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Interference effects between 2p photoionization and resonant Auger decay channels
at 2sÀ1np „nÄ4,5… inner-shell resonances in Ar
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The electron spectrum of Ar has been studied in the binding energy region of the 2p213p21np states. These
states are populated in direct 2p photoionization accompanied by the 3p→np shake-up transitions. In addi-
tion, at photon energies corresponding to the 2s→4p,5p excitations they gain intensity through the 2s21np
→2p213p21np resonant Auger decay channels. The two channels can interfere, leading to changes in the
intensities of the Ar 2p photoelectron satellites. Experimental results are compared with the results of one-step
calculations.
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I. INTRODUCTION

Direct photoionization and the decay after resonant e
tation can populate the same final states. Due to the w
nature of the electrons, the two different channels can in
fere. The interference effect between the resonant Auger
cay following the inner-shell excitation and the direct pho
ionization was reported by Camilloniet al. @1#. In their
study, the photon energy was scanned across the reson
and the variation of the branching ratios of the intensities
the different final states was observed. The same experim
tal technique was applied in the recent study of Marin
et al. @2# and a clear Fano profile was detected in a cons
ionic state spectrum of selected final states as a consequ
of the two interfering channels. In both studies one-step
culations were not performed although a need for them
clearly expressed.

In the present work the intensity and angular distributio
of some of the Ar 2p shake-up satellite transitions, name
to the 2p213p21np and 2p213p21ns (n54,5) states, are
determined on and off 2s214p and 2s215p resonances. At
photon energies corresponding to the 2s→4p,5p excitations
the direct and resonant channels to 2p213p21np states have
comparable intensities, therefore interference effects are
pected to occur. Calculations based on the one-step app
mation have been used to explain the detected variatio
1050-2947/2002/65~4!/042702~6!/$20.00 65 0427
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the intensities of the 2p213p214p states. The states that ca
be seen in the Ar 2p shake-up spectrum were widely studie
using conventional x-ray sources@3–6#. Theoretical calcula-
tions made in the study of Erikssonet al. @6# provided an
approximate assignment of the Ar 2p213p21np satellite
states. More recent Ar 2p satellite studies have been mad
using synchrotron radiation@7,8#. In brief, the states where
the interference effects are excpected to occur are well
solved and described by existing theoretical models. On
other hand, the 2s core-hole ionization or excitation and sub
sequent decay have rarely been studied@9–12#. Recently,
however, Itchkawitzet al. @13# presented a high-resolutio
absolute photoabsorption cross-section measurement co
ing the 2p and 2s edges of argon, whereas Khoperskii a
Yavna@14# investigated Ar 2s photoabsorption theoretically
The two latter studies provide information about expec
strengths of the direct and resonance channels but the d
paths of the excited states were not investigated.

In this study the direct and resonant Auger decay chan
to Ar 2p213p21np (n54,5) were investigated in detai
The experimental spectra were compared with the results
tained from the one-step calculations.

II. EXPERIMENT

The measurements were performed at the Gas Phase
toemission beam line of the ELETTRA storage ring in T
este, Italy. An undulator source provides high-intensity s
©2002 The American Physical Society02-1
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chrotron radiation in the photon energy range 20–900
The highly polarized light@15# is dispersed by a variable
angle spherical grating monochromator that is equipped w
five interchangeable gratings, fixed entrance and exit s
and pre- and postfocusing optics. A more detailed descrip
of the beam line can be found elsewhere@16#.

The experimental setup for the total ion yield and ang
resolved electron spectra has been presented earlier@15,17#.
For the resonant Auger measurements, the photon en
was set at the values corresponding to the 2s→4p and 5p
absorption maxima with the aid of total ion yield measu
ments. The total ion yield spectrum depicted in Fig. 1 w
measured with entrance and exit slits set at 33 and 30mm,
respectively, corresponding to a photon bandwith of 75 m
Both the resonant Auger and photoelectron spectra w
measured with a photon bandwidth of about 80 meV. T
pass energies of the electron energy analyzers were set
eV, which resulted in kinetic energy resolutions of 100–1
meV depending on the analyzer. The binding energy sc
was calibrated according to the Ar 2p photoelectron lines,
whose binding energies are known within an accuracy
60.01 eV @18#. The positions of the Ar 2p photoelectron
lines were checked between resonant Auger measuremen
order to detect possible changes in the energy of the inc
ing photon beam. The argon 2p photoelectron satellite spec
trum was also measured at a photon energy about 10
below the resonant excitations, where the intensity in
binding energy region of interest is given by direct 2p photo-
ionization.

The method for calibration of the detection efficiencies
the ten analyzers was already presented in@19#. In contrast to
that study, in the present case the transmission of the ana
ers can be expected to vary also as a function of kin
energy. Therefore the Ar 3s photoelectron line, theb of

FIG. 1. L1 pre-edge Rydberg excitations in Ar. Dots show t
experimental data, whereas the solid and dashed lines give the
squares fit for the whole spectrum and individual transitions,
spectively. The dotted line describes the contribution of the hig
Rydberg excitations and the ionization continuum. The resonant
ger spectra were measured at photon energies marked with ar
The vertical bar shows theL1 ionization limit.
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which is 2, was measured at several photon energies to
brate the relative intensities of the different analyzers in
kinetic energy region of interest. The transmission-correc
experimental photoelectron spectrum~off resonance! is pre-
sented in Fig. 2~a! whereas Figs. 2~b! and 2~c! depict the
electron spectra measured at the 2s→4p and 2s→5p exci-
tations, respectively.

The energies and intensities of all detection-sensitiv
and relative-transmission corrected electron spectra, inc
ing photon-flux normalized total ion yield spectra, were d
termined with a least-squares fitting program@20#. The line
shapes in the fits of total ion and photoelectron spectra w
produced using Voigt functions. The Lorentzian compon
of the Voigt function described the natural width of the fin
state, whereas the Gaussian component represented th
tributions of the photon bandwidth and, in the case of
photoelectron spectra, analyzer broadening. The line pro
of the resonant Auger lines were also chosen to be Vo
functions. The actual line shape of the resonant Auger lin
not exactly a Voigt function, but the profile chosen repr
duced the experimental lines very well. The Lorentzian fin
state broadening for all photoelectron and resonant Au
lines was estimated to be 118 meV, the same as found for
2p21 states in a recent study by Jurvansuuet al. @21#.

st-
-
r

u-
ws.

FIG. 2. ~a! Ar 2p photoelectron shake-up satellite spectru
measured at 310 eV photon energy. The electron spectra of Ar m
sured at photon energies corresponding to~b! the 2s→4p and ~c!
2s→5p excitations~see Fig. 1!. In all panels, dots show the exper
mental data and the solid lines give the least-squares fit result
the whole spectrum. All the spectra presented were measured a
with respect to the electric vector of the incident synchrotron rad
tion.
2-2



te

s

e

he
d

he

e

o
de
on
s

e

l-

at
d

l-
rg
de
an
sta
p

th

a
u
ha

u
ca

he

of
l-

l

-up
ates
tiv-
re
he
d, is
cts

ten-
-
tion

Fig.
ith-

and

a-
the
he
ect

e

sity
ce
om-
e
ex-

nts
o-

the

o
ns
be
d

INTERFERENCE EFFECTS BETWEEN 2p . . . PHYSICAL REVIEW A 65 042702
III. CALCULATIONS

The amplitude of a resonant Auger line can be calcula
following the time-independent scattering formalism~see
@22# and references therein!. Formally, the amplitudeAF can
be presented as

AF5^@ f , f 8#f«uVuo&

1(
[ i ]

E dt
^@ f , f 8#f«uH2EFu@ i #t&^@ i #tuVuo&

EF2Et1 iG [ i ] /2
.

~3.1!

The first term represents the amplitude for a direct tran
tion from the ground stateuo& to the final stateu@ f , f 8#f«&
with holes in the orbitalsf and f 8, one electron excited to th
orbital f and another to the continuum«. The second term is
due to the contribution following resonant excitations. T
integration overt includes implicit summations over boun
states. The matrix elements for the first term of Eq.~3.1!
were calculated in the case of transitions into t
2p213p21np states as

^@ f , f 8#f«uVuo&5eph^2pur ued&c~2p21ed 1P!

3^3pounp&c~3p214p 1S!. ~3.2!

In Eq. ~3.2! the subscripto indicates the ground-stat
wave function and eachc is the mixing coefficient of the LS
basis states in the intermediate coupling scheme. The n
tion eph refers to the fact that energy dependence is inclu
in the calculations. Initial calculations showed that ionizati
through thed continuum electron is approximately 31 time
more probable than the ionization through thes continuum,
therefore the actual calculations were performed using thd
continuum electron only.

In the analysis of the 2p shake-up spectrum, energy ca
culations performed included the 2p213p21np,
2p213p21ns (n54,5), and 2p213p21md (m53,4) elec-
tron configurations. In general, the intensities of conjug
shake-up satellites are considerable only at the correspon
thresholds and decrease rapidly as the photon energy
creases~see Ref.@23# and references therein!. However, the
2p213p21ns and 2p213p21md conjugate shake-up sate
lites seem to produce some intensity in the kinetic ene
region studied and therefore the configurations are inclu
in the energy calculations. The direct photoionization ch
nel of the satellite states was considered to have a con
cross section in the energy region of the measurements
formed.

In the calculations concerning the interference effect,
Auger decay matrix elements,^@ f , f 8#f«uH2EFu@ i #t& in
Eq. ~3.1!, were reduced to include transitions only to fin
ionic states with the same total angular momentum that co
be populated via direct photoionization, i.e., ionic states t
haveJ51/2 or 3/2. The intensity to final ionic states withJ
higher than 3/2 was also added to the theoretical spectr
but without interference effects. The resonant Auger de
was calculated usings,d, andg continuum electrons. Theg
continuum had no effect on the intensity distribution but t
04270
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considerable intensity produced by thes continuum was
added as noninterfering intensity. The relative intensities
the 2s214p→2p213p215p shake-up transitions were ca
culated using the overlap integrals^4pi u4pf& and^4pi u5pf&.
The subscriptsi and f indicate the intermediate and fina
states, respectively.

The dipole and Auger decay matrix elements, shake
integrals, and eigenfunctions for the resonant and final st
were calculated using the Hartree-Fock method with rela
istic corrections@24#. The Slater and Coulomb integrals we
scaled down by a factor of 0.85, the value written in t
code. The scaling, which compresses the energy sprea
widely used to approximate configuration interaction effe
~see, e.g., Ref.@25# and references therein!. The continuum
orbitals were generated in the configuration-average po
tials of the 2p213p214p configuration. The continuum en
ergy was calculated as a difference between the configura
average energies of the intermediate and final states.

Theoretical binding energies are presented in Fig. 3~a!.
Figure 3~b! presents the calculated Ar 2p photoelectron
shake-up satellite spectrum and its components whereas
3~d! presents the theoretical resonant Auger spectrum w
out interference effects. Figure 3~c! depicts the resulting
spectra when interference effects between the direct
resonant channels are either included or omitted.

IV. DISCUSSION

A. Ar 2 p photoelectron satellites

The Ar 2p photoelectron satellite spectrum of Fig. 2~a!,
measured in the kinetic energy region of the 2p213p214p
states, also includes some 2p213p215p states and some
2p213p21(ns,nd) conjugated satellite states. As the me
surement was done well below the excitation energy of
first 2s resonance state, the intensity distribution of t
2p213p21np (n54,5) states provides a reference to det
the effects related to the resonant Auger channels.

The experimental Ar 2p photoelectron shake-up satellit
spectrum has been interpreted earlier@6# to contain states
belonging mostly to the 2p213p21np (n54,5) electron
configurations but there were no calculations for the inten
distribution of the spectrum. Our calculations reprodu
quite well the experimental spectrum as can be seen by c
paring Figs. 2~a! and 3~b!. In particular, energy splittings ar
reproduced very well. The strongest components in the
perimental photoelectron spectrum@see Fig. 2~a!# can be
identified with the aid of the calculations. The assignme
and binding energies of the peaks are given in Table I. N
tations used in the table refer to the parent term in
2p213p21(2S11LJ)np configuration. At around 275 eV
binding energy, four peaks (8211) were used in the fit al-
though theoretically there should be only tw
2p213p21np (n54,5) states. However, energy calculatio
@see Fig. 3~a!# suggest that those additional peaks could
assigned as 2p213p21nd states. The small structures aroun
2702267 eV in the photoelectron spectrum of Fig. 2~a!
were identified as 2p213p213d and 2p213p214s conjugate
shake-up satellites.
2-3
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The experimental angular distribution parametersb were
determined for all fitted components in the spectrum in or
to detect possible changes when the resonant channel p
lates the same states. Theb values of the strongest compo
nents in the experimental photoelectron shake-up spec
are presented in Table I. The values obtained are similar t
slightly larger than those given for the main line (b
'0.5–0.8) in this kinetic energy range by Lindleet al. @26#.

B. Total ion yield

The excitation energies for the 2s→4p,5p resonances
were extracted to be 323.660.2 eV and 324.960.3 eV, re-
spectively using the total ion yield measurement. The v
large inherent width of the Ar 2s21 state made the analys
of the excitation energy in the case of the Ar 2s→5p quite

FIG. 3. ~a! Theoretical binding energies of the Ar 2p shake-up
satellites. Labels A to F refer to 2p213p214p, 2p213p215p,
2p213p213d, 2p213p214d, 2p213p214s, and 2p213p215s
configurations, respectively.~b! Theoretical Ar 2p photoelectron
shake-up satellite spectrum. The curves show the intensity to
2p213p214p and 2p213p215p states as well as their sum spe
trum.~c! Theoretical electron spectrum of Ar at the 2s→4p excita-
tion energy with and without interference effects.~d! Theoretical
resonant Auger spectrum of Ar at 2s→4p excitation energy without
interference effects. The lowermost spectrum presents transitio
final ionic states withJ51/2,3/2 andd continuum. The following
two spectra present calculated intensity to final ionic states witJ
>3/2 and results froms continuum calculations. The uppermo
spectrum is the sum spectrum of the three individual compone
The theoretical binding energies are shifted by20.14 eV so that
the energy scale coincides with experiment at the position of p
No. 1 ~see Fig. 2!.
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difficult. The experimental energy difference between t
2s→4p and 2s→5p excitations, 1.360.1 eV, is identical
with the theoretical value of 1.34 eV reported in Ref.@14#.
The values extracted for the natural widths of t
2s21np (n54,5) resonant states, 2.0~2! eV, are slightly
smaller than the width reported for the 2s21 state by Glans
et al. @9#, 2.25~5! eV. The natural widths of the 2s21np
states are bigger than the energy difference between th
thus allowing also interresonance interference effects to
cur. The theoretical value for the lifetime width of the A
2s214p state obtained from the calculations, 2.1 eV, is
very good agreement with the experimental result. Accord
to the data presented in Fig. 1, the 2s→5p excitation
strength is about 0.34 of the strength of the 2s→4p excita-
tion. The calculation performed for the photoexcitatio
strengths gave a slightly smaller value of 0.31, which s
compares favourably with the experimental value.

C. Resonant Auger decay

In order to make a comparison between the on and
resonance spectra easier, we depict in Fig. 4 experime
and theoretical photoelectron shake-up and resonant A
spectra above each other using the same labels as in F
The variation of the line intensities due to the resonant Au
channel is clearly seen by comparing the two experime
spectra of Fig. 4~a!. The experimental angular distributio
parametersb were determined for all fitted components
the 2s214p→2p213p21np resonant Auger spectrum. Th
b values of the strongest components are presented in T
I in comparison with the corresponding values of the pho

he

to

ts.

k

TABLE I. Experimental binding energies of the most promine
peaks in the Ar 2p shake-up spectrum. Line numbers refer to F
2~a!. The values of the angular distribution parametersb obtained
from the photoelectron spectrum (hn5310 eV) are presented in
comparison with those from the electron spectrum measured a
2s214p resonance.

Photoelectron 2s→4p resonance
No. EB ~eV! Assignment b b

1 270.9~2! (3D)4p 0.70~11! 0.93~14!

2 271.4~2! (3D)4p 20.2(4) 0.45~6!

3 271.8~2! (3S)4p 0.65~14! 0.22~12!

4 272.6~2! (3P)4p 0.52~11! 0.29~15!

5 273.0~2! (3D)4p 1.85~10! 2.0~3!

6 273.2~2! (3D)4p 0.43~7! 0.67~12!

7 273.7~2! (3P)4p 1.3~5! 1.3~3!

8 274.5~2! (1D)4p 1.0~2! 1.3~2!

9 274.7~2! (1D)4p 0.79~12! 0.3~1!

10 274.9~2! (1D)4p 0.95~10! 1.1~4!

11 275.1~2! (1D)4p 0.8~2! 0.3~3!

12 275.5~2! (1D)4p 0.6~2! 0.6~3!

13 276.4~2! (3S)5p 1.1~3! 0.8~2!

14 276.6~2! (1S)4p 1.1~4! 0.75~6!

15 277.2~2! (3D)5p 1.2~4! 0.79~10!

1’ 270.5~2! (3D)4p 20.70(6)
2’ 271.3~2! (3D)4p 20.3(2)
2-4
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electron spectrum. The effect of the resonant decay cha
is clearly considerable especially in the states which
strongly populated via resonant Auger decay, e.g., line
and 9 @see Fig. 4~a!#.

The 2s214p state also decays to final ionic states w
J.3/2 which are not populated via photoionization. T
most prominent of such transitions gives rise to the peak8
in Figs. 3~c! and 4~b!. The peak is also clearly visible in th
experimental spectrum. As pointed out in Sec. III, the re
nant Auger decay with thes continuum gives additional in
tensity to states withJ51/2,3/2, i.e., to states which ar
populated via photoionization to thed continuum. The effect
of this additional decay channel is most distinctly seen a
strong enhancement in intensity of the (1S)4p line @label 14
in Figs. 3~c!, 2~b!, and 4~b!#.

The differences between the calculations performed w
or without interference effects are shown in Fig. 3~c!. Al-
though the differences are small they cannot be neglec
The best indication of a need to account for the interfere
effects can be seen in the vicinity of the structures labe
with 1 and 2. The calculations neglecting the interferen
effects produce more intensity in peaks whose experime
intensities remain constant or even decrease in going f
off resonance to on resonance.

Most of the differences between the two spectra in F
4~a! can be explained with the aid of the theoretical pho
electron and resonant Auger spectra depicted in Fig. 4~b!.

FIG. 4. ~a! Fits for the experimental Ar 2p photoelectron
shake-up satellite spectrum measured below the first 2s excitation
energy~solid line! and for the electron spectrum taken at thes
→4p excitation energy~dashed line!.~b! Theoretical photoelectron
spectrum of Ar below the first 2s excitation energy~solid line! and
theoretical electron spectrum of Ar at the 2s→4p excitation energy
based on the one-step calculations~dashed line!.
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Particularly, the theoretical resonant Auger spectrum ba
on the one-step calculations predicts very well the inten
distribution near lines 1 and 2. In the theoretical spectr
@Fig. 4~b!#, the intensity of line 1 decreases far more than
the experimental spectrum but the direction of the chang
correct. Theoretically, a resonant Auger line (J.3/2), la-
beled as 28, appears just beside peak 2, thus increasing
intensity in this region, but it should also be noted that line
itself is slightly decreasing. This effect is also seen in t
experimental resonant Auger spectrum of Fig. 4~a! but the
effect is not so pronounced due to a slightly smaller exp
mental energy difference between peaks 2 and 28. In the
region of lines 4–7 both calculations seem to reproduce
experimental spectrum fairly well but in the region of line
8–12 the one-step calculations reproduce the intensity ra
of the lines much better than calculations neglecting inter
ence as can be seen by comparing Figs. 3~c! and 4~a!.

The 2s215p→2p213p21np resonant Auger spectrum
@see Fig. 2~c!# was measured using a photon energy sligh
higher ~0.2 eV! than that of the maximum of the 2s→5p
excitation. As is seen from Fig. 1, the 2s→4p and 5p exci-
tations are overlapping and at the photon energy used in
mesurement the 2s→4p excitation is almost as strong as th
2s→5p excitation. Therefore the similarity of the two ex
perimental resonant Auger spectra is not unexpected.
effect of the resonant Auger decay is clearly visible. One s
calculations were not performed for the case of 2s→5p ex-
citation. Further work is needed to theoretically account
the existence of many overlapping final states as well as
almost equally populated intermediate states decaying to
same final ionic states.

V. CONCLUSIONS

The excitation energies and the linewidths of the
2s21np (n54,5) states were determined from the hig
resolution total ion yield spectrum measured below thes
ionization threshold. The Ar 2p photoionization shake-up
satellite structures were resolved in the region of
2p213p21np shake-up states. The theoretical calculatio
predicted the structures in the experimental spectrum rea
ably well. Even when the 2p213p21np satellite states were
populated via both direct and resonant channels, the one-
calculations could explain most of the intensity chang
However, the results of the calculations clearly show a n
for more elaborate methods when there are two interfer
channels.
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