step Auger decay, especially
whereas in this work a much smaller value was obtainedn Ref.[15]. This seems to be insufficient.
from the computations. Perhaps more interesting is the phase An overall comparison of the MC, IC, and NRL results
difference of the amplitudes. According to scattering theoryshows that generally the description of the intensity and an-
(e.g.,[30]), a continuum wave with an orbital angular mo- gular distributions requires the use of the MC approach.
mentuml and a wave numbek has a phase factor exg However, even the MC approach still cannot predict all the
with details of the experimental results. This may be due to an
improper account of electron correlation, i.e., too small basis
™ sets in the MC Dirac-Fock calculations. The other source of
¢=1 §+"°(k)’ ©) error may be the omission of the channel interaction, espe-
cially in the case of thegPovl,z final states of the cascade
whereg(k) is an energy-dependent factor. Fandd waves  Process.
measured at nearly equal energies one thus expects a phase
d@fference Ap=m+ 5,_ Wherg S is a small number. This ACKNOWLEDGMENTS
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