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Krypton 3 p excitations and subsequent resonant Auger decay
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Krypton 3p excitations and their subsequent resonant Auger decay have been studied. The absolute photo-
absorption cross section was determined in the region of the 3p resonances, and some structures were detected
in the absorption spectrum. Hartree-Fock calculations including correlation between 3p21nl and 3d22n8l 8nl
configurations were used to interpret the structures of the 3p resonant excitation series and of the correspond-
ing decay spectra. Furthermore, the decay spectra confirmed the assignment of the main structures in the
absorption spectrum.
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I. INTRODUCTION

During the 1970s, the experimental accuracy of elect
spectroscopic studies increased strongly. Very soon exp
ments revealed anomalous behavior of certain photoelec
lines of xenon and krypton, which was later explained by
breakdown of the independent particle model. For exam
the Kr 3p photoelectron spectrum measured by Svens
et al. @1# showed that the 3p photoelectron lines consist o
many components that arise due to strong mixing of
3p21 and 3d22e f states@2#, similarly to more widely stud-
ied Xe 4p photoionization~see, e.g., Refs.@3–5#!. However,
the experimental Kr absorption spectrum@6,7# measured be-
low the 3p threshold has so far been theoretically explain
successfully within the one-electron picture by Ohno@8# and
Hayaishiet al. @6#, although they give different assignmen
for the structures of the absorption spectrum. Due to
much higher photon energy resolution than in the experim
tal study of Steinbergeret al. @7#, the present measuremen
reveal some features in the absorption spectrum at the Kp
ionization threshold. A recent high-resolution total ion yie
spectrum~TIY ! reported by Matsuiet al. @9# also gave a hint
of such structures but they were nevertheless omitted in
analysis of the spectrum.

Experimental investigations of Jauhiainenet al. @10# and
Brünkenet al. @11# show that the Kr 3p core ionized states
decay mainly by the Coster-Kronig or super-Coster-Kro
transitions resulting in large linewidths in the decay spec
However, in the case of core-excited states the Auger re
nant Raman effect can be utilized to sharpen the structure
the decay spectra beyond the limit defined by the nat
lifetime widths of the excited states.
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In the present work, absorption and resonant Auger sp
tra of krypton were recorded at photon energies correspo
ing to the 3p excitations. The resonant Auger decay chann
to the 3d214s21nl and 3d214p21nl(n>4) states of Kr
were investigated in detail. Hartree-Fock~HF! calculations
including configuration interaction were performed to inte
pret the structures of the absorption spectrum and reso
Auger decay spectra.

II. EXPERIMENT

The measurements were carried out at the gas phase
toemission beam line of the ELETTRA storage ring in T
este, Italy. An undulator source provides high-intensity s
chrotron radiation in the photon energy range 20–900
The highly polarized light@12# is dispersed by a variable
angle spherical grating monochromator that is equipped w
four interchangeable gratings, fixed entrance and exit s
and prefocusing and postfocusing optics. The monoch
matic synchrotron radiation can also be deflected to
branch line by a gold coated plane mirror. The usable pho
energy range at the branch line is 14–240 eV. A more
tailed description of the beam line can be found elsewh
@13#.

The emitted electrons were analyzed by a VG220i he
spherical electron energy analyzer~mean radius of 150 mm!
equipped with six channel electron multipliers. The electr
energy analyzer was mounted at the branch line. For
resonant Auger measurements, the photon energy was s
correspond to different 3p excitations with the aid of the
absorption measurements. The photoabsorption cross se
depicted in Fig. 1 was measured with a Samson-type dou
©2003 The American Physical Society10-1
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cell @14,15# at the main line with entrance and exit slits set
30 and 50mm, respectively, corresponding to photon ban
width of about 40 meV. The large background is due to
high continuum cross section for photoionization from t
3d orbitals. This illustrates one of the difficulties of absor
tion spectroscopy at this edge: the relatively weak featu
are superimposed on a large background. Both the reso
Auger and photoelectron spectra were measured with a
ton bandwidth of about 50 meV. The pass energy of
electron energy analyzer was set at 3 eV, which resulted i
electron energy resolution of about 50 meV. The bindin
energy scale was calibrated according to the Kr 3d photo-
electron lines, whose binding energies@EB(3d3/2)
595.038 eV andEB(3d5/2)593.788 eV] are known within
an accuracy of60.025 eV@16#. The photoelectron spectrum

FIG. 1. M2,3 preedge Rydberg excitations in Kr. Dots show t
experimental data; the thick and thin solid lines give the lea
squares fit for the whole spectrum and individual transitions,
spectively. The dotted line represents a theoretical spectrum b
on CI-I calculations, whereas columns represent the results o
CI-II calculations~see text for details!. The arrows show theM2,3

ionization limits @6#. The inset represents structuresA8 and A9 in
detail.
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of krypton was also measured at a photon energy of abou
eV below the 3p resonant excitations, where the intensity
the binding-energy region of interest is given mainly by d
rect 3d photoionization and associated shake-up satelli
All the electron spectra were corrected for the spectrom
transmission by using the ratios between the intensities o
3d photoelectron andM4,5N2,3N2,3 normal Auger-electron
spectra@17#.

III. RESULTS AND DISCUSSION

A. Absorption

The absorption spectrum in the region of the Kr 3p exci-
tations is depicted in Fig. 1. The excitation energies and
widths of the most prominent features of the spectrum w
extracted from the measurement. The experimental va
are presented in Table I. In general, the agreement with
lier results of Steinbergeret al. @7# is very good. However, in
addition to the structures reported previously, we detec
narrow peaks (A8 andA9 in Fig. 1! between the strong com
ponentsA andB. They seem to be present also in the rec
high-resolution TIY spectrum of Matsuiet al. @9#, but the
spectrum was not analyzed in detail. Some additional str
tures were also detected at higher photon energies (B8 and
B9 in Fig. 1!. The absorption spectrum was recorded seve
times to verify these faint features.

HF calculations based on Cowan’s code@18# were per-
formed to assign the structures of the absorption spectr
The first calculations included configuration interaction~CI!
between the 3p21ns(n5527) and 3p21md(m5426)
states~referred as CI-I calculations! whereas the larger con
figuration set included in addition the 3d22np(ns/md) con-
figurations~referred as CI-II calculations!. According to both
calculations the most prominent broad peaks in the abs
tion spectrum were assigned to 3p→ns andmd excitations.
The calculated excitation strengths to the 3p21md states
were found to be weaker than the 3p→ns excitations, as
pointed out already in earlier studies@7,8#. However, both of
the present calculations suggest that the 3p→md excitations
cannot be neglected as, for example, the theoreticalp
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-
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TABLE I. Experimental and theoretical~CI-II ! energies and lifetime widths of Kr 3p21nl excited states.

Labels refer to Fig. 1; all units are in eV. Theoretical energies are shifted down by 3.29 eV to aid comp

Label Assignment Eexp Etheory Gexp G theory

A 3p3/2
215s 210.69~10! 210.69 1.4~1! 1.4

A8 3d227p4d 211.67~5! 212.99 0.17~5! 0.18
A9 3d225p6s 212.48~5! 213.46 0.17~5! 0.18
B 3p3/2

214d 213.22~10! 212.88 1.4~1! 1.8
3p3/2

216s 213.01 1.4
C 3p3/2

215d 214.26~10! 213.74 1.4~1! 1.8
3p3/2

217s 213.81 1.4
a 3p1/2

215s 218.59~10! 218.56 1.9~1! 1.8
b 3p1/2

214d 221.27~10! 220.85 1.9~1! 1.8
3p1/2

216s 221.04 1.8
c 3p1/2

215d 222.36~10! 221.69 1.9~1! 1.8
3p1/2

217s 221.80 1.8
0-2
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FIG. 2. Kr 3d photoelectron shake-up satellit
spectrum measured at 195 eV photon energy. T
theoretical shake-up spectrum based on sudd
approximation calculations is presented as c
umns. The theoretical spectrum has been shif
up by 0.84 eV to make the theoretical and expe
mental spectra coincide at a binding energy
113.17 eV. Electron configurations are give
above respective line groups.
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→4d excitation strength is almost equal to the 3p→6s ex-
citation strength. In fact, only the existence of underlyi
3p3/2

214d and 5d excitations explains the high absorption
the region of the peakB in Fig. 1. As can be seen~dotted line
in Fig. 1! the CI-I calculations including only the 3p→ns
and md excitations reproduce the experimental absorpt
spectrum very well, only the narrow structures, e.g.,A8, A9,
B8 andB9, seen in the experiment are absent.

The inset of Fig. 1 shows the narrow featuresA8 andA9
of the absorption spectrum in detail. The CI-II calculatio
predict that there are few highly populated 3d227p4d and
3d225p6s CI states in this region. The data analysis
vealed that the features exhibit a Fano line shape, wh
suggests that those states should be populated also by
channels. In general, the direct channel to double exc
states is low, but it should be noted that also the CI betw
the 3p21ns/md and 3d22np(ns/md) states populates thos
states weakly and therefore interference effects resultin
the Fano line shape are possible. As can be seen from T
I, the CI-II approach does not reproduce the binding energ
of the statesA8 andA9 as well as those of the singly excite
states; however, the calculated intensities support the as
ment. In addition, also the extracted linewidths of the str
turesA8 andA9 (0.1760.05 eV) are in excellent agreeme
with the value of 0.18 eV, estimated from the natural lin
width of a single 3d hole state~88 meV! @19# and support the
present assignment. However, more elaborate methods
needed to theoretically understand the nature of the st
tures in detail. According to CI-II calculations the faint stru
turesB8 andB9 at higher photon energies can be assigned
3d225p7s and 3d225p6d states. The 3p3/2

21ns/md excited
states interact quite strongly with the 3d22np(ns/md) states
and lead to structures seen in the experimental spect
However, the 3p1/2

21ns/md states can be described almo
purely within the one-electron picture and therefore sim
structures are not expected above the 3p1/2→5s excitation.

The present calculations produce the energy differen
between the different 3p excitation energies well. The theo
retical values for the lifetime widths of the Kr 3p21 states
differ slightly from the experimental results, but both sho
that the lifetime widths of the 3p3/2

21ns excited states are
smaller than those of the 3p1/2

21ns excited states. The exper
mental lifetime widths are very close to the correspond
values of the 3p1/2,3/2

21 states, 1.5 and 1.9 eV@9#, respectively.
Both the energies and the lifetimes obtained are poss
affected by the underlying unresolved 3p→md excitations
03271
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and by the opening of the 3p→es/ed continuum channels
which are reproduced in the fit using Gaussian lines.

B. Kr 3 d photoelectron satellites

The experimental Kr 3d photoelectron shake-up satellit
spectrum has been interpreted previously@20# on the basis of
calculations of the energies of the states. The present ca
lations, based on Cowan’s code, provide also detailed in
mation about the intensity distribution of the shake-up sp
trum. The Kr 3d photoelectron satellite spectrum of Fig.
was measured in the binding-energy region of t
3d214s21ns, 3d214p21np(n>5) states. According to en
ergy calculations there are also some 3d214p21ms(m
55,6) and 3d214p21ld( l 54,5) conjugated satellite state
As the measurement was done well below the excitation
ergy of the first 3p resonance state, the intensity distributio
is not affected by the resonant Auger channels. Due to
high resolution of the electron energy analyzer and the v
narrow photon bandwidth, the structures of the shake
spectrum could be observed in detail.

The theoretical photoelectron spectrum in the bindin
energy region of interest was constructed using
3d214s21ns(n55,6) and 3d214p21mp(m55 –8) con-
figurations. Relative intensities between the differe
3d214p21mp configurations were estimated using the ov
lap integralŝ 4pi umpf& of the wave functions, wherei andf
stand for the initial and final states, respectively. Calculatio
show that the strongly populated states in the binding-ene
region of 112–122 eV @see Fig. 2# belong to the
3d214p21mp(m55 –8) configurations. Figure 2 shows th
the theoretical model reproduces the main structures and
the energy distribution of the spectrum very well~a shift of
0.84 eV is used in Fig. 2!, but underestimates the shak
probabilities to the 3d214p21mp(m>6) states. Two clear
structures around 126 eV were assigned to the 3d214s215s
states. The correlation between the 4s hole with 4p22kd(k
54,5,6) states was included in the calculation of t
3d214s21ns(n55,6) states. The correlation decreases b
the binding energy and the intensity of the 3d214s21ns
states and distributes intensity to 3d214p22kdnsstates. The
numerous 3d214p21kdnsstates~730 states for eachn if k is
limited to values 4, 5, and 6! are not presented in the theo
retical spectrum~columns in Fig. 2! as the intensity is dis-
tributed into a long energy range quite evenly but the eff
of correlation to the 3d214s21ns states is still taken into
account. In the case of the 3d214p21ld( l 54,5) and
3d214p21ms(m55,6) conjugated satellite states the inte
sity calculations were omitted as these states are suppos
0-3
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FIG. 3. The electron spectra of Kr measure
at photon energies corresponding to the~a!
3p3/2→5s, ~b! 3p3/2→6s/3p3/2→4d, ~c! 3p3/2

→7s/3p3/2→5d, ~d! 3p1/2→5s, and ~e! 3p1/2

→6s/3p1/2→4d excitations. In all figures, dots
present experimental data, the thick lines a fit~ei-
ther a least squares or a spline! ~see text for de-
tails!, and the dotted line the photoelectron spe
trum measured below Kr 3p excitations, whereas
columns show the theoretical resonant Aug
spectrum. The main structures of the spectru
are assigned according to the HF calculations.
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be populated weakly. Figure 2 clearly shows that the str
tures of the experimental spectra are reproduced very
with the present calculations.

C. Resonant Auger decay

In order to verify the assignment of the main structures
the absorption spectrum and to obtain information about
ferent decay paths originating from 3p→nl excitations,
resonant Auger spectra were recorded in the binding-en
region of the 3d21(4p/4s)21nl states. In the case of th
3p3/2 excitations, the photon energy was set to correspon
the peaksA, B and C. The Kr 3p1/2→nl excitations are
weaker than the corresponding 3p3/2→nl excitations by ap-
proximately the statistical factor of 0.5. Therefore the re
nant Auger decay was studied only at photon energies co
sponding to the two strongest peaks,a and b. Resonant
Auger spectra corresponding to different photon energ
and therefore different excitations, are presented in Fig.
comparison with the 3d shake-up photoelectron spectrum

The direct photoionization channel populates mostly
3d214p21np(n>5) and 3d214s21ns states whereas th
resonant Auger channel following the 3p→ns excitations
are expected to populate mostly the 3d214p21ns and
3d214s21ns states. Therefore clear changes should occu
the binding-energy region of interest when the photon ene
03271
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is set on or off the different resonances. In addition, reson
Auger decay provides a way to study especia
3d214p21ns conjugated satellite shake-up states as th
were found to be very weakly or not at all populated in dire
photoionization.

Theoretical resonant Auger spectra and shake proba
ties were calculated using Cowan’s code by neglecting C
both the initial and the final states. The theoretical shake
probabilities of the resonant Auger decay spectra were
calculated as overlaps between thens wave functions in the
core-excited and final states of Auger decay. According to
present calculations, the main decay path followingp
→ns excitations leads to 3d214p21ns states.

The experimental spectrum corresponding to 3p3/2→ 5s
excitation ~peakA in Fig. 1! is reproduced by the calcula
tions very well. The spectator decay to 3d214p215s states
dominates, as suggested by theory but shake-up transitio
3d214p216s states have a significant probability, abo
11%, which agrees exactly with the theoretical value. T
experiment also agrees with the prediction that the pop
tion of the 3d214p21ns states increases much more th
that of the 3d214s21ns states@see Fig. 3~a!#. As there are no
underlying 3p3/2→md excitations, the decay originatin
from the 3p3/2

215s state allows us to identify the
3d214p215s and 3d214p216s states and to conclude tha
0-4
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the calculations are capable of reproducing the experime
When the photon energy was set to correspond to peaB

in the absorption spectrum, the 3d214p216s states and cor-
responding 3d214p217s shake-up states were populate
However, the decay populated also some other states in
same region. The calculations show that there
3d214p214d states in the region. The population of su
states also confirms the existence of the 3p21md states in
the absorption spectrum. Setting the photon energy to hig
3p3/2 excitations allows us to identify highe
3d214p21ns(n>5) and 3d214p21md(m>4) states even
though strong shake-up and shake-down transitions dis
ute intensity into a quite long energy range.

The broad structure@labeled as CK in Figs. 3~d! and 3~e!#
in the electron spectrum corresponding to the 3p1/2

21nl exci-
tation is caused by the 3p3/2

21→3d214p21 Coster-Kronig de-
cay. The line narrowing effect caused by the Auger reson
Raman effect is well demonstrated, for instance, in Fig. 3~d!
as, e.g., the 3d214p215s states are populated by resona
Auger CK and 3d214p21 states by normal CK decay. Th
effect of the resonant Auger decay is clear, in particular
3d214p21ns states are populated but not as strongly as
the case of decay following the 3p3/2 excitations. The over-
lapping CK transitions hamper the analysis of t
3d214s215s states but the change in the population of tho
states is nevertheless visible.

The absorption structures labeled asA8 andA9 were also
studied by measuring electron spectra at the correspon
photon energies. Careful analysis of the corresponding r
nant Auger spectrum at the binding-energy region of
3d214p21np and 3d214s21ns states did not show an
changes in the relative intensities of the states. The lac
effects in the decay spectrum can, however, be understoo
the 3d225s6p and 3d227p4d states are very weakly popu
lated compared to the neighboring 3p3/2

21ns states, and they
.
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B
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.
B

03271
t.

.
he
e

er

b-

nt

t

e
n

e

ng
o-
e

of
as

may also decay predominantly to other states than those
der study.

IV. CONCLUSIONS

The excitation energies and the linewidths of t
Kr 3p21ns(n55 –7) states were determined from th
high-resolution absolute absorption spectrum measure
the 3p ionization threshold. Novel structuresA8, A9, B8
and B9 were detected in the absorption spectrum. Th
were explained by the configuration interactio
between the 3p21ns(n55 –7), 3p21md(m54 –6) and
3d22np(ns/md) states. More elaborate calculations a
however, needed to reproduce the behavior of those
states. The resonant Auger decay of the excited states
also studied in detail. The present experiment confirms
theoretical assignment of the features of the absorption s
trum. From the resonant Auger-electron spectra it is evid
that structuresA anda in the absorption spectrum are due
the 3p→ns transitions as suggested earlier by Ohno@8#.
Resonant Auger decay also reveals that in the absorp
spectrum there are underlying 3p→md excitations in the
region of the peaksB, C, b, andc. The Kr 3d photoionization
shake-up satellite structures were also resolved in the re
of the 3d214p21np, 3d214s21ns shake-up states. The the
oretical calculations reproduced the structures of the exp
mental spectrum very well.
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