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nterference Effects in the Auger Decay of the Resonantly Excited2p21
3y23d 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 across the2p21

3y23d resonance of argon. A large
variation of the branching ratio for decay into the spectator3p223d and shakeup3p224d 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
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When the excitation energy is below the threshold
inner-shell electron can only be promoted to one of
empty atomic levels. The relaxation usually proceeds
the resonant Auger process in which one of the outer e
trons fills a core hole and another is ejected into the c
tinuum. When the bandwidth of excitation energy is n
row compared to the natural width of the resonance
so-called Auger resonant Raman effect appears. U
well monocromatized synchrotron light as a probe,
energies of Auger peaks were seen to follow the p
ton energy across the inner shell resonances of Kr
Xe [1]. In addition, subnatural Auger linewidths we
recorded, reflecting experimental resolution rather t
natural width of the resonance. Both observations
analogous to the resonant Raman effect observed p
ously in inelastic x-ray scattering [2] and can be und
stood as a consequence of energy conservation. An a
unanswered question relating directly to the validity
the two-step model is whether the intensity profiles of
resonant Auger lines follow the corresponding absorp
resonance curve. The present Letter demonstrates th
dividual Auger intensity profiles may differ from the tot
absorption intensity profile. In fact, decay branching
tios may change drastically when going through the re
nance as observed in the case of the2p21

3y23d resonance in
argon.

We performed a series of high resolution resonant Au
measurements to study the lowest2p21nl resonances in
argon up to2p21

3y25d lying just 0.6 eV below the2p3y2
ionization threshold at 248.63 eV [3]. Here we conce
trate on the2p21

3y23d state having an excitation energy
246.93 eV. The Auger decay pertaining to this parti
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lar resonance was observed previously [4–6] but no
tempt was made to record the Auger line intensities ve
the photon energy. Our measurements were carried
on the recently commissioned vacuum-ultraviolet (VU
beam line at Sincrotrone Trieste [7]. The spherical g
ing monochromator is capable of a photon energy res
tion at the Ar 2p threshold of 19 meV, but for the prese
experiment the slits were opened to provide higher fl
The analyzer is a 150 mm spherical deflection elect
energy analyzer (VSW Ltd.) with a nominal68± of ac-
ceptance equipped with a 16 channel detector. The
tal experimental resolution was 112 meV as measured
the Ar 3s photoemission line. The photon bandwidth w
determined from deconvolution of2p21

1y24s and 2p21
3y23d

absorption spectra taken just prior to the resonant Au
measurements. The analysis gave an 80 meV wide Ga
ian component attributed to the photons and a 115 m
wide Lorentz profile which agrees well with a118 6

4 meV natural linewidth of2p21
3y23d resonance as give

before [8].
A series of Auger spectra was measured in the kin

energy range from 204 to 210 eV where the most inte
LMM resonant Auger lines due to the decay of
2p21

3y23d resonance are found. Each of the spectra
recorded at different photon energy in order to co
the energy region of the resonance. The peak ener
were seen to shift in step with the photon ene
demonstrating again the Auger resonant Raman ef
The lines may be approximately assigned [9] as3p223d
and 3p224d states ofAr1, which are final states of th
spectator and shakeup decay of the2p21

3y23d resonance
respectively. When the first resonant Auger spectrum
© 1996 The American Physical Society
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TABLE I. Binding energiesEbin and assignment of some final states found in decay
the resonantly excited2p21

1y24s and 2p21
3y23d, 5s states of argon (Fig. 1). The strongest thre

eigenstate components are reported with weights corresponding to the absolute squa
mixing coefficients when the largest one is smaller then 90%. For brevity3p22 was omitted
from labels everywhere except for3s21 configuration.

Ea
bin

Peak (eV) Labelsa Labelsb

0 29.24 3s21 2S 0.6 3s21 2Sy0.4s1Dd3d 2S
1 36.02 s1Dd3d 2F Same
2 36.50 s1Sd4s 2S Same
3 37.15 s1Dd3d 2D 0.3s3Pd4d 2Dy0.2s1Dd3d 2Dy0.2s3Pd3d 2D
4 37.40 s1Dd3d 2P 0.3s1Dd3d 2Py0.3s3Pd4d 2Py0.2s3Pd3d 2P
5 38.05 s1Sd3d 2D 0.6s1Sd3d 2Dy0.2s1Dd3d 2D
6 38.33 s3Pd5s 4P s3Pd5s 4,2P

38.49 s3Pd5s 2P s3Pd5s 4,2P
38.58 s1Dd3d 2S 0.5s1Dd4d 2Sy0.3s1Dd3d 2Sy0.1 3s21 2S

7 38.77 s3Pd4d 4F Same
8 39.36 s3Pd4d 2P 0.3s3Pd4d 2Py0.2s1Dd4d2y0.1s1Dd3d 2P
9 39.64 s3Pd4d 2D 0.4s3Pd5d 2Dy0.2s3Pd4d 2Dy0.2s1Sd3d 2D
10 40.04 s1Dd5s 2D Same
11 40.38 s1Dd4d 2G Same

40.50 s1Dd4d 2P 0.6s1Dd4d 2Dy0.1s3Pd5d 4Fy0.1s3Pd5d 4D
40.53 s1Dd4d 2D s1Dd4d 2F

12 41.21 s1Dd4d 2S 0.6s1Dd5d 2Sy0.3s1Dd4d 2Sy0.1 3s21 2S

aSee Ref. [9]. Ea
bin is the average multiplet energy.

b This work.
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argon was taken an anomalously strong shakeup pro
was observed [4]. An explanation was given within t
framework of the sudden approximation, since calcu
tions indicated large overlap integrals between the ini
3d atomic and relaxed ionic orbitals of the Rydberg ele
tron. As the energy resolution was improved more deta
were found in the spectra [6] more or less in agreem
with the assignments and decay probabilities obtained
restricted configuration interaction (CI) calculations in t
Hartree-Fock (HF) model [5]. We performed extended
calculations by running a Dirac-Fock multiconfiguration
code [10] to optimize final ionic states including3p22ns,
3p22md configurations (n ­ 4, 5 andm ­ 3 7) together
with 3s21 which is well known [11] to mix with3p22md.
The results confirm the strong parent mixing [5] and,
addition, they indicate that3p22md configurations very
strongly mix between themselves (Table I).

Some of the measured spectra are presented in Fig
In order to allow for a direct comparison of the fina
state intensities at different photon energies, the Au
spectra were transformed into binding energy spectra
subtracting the photon energy. Counts are normali
to the same photon flux and target density. There
roughly five groups of peaks showing different intens
variation with respect to the photon energy. In the fi
group are peaks labeled 1, 7, 8, 9, and 12 which van
equally fast on both sides of the resonance. The sec
group contains only peak 11 which becomes the domin
feature in spectrum 1(d) taken on the high energy s
of the resonance. The third group of peaks, labeled
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4, and 5, becomes relatively strong on the low ene
side of the resonance compared to members of the
and second groups. In spectrum 1(a) taken on the

FIG. 1. Binding energy spectra from the resonant Aug
spectra measured at photon energies: (a) 246.51 eV, on
of the 2p21

1y24s resonance, (b) 246.80 eV, below the2p21
3y23d

resonance, (c) 246.93 eV, on top of the2p21
3y23d resonance, and

(d) 247.06 eV, above the2p21
3y23d resonance. In (c) the mos

prominent peaks are denoted by numbers; see Table I.
2647
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of the 2p21
1y24s resonance 420 meV below the2p21

3y23d
maximum, peaks 3, 4, and 5 are still clearly visible.
the fourth group there is peak 2 which belongs to
3p224s 2S final ionic state. The most intense, due
spectator decay of the2p21

1y24s resonance, is shown i
Fig. 1(a) and vanishes at higher photon energies. Fin
peaks 6 and 10 are from group five, representing3p225s
ionic states. They arise under both resonances,2p21

1y24s
and 2p21

3y23d, indicating different decay paths. The fir
one is shakeup from the3p224s state while the secon
is spectator decay from2p21

3y25s hidden under the muc
stronger2p21

3y23d resonance.
In the two-step model the final state intensities

expected to change according to the probability for crea
the resonance state which is given by the Breit-Wig
formula. The decay branching ratios are not expec
to change. Figure 2(b) displays two constant ionic s
(CIS) spectra derived from the resonant Auger spec
each represents one group of final state with the m
anomalous intensity profiles, namely the second gr
(peak 11) and the third group represented by the sum
intensity of peak 3 and 4. Their intensity ratio w
observed to change by an order of magnitude [Fig. 2(
In previous experiments [5,6] the average value of the r
over the resonance was determined to be close to 1 w
agrees with our result but only when the photon energE
is close toEr , the resonance energy.

Since the analyzer was positioned to be nearly at
magic angle with respect to the polarization axis of
light, even large differences in the asymmetry param
behavior across the resonance could not change the i
sity ratio as much as observed. It is also unlikely t
variation of the ratio is due to the presence of multi
resonances overlapping closely in that energy range.
of them is2p21

1y25s 1P which was calculated to be 20 time
weaker than the strongest2p21

3y23d 1P, in agreement with
the old result [14]. In addition, our final state configurati
interaction (FISCI) calculations indicate that the proba
ity for states 3, 4, and 11 to contain3p22ns configura-
tions sn ­ 4, 5d is smaller than 1%. All of this amount
to a negligible probability for the resonance2p21

3y25s 1P
to decay into final states 3, 4, and 11. Another po
ble intermediate state is2p21

3y23d 3P and is again calcu
lated to be 15 times weaker than the2p21

3y23d 1P. Since
they both decay to3p22md states with comparable in
tensity [5] it is supposed that a major part of the re
nant Auger intensity comes from decay of2p21

3y23d 1P. Fi-
nally, decay paths from the neighboring2p21

3y24d resonance
which is 740 meV away, are still not important on the hi
energy side of the2p21

3y23d resonance. The remainin
possibility to be considered is the interference between
resonant process and a direct process leading to the
final state. This would give Fano-like CIS spectra w
different shapes reflecting different relative strength of
two processes and possibly a large variation of inten
2648
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FIG. 2. (a) Photoabsorption spectrum in the region of2p21
1y24s

and 2p21
3y23d, 5s resonances in Ar. Filled circles: measure

points; full line: least-squares fit to the data. (b) CIS spec
for peak 11 (filled circles) and peak3 1 4 (open circles). Full
lines: least-squares fits of Fano profiles to the data; their r
is given in (c) as a full line. (c) Ratio of intensity of pea
11 versus peak3 1 4. Filled circles: experimental values. (d
CIS spectrum for the3s21 state.

ratio as a function of photon energy. The cross section
transition into the selected final statef in vicinity of the
resonance may be written [13]

sf sEd ­ s
f
0

sE 2 Er 1 qfGy2d2

sE 2 Erd2 1 G2y4
, (1)

whereG is the total decay width of the resonance ands
f
0

is the cross section for direct excitation of the final ion
state. The line shapes depend on the value of the F
parameterqf and they approach the Lorentz form whe
s

f
0 goes to zero. The parametric form (1) was fitted

the two sets of experimental points, Fig. 2(b). The b
fits gave the same values of parametersG, Er , s

f
0 and

the opposite values of parameterqf of the two spectra.
The probability for the direct process was estimated fr
the fit to bes5 6 2d 3 1023 of the maximum strength fo
the resonant process leading to final state 11. This co
sponds tos8 6 3d% of intensity of the 3s photoemission
line as determined from our measurements.

The 3p22mdel states can be reached directly from t
ground state by absorption of one photon either in
so-called conjugate shakeup process [14] or with a di
lar transition from the ground state due to initial sta
configuration interaction (ISCI). The amplitude of th



VOLUME 77, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 23 SEPTEMBER1996

id

e

d
f

e
e
-
a-
r

e

a

th
as
e
a
n
e
e
a

n
de

th
a

t
a
t

o
a

e

lt
b

le
m
e
e
th
m
a
a

e

eps,
ces-

the
of
est
ally
ger

nce

of
of

and

ev.

J.

d

n,

nd

.
,
d
A

,

n,

.
C.

t-

en,
conjugate shakeup process, as it involves interaction
photoelectron with valence electrons, decreases rap
above the3s21 ionization threshold and is negligible in
our energy range. To check for the latter we perform
restricted ISCI calculations including3p22md2 states up
to m ­ 8. In the ground state of argon, a 1.6% a
mixture of these states was found and almost all o
(94%) is attributed to3p223d2 configuration. We cal-
culated the dipole-length transition probabilities in th
single electron HF approximation for continuum wav
p, f of energye ­ 210 eV in the final ionic state poten
tial. Combining the results with ISCI weights the rel
tive intensities of satellite lines at the magic angle a
expected to be in the ratio 1:0.25:4 3 1025 for m ­
3, 4, 5. Indeed, besides the series of3p22s1Ddmd, ns 2S
satellite states due to the FISCI, also ISCI satellites w
observed [15,16]. Two satellite peaks corresponding
peaks 3 and 4 are reported in Ref. [16], with an over
intensity of about 14% relative to the 3s photoemission
line at a photon energy of 112.9 eV that agrees with
calculated cross sections [17]. This is not in contr
with the ratio obtained from our CIS spectrum with th
fitting procedure. The satellites corresponding to pe
11 are also reported in Refs. [16,17]. The relative inte
sity is calculated to be less than 1% already at 120
[18]. The values8 6 3d% deduced in our case from th
fit appears to be too high. It has to be kept in mind th
formula (1) applies in the case of interference of o
resonant and one direct channel. A model that inclu
the other resonances, mainly the2p21

3y24d 1P, would cer-
tainly be more appropriate. To obtain estimates for
direct process intensities leading to final states 3, 4,
11, accurate measurements of the 3s satellite spectrum
are needed at photon energies just below the2p21ns, md
resonances.

In Fig. 2(d) the CIS spectrum of the 3s photoemission
line is presented and shows a Fano-like shape in
2p21

3y23d resonance region. This interference pattern h
been seen before, although with an 8 times larger pho
bandwidth [18]. Now, besides the direct photoionizati
from the ground state, the3s21el state can be reached vi
resonant decay into the3p223d component of the state
(Table I). No 3s interference pattern was observed und
the2p21

3y24s resonance.
A conclusion which can be drawn from these resu

is that if the resonant photoabsorption is measured
monitoring different decay channels, the intensity profi
may deviate from the Lorentzian form as well as fro
each other, due to their coupling to nonresonant chann
Strictly speaking, also the total absorption curve is th
not a Lorentzian but the sum of Fano-like shapes. In
present case, however, a Lorentzian is a good approxi
tion since the intensity profiles of the strongest two dec
channels of the2p21

3y23d resonance are distorted in such
way to compensate in the total ion yield. To better und
of
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stand these results a coherent treatment of all three st
excitation, decay and the shake process would be ne
sary.

Finally, we have studied the Auger resonant decay of
2p21

3y23d resonance of Ar at very high energy resolution
the photon beam. The branching ratio for the strong
Auger decay channels was observed to change drastic
across the resonance. This is a new aspect of the Au
resonant Raman effect and is attributed to the interfere
between direct and resonant photoemission.
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