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Interference Effects in the Auger Decay of the Resonantly Excitedp3_/123d State of Argon
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High resolution resonant Auger spectra have been measured at the VUV beam line at ELETTRA,
Sincrotrone Trieste, while tuning the photon energy acrosszm’glﬁd resonance of argon. A large
variation of the branching ratio for decay into the spectator?3d and shakeug@p 24d channels is
observed. The effect has not been seen previously in resonant inner-shell excitation and is attributed
to the interference between the direct photoionization process and resonant Auger decay leading to the
same final state. [S0031-9007(96)01195-7]

PACS numbers: 32.80.Hd, 32.80.Fb

When the excitation energy is below the threshold arfar resonance was observed previously [4—6] but no at-
inner-shell electron can only be promoted to one of thegempt was made to record the Auger line intensities versus
empty atomic levels. The relaxation usually proceeds vidhe photon energy. Our measurements were carried out
the resonant Auger process in which one of the outer elemn the recently commissioned vacuum-ultraviolet (VUV)
trons fills a core hole and another is ejected into the conbeam line at Sincrotrone Trieste [7]. The spherical grat-
tinuum. When the bandwidth of excitation energy is nar-ing monochromator is capable of a photon energy resolu-
row compared to the natural width of the resonance th&ion at the Ar D threshold of 19 meV, but for the present
so-called Auger resonant Raman effect appears. Usingxperiment the slits were opened to provide higher flux.
well monocromatized synchrotron light as a probe, theThe analyzer is a 150 mm spherical deflection electron
energies of Auger peaks were seen to follow the phoenergy analyzer (VSW Ltd.) with a nominal8° of ac-
ton energy across the inner shell resonances of Kr andeptance equipped with a 16 channel detector. The to-
Xe [1]. In addition, subnatural Auger linewidths were tal experimental resolution was 112 meV as measured on
recorded, reflecting experimental resolution rather thamhe Ar 3 photoemission line. The photon bandwidth was
natural width of the resonance. Both observations areletermined from deconvolution dfpf/124s and 2p;/123d
analogous to the resonant Raman effect observed prewvabsorption spectra taken just prior to the resonant Auger
ously in inelastic x-ray scattering [2] and can be under-measurements. The analysis gave an 80 meV wide Gauss-
stood as a consequence of energy conservation. An as jiah component attributed to the photons and a 115 meV
unanswered question relating directly to the validity ofwide Lorentz profile which agrees well with &18 +
the two-step model is whether the intensity profiles of thet meV natural linewidth of2p;/123d resonance as given
resonant Auger lines follow the corresponding absorptiorbefore [8].
resonance curve. The present Letter demonstrates that in-A series of Auger spectra was measured in the kinetic
dividual Auger intensity profiles may differ from the total energy range from 204 to 210 eV where the most intense
absorption intensity profile. In fact, decay branching ra- LMM resonant Auger lines due to the decay of the
tios may change drastically when gomg through the re302p3/23d resonance are found. Each of the spectra was
nance as observed in the case ofzm/zsd resonance in recorded at different photon energy in order to cover
argon. the energy region of the resonance. The peak energies

We performed a series of high resolution resonant Augewere seen to shift in step with the photon energy
measurements to study the lowegt 'nl resonances in demonstrating again the Auger resonant Raman effect.
argon up t02p3/25d lying just 0.6 eV below thep;,,  The lines may be approximately assigned [9]3as 23d
ionization threshold at 248.63 eV [3]. Here we concen-and3p %4d states ofAr™, which are flnal states of the
trate on the2p;;, /23d state having an excitation energy of spectator and shakeup decay of tye;, 53d resonance,
246.93 eV. The Auger decay pertaining to this particurespectively. When the first resonant Auger spectrum in

2646 0031-900796/77(13)/2646(4)$10.00 © 1996 The American Physical Society



VOLUME 77, NUMBER 13

PHYSICAL REVIEW LETTERS

23 BPTEMBER 1996

TABLE .

Binding energiesE,;, and assignment of some final states found in decay of

the resonantly excitedpf/124s and 2p37123d, 5s states of argon (Fig. 1). The strongest three
eigenstate components are reported with weights corresponding to the absolute squares of

mixing coefficients when the largest one is smaller then 90%. For brayity was omitted

from labels everywhere except fds ! configuration.

Egin
Peak (eV) Label Labeld
0 29.24 357128 0.63s7125/0.4('D)3d2S
1 36.02 (‘D)3d*F Same
2 36.50 ('S)4s2s Same
3 37.15 ('D)3d 2D 0.33P)4d*D/0.2(!D)3d*D /0.2(P)3d *D
4 37.40 ('D)3d?*P 0.3('D)3d2P/0.33P)4d*P/0.2(3P)3d *P
5 38.05 ('8)3d 2D 0.6(15)3d>D/0.2(!D)3d*D
6 38.33 (CP)5s*P (P)5s4*p
38.49 (P)5s2pP (P)5s*4*p
38.58 ('D)3d?s 0.5('D)4d*5/0.3('D)3d %S /0.1 357! 2S
7 38.77 (CP)4d*F Same
8 39.36 (®P)4d?*P 0.3°P)4d2P/0.2(!D)4d*/0.1(*D)3d 2P
9 39.64 (*P)4d?D 0.4(P)5d*D/0.2(3P)4d*D /0.2('5)3d *D
10 40.04 ('‘D)5s°D Same
11 40.38 ('D)4d*G Same
40.50 (‘D)4d?*P 0.6('D)4d>D/0.13P)5d*F/0.1(P)5d *D
40.53 (‘D)4d*D (!D)4d?F
12 41.21 ('D)4d?2s 0.6(!D)5d25/0.3(!D)4d S /0.1 357128

aSee Ref. [9]. Ep;, is the average multiplet energy.

bThis work.

argon was taken an anomalously strong shakeup proceds and 5, becomes relatively strong on the low energy
was observed [4]. An explanation was given within theside of the resonance compared to members of the first

framework of the sudden approximation, since calculaand second groups.

tions indicated large overlap integrals between the initial
3d atomic and relaxed ionic orbitals of the Rydberg elec-
tron. As the energy resolution was improved more details
were found in the spectra [6] more or less in agreement
with the assignments and decay probabilities obtained by
restricted configuration interaction (Cl) calculations in the
Hartree-Fock (HF) model [5]. We performed extended CI
calculations by running a Dirac-Fock multiconfigurational
code [10] to optimize final ionic states includidg ~2xs,

3p 2md configurations§ = 4,5 andm = 3-7) together
with 3s~! which is well known [11] to mix with3p ~2md.

The results confirm the strong parent mixing [5] and, in
addition, they indicate thaip 2md configurations very
strongly mix between themselves (Table I).

Some of the measured spectra are presented in Fig. 1.

In order to allow for a direct comparison of the final

state intensities at different photon energies, the Auger
spectra were transformed into binding energy spectra by
subtracting the photon energy. Counts are normalized
to the same photon flux and target density. There are
roughly five groups of peaks showing different intensity

variation with respect to the photon energy. In the first
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Binding energy spectra from the resonant Auger

group are peaks Iabel_ed 1, 7,8, 9, and 12 which vanispectra measured at photon energies: (a) 246.51 eV, on top
equally fast.on both sides of thfe resonance. The seponﬂ the 2p; 545 resonance, (b) 246.80 eV, below tap;53d
group contains only peak 11 which becomes the dominanesonance, (c) 246.93 eV, on top of ey 53d resonance, and

feature in spectrum 1(d) taken on the high energy sideqd) 247.06 eV, above thep;;53d resonance. In (c) the most
of the resonance. The third group of peaks, labeled 3jrominent peaks are denoted by numbers; see Table I.
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of the 2p; 54s resonance 420 meV below ti&p;33d ST 200
maximum, peaks 3, 4, and 5 are still clearly visible. In
the fourth group there is peak 2 which belongs to the
3p 24s2S final ionic state. The most intense, due to
spectator decay of thépf/124s resonance, is shown in
Fig. 1(a) and vanishes at higher photon energies. Finally,
peaks 6 and 10 are from group five, represenspg?>ss
ionic states. They arise under both resonan@p§_/124s

and 2p;/123d, indicating different decay paths. The first

lon yield (arb. units)

Intensity (arb. units)

one is shakeup from thgp 24s state while the second 0 —% : :
is spectator decay fromp;/ZSs hidden under the much o p
stronger2p3_/123d resonance. §

In the two-step model the final state intensities are 2
expected to change according to the probability for creating ]
the resonance state which is given by the Breit-Wigner - 0T T
formula. The decay branching ratios are not expected 5 40 fﬂf
to change. Figure 2(b) displays two constant ionic state g Eﬁ 3
(CIS) spectra derived from the resonant Auger spectra: g 201 Hiﬁﬁ
each represents one group of final state with the most £

Y T T T T
246.4 246.6 246.8 247.0 247.2

Photon energy (eV)

anomalous intensity profiles, namely the second group
(peak 11) and the third group represented by the summed
intensity of peak 3 and 4. Their intensity ratio was
observed to change by an order of magnitude [Fig. 2(c)JFIG. 2. (a) Photoabsorption spectrum in the regiolofj34s

In previous experiments [5,6] the average value of the ratiand 2p;53d, 5s resonances in Ar. Filled circles: measured
over the resonance was determined to be close to 1 whid#pints; full line: least-squares fit to the data. (b) CIS spectra

; for peak 11 (filled circles) and peak+ 4 (open circles). Full
agrees with our result but only when the photon endigy lines: least-squares fits of Fano profiles to the data; their ratio

is Clpse toE;, the resonance energy. is given in (c) as a full line. (c) Ratio of intensity of peak
Since the analyzer was positioned to be nearly at the1 versus peak + 4. Filled circles: experimental values. (d)
magic angle with respect to the polarization axis of theCIS spectrum for thés ™! state.

light, even large differences in the asymmetry parameter

behavior across the resonance could not change the inten-

sity ratio as much as observed. It is also unlikely thatratio as a function of photon energy. The cross section for
variation of the ratio is due to the presence of multipletransition into the selected final staitén vicinity of the
resonances oyerl?pping closely in that energy range. Onesonance may be written [13]

of themis2p, ,5s ' P which v!?s c?lcu!ated to be 20 tlmes S (E = E, + q;T/2)
weaker than the stronge3p; ,3d " P, in agreement with o¢(E) = oy (E—E) +T2/4°
the old result[14]. In addition, our final state configuration r
interaction (FISCI) calculations indicate that the probabil-whereT is the total decay width of the resonance an{d

ity for states 3, 4, and 11 to contalp 2ns configura- is the cross section for direct excitation of the final ionic
tions (n = 4,5) is smaller than 1%. All of this amounts state. The line shapes depend on the value of the Fano
to a negligible probability for the resonan@@{/ﬁs 'p parameterg, and they approach the Lorentz form when

to decay into final states _31' 4, and 11. Another possi;,/ goes to zero. The parametric form (1) was fitted to
ble intermediate state 8ps/,3d°P and is again calcu- the two sets of experimental points, Fig. 2(b). The best
lated to be 15 times weaker than tp; ;34 'P. Since it gave the same values of parametErsE,, of, and
they both decay t@p md states with comparable in- the opposite values of parametgr of the two spectra.
tensity [5] it is supposed that a major part of the reso-The probability for the direct process was estimated from
nant Auger intensity comes from decay2gf; ;34 'P. Fi-  the fit to be(5 + 2) X 10~3 of the maximum strength for
nally, decay paths from the neighboribg;/124d resonance the resonant process leading to final state 11. This corre-
which is 740 meV away, are still not important on the highsponds ta(8 + 3)% of intensity of the 3 photoemission
energy side of the2p§/123d resonance. The remaining line as determined from our measurements.

possibility to be considered is the interference between the The 3p 2mdel states can be reached directly from the
resonant process and a direct process leading to the sageund state by absorption of one photon either in the
final state. This would give Fano-like CIS spectra withso-called conjugate shakeup process [14] or with a dipo-
different shapes reflecting different relative strength of thdar transition from the ground state due to initial state
two processes and possibly a large variation of intensitgonfiguration interaction (ISCIl). The amplitude of the

1)
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conjugate shakeup process, as it involves interaction aftand these results a coherent treatment of all three steps,

photoelectron with valence electrons, decreases rapidigxcitation, decay and the shake process would be neces-

above the3s~! ionization threshold and is negligible in sary.

our energy range. To check for the latter we performed Finally, we have studied the Auger resonant decay of the

restricted ISCI calculations includirgp ~>md? states up 2p3_/123d resonance of Ar at very high energy resolution of

to m = 8. In the ground state of argon, a 1.6% ad-the photon beam. The branching ratio for the strongest

mixture of these states was found and almost all of itAuger decay channels was observed to change drastically

(94%) is attributed tap 23d? configuration. We cal- across the resonance. This is a new aspect of the Auger

culated the dipole-length transition probabilities in theresonant Raman effect and is attributed to the interference

single electron HF approximation for continuum wavesbetween direct and resonant photoemission.
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