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Electronic-state lifetime interference in the resonant Auger decay of krypton
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Resonant Auger electron spectra from the close Iyidg,%iSp and 315‘,216p core-excited states of Kr have
been measured. The intensities of the transitions to the?8p and 4p~26p final states have been followed
as a function of the exciting photon energy. The effects caused by the lifetime interference between the two
Auger decay channels are interpreted by using the one-step picture of the excitation-deexcitation process, with
the help ofab initio calculations of the electron wave functions and transition matrix elements. Some aspects
beyond the spectator model used are discug&iD50-2947P7)06808-X]

PACS numbd(s): 32.80.Hd, 32.80.Fb

I. INTRODUCTION the same Rydberg series, since differedt spin-orbit split

Interf frect | . tant role | . __components are excited. By chance, these states are energeti-
nterierence €frects can piay an important role in Va”(_)l_JScaIIy close to each othdseparated by about 1.7 times their
atomic inner-shell processes whenever several transitio

. X fifetime width), at the same time being well separated from
channels have comparable probabilities, for example, in thg,e other Rydberg excitations. This simplifies considerably

case of the Auger decay of core-to-Rydberg resonances. fhe interpretation of the experimental results with the help of
well-studied example is the lifetime-vibrational interference e cajculations of atomic orbitals and transition matrix ele-
in the Auger decay of the core-hole states of moleculesygnis.

[1-4]. Auger-electron intensities and line profiles can also be

affected by the interference between the Auger decay and Il. EXPERIMENT

direct photoionization chann€]§]. The lifetime interference

has recently been studied in the radiative decay of the core- The electron spectra of krypton were measured at the soft

excited states, split by the lowered symmetry in sofiel  X-Tay undulator beamllne'S(I'Ihe Finnish beamllr'ite[ll_O] at

and molecule§7]. The effect has been found to be promi- the MAX synchrotron radiation laboratory. A modified SX-

nent in the ArKLL spectator Auger decd]. The intefer- 700 plane grating monochromatfirl] was operated at the

ence between numerous bound and also continuum statesRgoton energy resolution of about 16 meV. The Auger-

very strong in this case due to the broadness ofitkghell electron_spectrﬁprese_nted in Flg.)lhqve been recorded at

excitations. On the other hand, the interaction between thi® magic angle relative to the electric vector of the photon

core-excited states can be neglected in the MgeXcita- beam using an SES-200 hemispherical electron spectrometer

tions, where the width of the states is sufficiently snfll [12] that provides an electron energy resolution of about 30
In the present study, we consider the lifetime interferencdneV at 20-eV pass energy. The pass energy of 40 eV was

effects in the resonant Auger decay from two adjacenf‘sed when recording the constant final-state sp&Eigs. 2

atomic core-excited electronic states. The experimental da@d 3.

derive from the Kr 313]215p—>4p‘2n’p and 3j5j,§6p

—4p~2n’p resonant Auger-electron spectra, selectively ex-

cited by synchrotron radiation. An important feature of this Cesar and Agren have demonstrafted] that the lifetime

selection of core-excited states is that they do not belong tinterference in the radiative or nonradiative decay of nearby

Ill. THEORETICAL BASIS
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FIG. 2. Constant final-state spectra of the 4(*D)5p (a) and |
4p~%(*D)6p (b) groups, over the photon energy range of the = 2500 1
3d45p and 3;,26p excitations. Dashed lines: fit by two Lorent- "8 2000 -
zian curves, solid lines: fit including interchannel interference. : 1500 -
-2
vibronic as well as electronic states can be treated quite §‘°°° T
analogously. The interference effects appear naturally in the § so0+
one-step resonant scattering model of the photoexcitation™= , [#% .
and Auger process¢é4,15, where the latter is mediated by 02 923 924 925 926 927 928
intermediate resonant core-excited states. In this model, the
cross section for absorbing a photém and emitting an Photon energy (eV)

(Augen electron is i P
FIG. 3. Constant final-state spectra of the 4(*D)5p (a) and

4p~2(*D)6p (b,0) groups, fitted(solid line9 using the reduced

- do interferencd (a) and(b)] and three-channel interferen@®. Dotted
o(hw)= | —de, . . . ) N
o dea lines: independent, dashed lines: interference contributions.
=3 (fDloy+ S (flQli)(i|pjoy |2 whereE; is the energy of the final state.
T { ™ ho—(Ei—Eg)+il/2| " When the transitions to a single final state are followed as

a function of photon energy and the direct photoionization is
1) not taken into account, Eq.l) gives a superposition of

Lorentzians(hereinafter referred to as independent teérms
where the summations are over the intermediate stales peaking at the resonance energies, = E,— E;, and phase-
and the Auger final state$). The atomic ground stat®) is  dependent interchannel interference terms. The latter become
excited by the dipole interactioD to the intermediate state, important, if the independent terms overlap considerably.
which decays to the final state due to the Coulomb interacOnly the channels leading to the same final state can interfere
tion Q. Eq, E;, ande, stand for the ground state, interme- and the summation over the final states adds no interference
diate state and Auger-electron energy, respectively,gnd terms.
are the lifetime widths of the core-hole intermediate states.

The direct tern{f|D|0) gives the photoionization directly to IV. RESULTS AND DISCUSSION

the statelf) and is usually small compared to the resonant

processes at the near-threshold excitations. Due to the energy A. General features

conservation, Tunable synchrotron radiation has been used to create the

Kr 3d3,5p (Aw=92.425 eV and 3 36p (%w=92.560
ea=hw—(Ei—Eg), (2 eV) core-excited initial states of the Auger decay. The life-
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time width of these state@bout 81 me\[16]) is somewhat TABLE I. Calculated dipole radial matrix elements and overlap
smaller than their energy separation of 135 meV, so that thiitegrals(in atomic units of the excited electron’s wave functions
states overlap strongly, but are still separable from eacH the Auger initial and final states.

other. The closest neighboring core-excited staté§213p
and 3;7p lie about 1.2 eV below and 0.5 eV above these
stated16], respectively, which strongly suppresses their con-
tributions in the photon energy range in question. The
3d,;5p and 3,36p states can decay to the same Overlap integrals

Dipole radial matrix elements
(5plr|3d) (6plr|3d)
0.031 0.017

4p~2n'p, n'=5,6,7,... states by the spectator and shake n’ (n'p|5p) (n'p|6p)

resonant Auger transitiod7], being therefore suitable for 5 0.90 0.27

studying the lifetime interference effects. 6 —0.43 0.63
7 —-0.04 -0.73

B. Auger-electron spectra

Figure 1 presents the Auger electron spectra recorded at

three different photon energies indicated by 1-3 in the insef'© independent of the spin-orbit splitting of the Gore-hole

A spectrum taken at the off-resonance energy of 90.0 eV i§tates. One can now express the dipole transition matrix el-

also shown p). The binding-energy ranges of the ements s_ir_nply a§:_"<5p|r|3d) and Cd_(6_p|r|3d>. The Au- .
4p~2n’p final states are indicated in the figure. The transi-9€" transition matrix elements contain in this approximation

tions to the 4 ~25p states dominate thed3,25p decay spec- & c_olmmon_zterrrcq<4p4p| 7 [3del n), which describes the
trum, but rather strong shake-up processes also populate 8 ~—4p™ “el Auger decay. The matrix elements of the
4p~26p states. The g 27p states are reached by very Spectator and shake transitions then differ only by the over-
strong @—7p shake-up transitions in thedg36p spec- lap integrals(n’_p_|np) between the excited electron’s orbital
trum, where the spectator transitions to the 46p states 1" the Auger initial and final statgshe shake modglin the

are somewhat less intense and tipe-65p shake-down tran- lifetime-vibrational interference in molecules, similar over-
sitions to the 4~ 25p states are rather weak. The SpectrumIap integrals represent the Franck-Condon factors of the

recorded between the two resonances has a mixed characfclear wave functions. At this stage we also neglect the
very weak as seen from the spectrum

of these two spectra, and would just be their superposition, ifir€Ct terms, which are ver _

there were no interference effects. These effects can, hoWP) Of Fig. 1. For the $7("D)6p final states, for example,

ever, strongly alter the absolute intensities and branching ra=d- (1) then reads

tios of the Auger electron lines. 1 2
F 3del A> )

a(ﬁw)OC(Cqu<4p4p
C. Constant final-state spectra

(6p[5p)(5p|r|3d)
ho— ﬁwgd&%5p+ ir/n2

We selected two groups of linesp4?(*D)n’p,n’=5,6
(marked in Fig. ], and followed their intensities as a func-
tion of photon energy. Figure 2 displays tzzelphoton energy
dependence of the total intensity of the 4 (-D)5p and
4p~2(*D)6p line groups[spectra(a) and (b), respectively, + (6pl6p)(6pIr|3d)
normalized to the constant photon flux. The dashed lines hio—fwzy-16pTi11/2
represent fits to the experimental data of two Lorentzian o2

curves(dotted lines, with 81-meV full width at half maxi- \here the same width has been used for both core-excited
mum) peaking at the resonance energies. These curves Cliates. The common facto®%(4p4p| X |3del ) andC? af-
. r

respond to an approximation of E€l), where only the in- : Lo :
dependent terms are included. The cross sedtiprshould fect only the absolute Intensities; .they do not determine the
interference pattern. The remaining matrix elements have

be convoluted with the distribution of the exciting photons in . .
order to describe the experiment befte8,19, but the effect ;e1e_r;bc|2ITulated using the code of Cowap] and are given

is negligible due to the narrowness of the photon band use The calculated shake probabilitiéss the squares of the

Spectrum &) is dominated by the decay from only one reso- gverlap integralsagree well with the experiment and previ-

nance and the fit describes the data rather well. Much larger - ; :
. . : ol ous calculation$21]. We are, however, mostly interested in
discrepancies can be seen in the case of the“¢"D)6p

group (), indicating a strong interference _the signs of _the matrix glements that Qetermine Whether the
’ ' interference is constructive or destructive at a certain photon
energy. The solid curves in Fig. 2 take the interference into
account, with the phase factors obtained using the values of
Before including the interference terms some approximatd able |. The(6p|5p) and (6p|6p) overlap integrals have
calculations were carried out in order to predict the phasepposite signs, which leadsvith the given separation and
factors of these terms. The dipole and Coulomb matrix elewidths of the excited statgso constructive interference in
ments of Eq.(1), involving coupled many-electron wave the photon energy range between the two resonances. This
functions, can be separated into the radial parts constructezin be seen as intensity enhancement in spectb)rof(Fig.
from one-electron orbitals and the geometrical factfs 2. The interference becomes destructive at photon energies
andC9. In the pureL S-coupling approximation, these factors below the 31;,%5p and above the ($§,216p resonances. In

X

2

()

D. Interference between two resonant decay channels
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contrast, the overlap integrals involved in the transitions toexperiment, as shown for spectrum) (in Fig. 3. Note that
the 4p~25p and 4p~27p final states have the same signs somewhat larger resonant matrix elements are needed in this
and the interference in the region between the resonanceséase. The “reduced interference’b) as well as the three-
destructive, as seen in spectrura) ( The results for the channel interferencec] seem to be equally well suited to
4p~27p group are not presented, because in this case orgescribe the measured spectra and it is therefore not possible
resonant channel, thep5-7p shake-up process, is very to determine their partial contributions. Most probably both
weak and the interference between the two channels hardipechanisms play some role.
observable. Similar interference effects have recently been The interaction with the other neighboring resonant chan-
observed in the resonant Auger decay of thenels should also be considered. An estimate based on the line
1s 'np,n=3,4 states of N¢22]. intensities, widths and excitation energies in the absorption
spectrum 16] together with the calculated shake overlap in-
tegrals shows that the largest contribution comes from the
E. Influence of final states 3d5’,§5p decay channel via thegs— 6p shake-up transitions,

Although the regions of constructive and destructive in-Which iflStill less than 5% of the ampitudes of FhégéSp
terference are in qualitative agreement with the experimen@nd 3s;6p channels at their resonance energies. We thus
the effect is clearly overestimated in Fig. 2. This may be a€Xpect the other resonant channels to influence the spectra
least partly due to the fact that there are a number ofess than the direct channel, especially in the region between
4p~%('D)6p(?°*IL,) final states in the Auger decay spec- the 39'37/215IO and 35,;6p excitations. For more accurate cal-
trum and Fig. 2 gives the total intensities of the transitions tcculations they can be taken into account by simply expand-
these states. The interference effect is the strongest, if boithg Ed. (3).
intermediate resonance states give equal contributions to the
total transition amplitude to each final stdtee, e.g., Ref.

[13]). The contributions seem indeed to be well balanced in V. CONCLUSIONS
S ) s hovever, an average cveralinGUCed i conclusion when the same Auger il sttes are pop-
the balance may be rather different, with one channel domi.-ated from two(or morg close-lying core-hole states, strong

. . . . interference effects influence the Auger electron line intensi-
nating. This obviously reduces the strength of the interfer- erence g ecro

ence. which can be taken into account by adding a scalinties' The interference contributions can be strong even in the
’ . y 9 ) gpectra recorded exactly at the resonances. A straightforward
factor k (k=0—1) to the interference term. The curves in

spectra &) and (b) of Fig. 3 represent such a “reduced comparison between the experimental line intensities and
) C T : . . Iculati h - li feasible i
interference” effect. The best fit was achieved with 0.5 in calculations based on the two-step model is not feasible in

. . o such cases. The interference pattern depends crucially on the
both cases. There are some single lines inside these grou P b y

! . UPRaracteristics of the transitions populating the final states
that display stronger interference effects than the group in

Th foat b d th f th under consideration. Rather simpéb initio calculations
average. These leatures are beyond he Scope of our IN€orgky , ¢ predict qualitatively this dependency, which is con-
ical approach, since they need the coupling of the excite

. .~nected to the signs of the matrix elements, which in turn
electron to the core to be taken into account properly, Whlcfhepend on the shapes of the radial wave functions of the
is not done in the used spectator model.

excited electron in the core-excited intermediate and final
states. The observed reduced interference effect can be un-
derstood by going beyond the used spectator model, but also
by taking into account the nonresonant photoionization.

So far we have ignored the direct transitions which can be
seen to weakly populate the Auger final states in the photo-
electr(_)n spec_trump() of Fig. 1. The intensity of these struc- ACKNOWLEDGMENTS
tures is only in the order of 1% of the resonant structures,
corresponding to roughly ten times smaller transition ampli- We are grateful to the staff of the MAX laboratory and
tudes. However, by adding such a weak nonresonant channklr. J. Karvonen for his help during the measurements. Fi-
to the two resonant channels in E§) one can, with a suit- nancial support from the Research Council of the Academy
able choice of sign, arrive at a very good agreement with thef Finland is acknowledged.
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