
PHYSICAL REVIEW A, VOLUME 62, 032710
Interference effects between 4s photoionization and resonant Auger-decay channels
at inner-shell 3d94p5nln 8l 8 double excitations in Kr

S. Alitalo, T. Matila, H. Aksela, A. Kivima¨ki, M. Jurvansuu, and S. Aksela
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~Received 21 March 2000; published 15 August 2000!

Changes in Kr 4s photoelectron satellite intensities caused by interference with the Auger decay of inner-
shell doubly excited 3d94p5nln8l 8 states are studied by high-resolution experiment and one-step calculations.
The calculations predict pronounced interference effects in the relative intensity of the most intense satellite
line 4p4(1D)4d(2S1/2) as a function of photon energy, in good agreement with experiment.

PACS number~s!: 32.80.Hd, 32.80.Fb
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I. INTRODUCTION

The possibility of tuning photon energy continuously u
ing synchrotron radiation offers an effective tool to stu
various photon-energy-dependent phenomena in atomic
molecular photoionization. It has also become increasin
feasible to determine single and multiple excitation and i
ization cross sections for various subshells of atoms and m
ecules~see, e.g., Refs.@1–13#, and references therein!. For
krypton, 4p, 4s, and 3d partial photoionization cross sec
tions were widely studied by both experiment and the
@6–8#. Above the 3d threshold the 3d ionization gives the
largest contribution to the total cross section (;65% at
around 120 eV!, the rest being divided between the 4p and
4s cross sections (;5% and;30%, respectively, at 120
eV! @6#.

At certain photon energies above a core ionization thre
old, a core electron and an additional outer-shell electron
both be resonantly excited to unoccupied Rydberg orbit
i.e., a neutral doubly excited state is created~see, e.g., Refs
@14,15#, and references therein!. The doubly excited state
above the 3d threshold of Kr were studied by Hayaishiet al.
@16# by measuring a total ion yield spectrum which corr
sponds to the photoabsorption spectrum. Strengths of
double excitations can be estimated from their spectrum
be less than 5% of the strongest one-electron excitat
3d5/2→5p.

Analogously to singly excited states~e.g., 3d9np), dou-
bly excited states decay prominently via resonant Au
transitions, where the initially excited electrons may or m
not take part in the filling of the holes. In a single
participator process one of the excited electrons particip
actively while the other remains as a spectator~e.g.,
3d94p5nln8l 8→4p4nl). Partial ion yield spectra recorde
in the photon energy region of two-electron excitations in
@8# did not show any visible production of singly charge
ions, indicating that the single participator channel does
play any prominent role. This is in agreement with the p
dictions for similar processes in Xe@14#, where the double-
participator channel was seen to be the dominating recom
nation channel. The single-participator channel w
however, found to result in clear intensity variations of se
eral Xe 5p4nl states@14#.
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Kr 4p4nl states can also be reached via direct 4s and 4p
photoionization as correlation and shakeup satellites.
former are due to strong interaction between the close-ly
states of the 4s21 and 4p4ns,nd configurations while the
latter arise from the 4p→np shakeup transitions accompa
nying 4p ionization @17#. For instance, the intensity of th
strongest photoelectron satellite line 4p4(1D)4d(2S1/2) was
observed to be 17.1% relative to the 4s main line at photon
energyhn588 eV @18#.

Since the single-participator resonant Auger final sta
can also be reached via direct photoionization, interfere
of the two channels becomes possible. This effect is expe
to be very important at doubly excited resonances, as the
channels are of the same order of magnitude.

II. CALCULATIONS

The variation of photoelectron satellite intensity with r
spect to excitation energy can be calculated following
time-independent scattering formalism~see Ref.@1#, and ref-
erences therein!. Following Ref.@1#, the scattering amplitude
becomes

AF5^@ f , f 8#f«uVuo&1 (
[ i ,i 8]

E dtE dt8

3
^@ f , f 8#f«uH2EFu@ i ,i 8#tt8&^@ i ,i 8#tt8uVuo&

EF2Ett81 iG [ i ,i 8] /2
.

~1!

The first term represents the amplitude for a direct ioni
tion process whereas the second term is due to the cont
tion following from a double excitation. The notations in E
~1! follow Armen et al. @1#, with small modifications.@ i ,i 8#
represents the intermediate two-hole state,Ett85E01I [ i ,i 8]
1t1t8 its total energy, andG [ i ,i 8] its total width. The inte-
grations overt and t8 include implicit summations ove
bound states.

In order to utilize Eq.~1!, we have made further simpli
fications by factorizing the photon-electron interaction m
trix elements in the second term of Eq.~1! as follows:
©2000 The American Physical Society10-1
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t,t8

^@ i ,i 8#tt8uVuo&'(
n,n8

^@3d,4p#np n8puVuo&1 (
m,m8

^@3d,4p#ml m8d,~ l 5s,d!uVuo&

'(
n,n8

dncn„~3d9np!1P,~4p5n8p!2S811L8…^4poun8p&d0S8d0L8

1 (
m,m8

dm,lcm,l@„3d9ml,~ l 5s,d!…1P,~3d9m8d!2S811L8#^3doum8d&d0S8d0L8

'(
n

dn@cn„~3d9np!1P,4p6
…1cn„~3d9np!1P,~4p55p!1S…^4pou5p&#

1(
m

dm,lcm,l@„3d9ml,~ l 5s,d!…1P,~3d94d!1S#^3dou4d&. ~2!
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The matrix elements in the first term of Eq.~1!, related to
photoelectron satellites, are given by

^@ f , f 8#f«uVuo&5d«c~4s21«p 1P!. ~3!

In Eqs. ~2! and ~3! the subscripto indicates the ground
state wave function, andc’s are the mixing coefficients o
the LS basis states in the intermediate coupling includ
configuration interaction~CI!. dn}«ph^3duur uunp&, dm,l
}«ph^4puur uuml,(l 5s,d)& and d«}«ph^4suur uu«p& are fac-
tors including the reduced dipole matrix elements and
photon energy dependence.^4pou5p& and ^3dou4d& are
overlap integrals related to the shake processes.

The first term in Eq.~2! with n8p54p can be interpreted
by means of electron correlation. It is the portion of a sing
excited state in a doubly excited state. In our calculations
have taken into account the terms withn55, 6, 7, 8, and 9 in
summation. The term in Eq.~2! wheren8p55p can be in-
terpreted as a 3d→np dipole transition accompanied by
simultaneous 4p→5p monopole shake-up. In addition w
have accounted only for then55 and 6 terms in summation
The last term in Eq.~2! can be interpreted as a 4p
→md,ms dipole transition accompanied by a simultaneo
3d→4d shake-up. Only casesmd54d and ms55s were
considered. We have neglected the possible portions of
gly excited 4p21(md,ms) states in the doubly excited stat
Equation ~3! can be interpreted as electron correlatio
photoionization leading to 4p22nd,ns states may occur only
via CI with the 4s21 states.

In the calculations of Auger decay matrix elemen
^@ f , f 8#f«uH2EFu@ i ,i 8#tt8& in Eq. ~1!, some further sim-
plifications were made.„(4p4 1D)4d…2S1/2, together with
4s21 are the leading configurations for the main 4s photo-
electron line and for the strongest photoelectron satellite l
Thus we reduced the Auger amplitudes needed in the o
step calculation~for the peak under consideration, see belo!
to include only one ^@ f , f 8#f«u state, namely,
†@„(4p4 1D)4d…2S1/2#ep‡ 1P1, which is expected to be re
sponsible for the strongest interference effects.

In the calculations our basis set for the resonant st
was restricted to include theLSJ states from the
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3d94p5 @5s2, 4d2, 5p2, 5p1(6p1, 7p1, 8p1, 9p1), 6p1(7p1,
8p1,9p1),4d15s1# and 3d94p6(6p1,7p1,8p1,9p1) configu-
rations, and for the final state it includedLSJ states only
from the 4p44dep configuration. For direct photoionizatio
we performed a small CI calculation, including theLSJ
states from the 4s14p6 and 4s24p4(4d27d,5s28s) con-
figurations.

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~HFR!, which means that the effects of ma
velocity and Darwin terms on radial wave functions we
taken into account spin independently using the Cow
Griffin operator@20#. Spin-orbit interaction was added as
pertubation by using the Blume-Watson method@21#. The
dipole and shake matrix elements were calculated using
ground-state wave functions for the initial state, the relax
wave functions from the 3d94p5nln8l 8 type configurations
for the resonant state, and those from 4s21«p configurations
with proper photoelectron energy for the direct photoioniz
tion. The HFR continuum orbitals used in the calculations
Auger-decay matrix elements were generated in
configuration-average potentials of the 4p4(1D)4d electron
configuration. Its energy was chosen to be the differe
between the configuration-average energies of
3d94s24p55p2 and 4p4(1D)4d electron configurations. All
calculations were performed using Cowan’s code@19#. The
relative intensity of the 4p4(1D)4d(2S1/2) line is shown in
Fig. 1, calculated in different ways. Figure 1~a! refers to a
calculation where the first term of Eq.~2!, the CI with a
single excited state, was accounted for~labeled by CI in the
figure caption and below!. Figures 1~b! and 1~c! refer to
calculations accounting only for the second and third ter
of Eq. ~2!, respectively.~These calculations are called the 3d
shake and 4p shake.! In Fig. 1~d! the total effect of these
three terms is presented~Total 1!. Next the effects of double
excitations on the intensity of the main 4s photoelectron line
were included. The result~Total 2! is shown in Fig. 1~e!.

III. EXPERIMENT AND DISCUSSION

The experiments were performed on the new undula
beamline I411 at the 1.5-GeV MAX–II storage ring at Lun
0-2
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Sweden. Radiation in the photon energy range from 50 eV
well above 1000 eV is monochromatized by a modified S
700 plane-grating monochromator@22#. The resonant Auge
spectra of Kr were excited with very high photon resoluti
of ;10 meV. Ejected electrons were recorded with a ro
able SES-200 hemispherical analyzer@23#, using a 10-eV
pass energy, which corresponds to a kinetic energy res
tion of about 20 meV. The 4s photoelectron satellite spectr
were measured at photon energies 100–120 eV in a bind
energy region of 36.9–26.6 eV. The binding-energy sc
was calibrated using the energy values of Minnhagenet al.
@24#.

Two spectra covering the binding energy region
34.45–31.10 eV, taken athn5100.0 ~a! and 110.4 eV~b!
photon energies, are shown in Fig. 2. Spectra~a! and ~b!
were recorded at photon energies below and at the dou
excitation resonances, respectively. The assignments o
most intense lines are given in the caption of Fig. 2. T
assignment of line 1 is the same as in Refs.@24,25#, and also
like that of line 2, in which, according to our calculation
the 4p4(1S)5s(2S1/2) character plays a dominant role. Tw
final states of different parity overlap in the energy in t
case of line 3@24,25#, but as CI is allowed within theJ
51/2 states only, the 4p4(1D)4d(2D3/2) state cannot be
populated as a correlation satellite of the 4s photoelectron
line. We thus suppose that the variation of line 3 displays
behavior of the 4p4(1D)5p(2P3/2) state. In the case of line 4
there are several final states close by in energy@24,25#;
hence we omit it in our future considerations. The strong
photoelectron satellite line 5 is according to our calculatio
a complex mixture of the 4p4(1D)nd(2S1/2), n5427, and

FIG. 1. Calculated intensity variations of the 4p4(1D)4d(2S1/2)
line as a function of photon energy. Calculation~a! refers to calcu-
lation labeled by CI in the text,~b! and ~c! to 3d and 4p shake
calculations, respectively,~d! to the calculation labeled by Total
and ~e! by Total 2.
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4s21(2S1/2) states. With a limited basis set the contributio
of higher states is overestimated, however, and therefore
do not argue with the label 4p4(1D)4d(2S1/2) given in Ref.
@24#, whereas the label 4p4(3P)5d(4P1/2) in Ref. @25# may
not correspond to the largest eigenvector contribution in
heavily mixed state. The states 4p4(3P)6s(4P1/2),
4p4(3P)6s(2P3/2), and 4p4(3P)5d(4D3/2) overlap at the po-
sition of line 6 @24,25#. As only theJ51/2 states are popu
lated via CI with the 4s21 state, we think that the
4p4(3P)6s(4P1/2) assignment is relevant for this line in th
photoelectron spectrum, but one should not forget the mix
with other states withJ51/2. The assignment of line 7 a
4p4(1S)6s(2S1/2) was taken from Moore@25#. According to
our calculations this state is not substantially mixed. The
fore, the label 4p4(3P)5d(4P1/2) given in Ref.@24# for this
state is somewhat suprising. The other strong photoelec
satellite line at 36.47-eV binding energy, is, according to o
calculations, heavily mixed from the 4p4(1D)nd(2S1/2), n
54 and 5, 4p4(2S)4s(2S1/2), and 4p4(3P)5d(2P1/2) states.
In accordance with Ref.@18#, we label this line as
4p4(1D)5d(2S1/2), even though a single-configuration a
signment should not be taken literally. The lab
4p4(3P)8s(4P3/2) given in Ref.@24# does not fit well to a
photoelectron satellite created via CI.

The intensities of the satellites were extracted from the

FIG. 2. The 4s photoelectron satellite spectra taken at~a!
100.0-eV and~b! 110.4-eV photon energies. Line 1 corresponds
the final state 4p4(3P)5p(2P1/2); line 2 to state 4p4(1S)5s(2S1/2);
line 3 to states 4p4(1D)5p(2P3/2) and 4p4(1D)4d(2D3/2); line 4 to
states 4p4(1D)4d(2P1/2), 4p4(1D)5p(2D3/2), 4p4(1D)5p(2P1/2),
and 4p4(1D)5p(2D5/2); line 5 to the state 4p4(1D)4d(2S1/2);
line 6 to the states 4p4(3P)6s(4P1/2), 4p4(3P)6s(2P3/2), and
4p4(3P)5d(4D3/2), and line 7 to the state 4p4(1S)6s(2S1/2).
0-3
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of the spectra, and determined relative to the 4s photoelec-
tron line intensity. Different fits performed for the spect
gave slightly different results which were used to determ
the uncertainly due to data treatment. In addition, the sta
tical error is estimated to be of the same order. Inten
variations of some selected satellites are shown in more
tail in Fig. 3 as a function of photon energy. No cle
changes were detected below and above the displayed
ton energy range.

Clear resonances can be observed in Fig. 3. The 4p45s
lines already show strong resonances at photon energie
106–109 eV@see the 4p4(1S)5s(2S1/2) line in Fig. 3, which
corresponds to line 2 in Fig. 2#, whereas the
4p4(1S)6s(2S1/2) ~line 7 in Fig. 2! shows notable resonance
between 108 and 113 eV. Also for the 4p4nd lines, the
4p4(1D)4d(2S1/2) starts to resonate before th
4p4(1D)5d(2S1/2) line. Conversely, the 4p4np lines do not
show such strong resonances, which was also observed i
behavior of the 5p4np satellites in Xe@14#. Population of the
4p4(3P)5p(2P1/2) state via direct photoionization is wea
and the detection of the interference becomes difficult. L
3 of Fig. 2, which we assigned to be mainly

FIG. 3. ~a! Experimental intensity variations of lines 1, 2, 3,
and 7 of Fig. 2 as a function of photon energy. The asterisk co
sponds to line 4p4(1D)5d(2S1/2), not shown in Fig. 2; it is located
at a binding energy of 36.47 eV. Estimated inaccuracies are sh
at 106.0 eV.
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4p4(1D)5p(2P3/2) character, shows clear resonances arou
112 eV.

Relative intensity variations of the 4p4ns lines are some-
what stronger than those of the 4p4nd lines. The intensity
variation of the 4p4(1D)5d(2S1/2) line is also clearly stron-
ger than that of the 4p4(1D)4d(2S1/2) line. The energy re-
gion and strength of the observed intensity variations of s
ellites, if explained by single-participator resonant Aug
decay from the 3d94p5nln8l 8 doubly excited states, allow
us to tentatively assign the character of one of the exc
electrons to 5s and 6s or 4d and 5d. At excitation energies
of 106–109 eV, the 5s seems to be involved, whereas 6s and
4d lines contribute above 108 eV, and 5d and 5p somewhat
later. This experimental argumentation is well in line wi
the calculated energy regions of the 3d94p5nln8l 8 states.

As the intensities of the photoelectron lines are given re
tive to the 4s line they do not correspond to the partial cro
section. In principle they also contain the variations of t
reference line, the 4s main line. However, the calculation
indicate that the interference effects of the 4s line follow
those of the 4p4(1D)4d(2S1/2) satellite line, but with a dif-
ferent sign. This gives very similar variations for the sat
lite, if one compares its relative intensities in the cases wh
the effect of double excitations on the 4s line is taken into
account@Total 2 in Fig. 1~e!#, and where it is not taken into
account@Total 1 in Fig. 1~d!#. The variations have slightly
weaker amplitudes in the latter.

A comparison between the experimental~Fig. 3! and cal-
culated@Fig. 1~e!# profiles shows that the calculations repr
duce the general behavior of resonances seen in experim
but finer details are not reproduced. Strong changes aro
110 eV in experiment are also shown in calculations, sligh
shifted to higher energies only. At higher photon energies
variations are clearly overestimated by calculations. A cl
peak in the relative intensity at 106.4 eV is not predicted
theory. CI is weak@Fig. 1~a!#, and a 3d shake@Fig. 1~b!#
starts to affect the 4p4(1D)4d(2S1/2) intensity only above
108 eV, and the 4p shake@Fig. 1~c!# even later, which indi-
cates that the peak at 106.4 eV is not created by the inter
of the photoelectron satellite and the 3d and the 4p shake
channels.

The remaining discrepancies between experiment
theory may also be related to the approximations explai
in Sec. II, Eqs.~2! and~3!, or to the simplifications in actua
calculations. According to our test calculations, CI betwe
doubly excited and singly excited 4p5nd,ns and 4s1np
states may also be of importance. Thus the dipole excitat
to singly excited states may also contribute to the popula
of doubly excited states. A complete study, in which su
effects could be accounted for, would include configuratio
with higherns, np, nd, andn f and possibly continuum or
bitals, and furthermore configurations of typ
4(p,s)23nln8l 8n9l 9, making such calculations impossible
perform with the present method. We are also skept
about the quality of calculations at photon energies ab
113 eV. A further increment of the basis set seems to ca
a significant intensity redistribution in this area. This is mo
probably the reason for the disagreement between exp

e-

n
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ment and calculations at about 114 eV. In contrast, for p
ton energies of about 107–112 eV the calculation seem
be quite stable with respect to the increment of the basis
with higher-n Rydberg orbitals.

In conclusion, we have demonstrated that one-step ca
lations allow us to predict the main features of the interf
ence effects observed in measurements. The one-step
proximation used in the calculations was found to be able
qualitatively explain the detected resonant enhancemen
the 4p4nl states, especially of the 4p4(1D)4d(2S1/2) line,
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when the photon energy was tuned through
3d94p5nln8l 8 resonances.
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