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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 phee8onances, and some structures were detected
in the absorption spectrum. Hartree-Fock calculations including correlation betygeéni3and 3 ~2n’l’nl
configurations were used to interpret the structures of fheeSonant 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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[. INTRODUCTION In the present work, absorption and resonant Auger spec-
tra of krypton were recorded at photon energies correspond-

During the 1970s, the experimental accuracy of electroring to the 3 excitations. The resonant Auger decay channels
spectroscopic studies increased strongly. Very soon experio the 3~ '4s™'nl and 3 '4p 'ni(n=4) states of Kr
ments revealed anomalous behavior of certain photoelectrofiere investigated in detail. Hartree-Fo@KF) calculations
lines of xenon and krypton, which was later explained by théncluding configuration interaction were performed to inter-
breakdown of the independent particle model. For exampledret the structures of the absorption spectrum and resonant
the Kr 3p photoelectron spectrum measured by Svenssofuger decay spectra.
et al. [1] showed that the B photoelectron lines consist of
many components that arise due to strong mixing of the
3p ! and A ?ef stateq 2], similarly to more widely stud-
ied Xe 4p photoionization(see, e.g., Ref$3—5]). However, The measurements were carried out at the gas phase pho-
the experimental Kr absorption spectrlif7] measured be- toemission beam line of the ELETTRA storage ring in Tri-
low the 3p threshold has so far been theoretically explainedeste, Italy. An undulator source provides high-intensity syn-
successfully within the one-electron picture by Ofifipand  chrotron radiation in the photon energy range 20—900 eV.
Hayaishiet al. [6], although they give different assignments The highly polarized ligh{12] is dispersed by a variable-
for the structures of the absorption spectrum. Due to thangle spherical grating monochromator that is equipped with
much higher photon energy resolution than in the experimenfour interchangeable gratings, fixed entrance and exit slits,
tal study of Steinbergeet al. [7], the present measurements and prefocusing and postfocusing optics. The monochro-
reveal some features in the absorption spectrum at thegKr 3matic synchrotron radiation can also be deflected to the
ionization threshold. A recent high-resolution total ion yield branch line by a gold coated plane mirror. The usable photon
spectrum(TIY) reported by Matsuet al.[9] also gave a hint  energy range at the branch line is 14-240 eV. A more de-
of such structures but they were nevertheless omitted in theiled description of the beam line can be found elsewhere
analysis of the spectrum. [13].

Experimental investigations of Jauhiainenal. [10] and The emitted electrons were analyzed by a VG220i hemi-
Brunkenet al.[11] show that the Kr § core ionized states spherical electron energy analyZenean radius of 150 mm
decay mainly by the Coster-Kronig or super-Coster-Kronigequipped with six channel electron multipliers. The electron
transitions resulting in large linewidths in the decay spectraenergy analyzer was mounted at the branch line. For the
However, in the case of core-excited states the Auger res@esonant Auger measurements, the photon energy was set to
nant Raman effect can be utilized to sharpen the structures ebrrespond to different 3 excitations with the aid of the
the decay spectra beyond the limit defined by the naturahbsorption measurements. The photoabsorption cross section
lifetime widths of the excited states. depicted in Fig. 1 was measured with a Samson-type double
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of krypton was also measured at a photon energy of about 15
eV below the  resonant excitations, where the intensity in
the binding-energy region of interest is given mainly by di-
rect 3d photoionization and associated shake-up satellites.
All the electron spectra were corrected for the spectrometer
transmission by using the ratios between the intensities of Kr
3d photoelectron andVl 4N, 3N, 3 normal Auger-electron
spectra17].

Ill. RESULTS AND DISCUSSION

Absolute cross section (Mb)

A. Absorption

| The absorption spectrum in the region of the Kr 8xci-
5.4 —— N R VP L., ——— tations is depicted in Fig. 1. The excitation energies and the
20 20 218 220 228 2% widths of the most prominent features of the spectrum were
Photon energy (eV) extracted from the measurement. The experimental values
FIG. 1. M, ; preedge Rydberg excitations in Kr. Dots show the &€ presented in Table I. In general, the agreement with ear-
experimental data; the thick and thin solid lines give the leastJier results of Steinbergeat al.[7] is very good. However, in
squares fit for the whole spectrum and individual transitions, re@ddition to the structures reported previously, we detected
spectively. The dotted line represents a theoretical spectrum basé@rrow peaksA’ andA” in Fig. 1) between the strong com-
on CI-I calculations, whereas columns represent the results of thponentsA andB. They seem to be present also in the recent
Cl-Il calculations(see text for detai)s The arrows show thé1,;  high-resolution TIY spectrum of Matswet al. [9], but the
ionization limits[6]. The inset represents structur&s and A” in spectrum was not analyzed in detail. Some additional struc-
detail. tures were also detected at higher photon enerdiésand
B” in Fig. 1). The absorption spectrum was recorded several
cell[14,15 at the main line with entrance and exit slits set attimes to verify these faint features.
30 and 50um, respectively, corresponding to photon band- HF calculations based on Cowan’s code3] were per-
width of about 40 meV. The large background is due to theformed to assign the structures of the absorption spectrum.
high continuum cross section for photoionization from theThe first calculations included configuration interacti{@t)
3d orbitals. This illustrates one of the difficulties of absorp- between the B 'ns(n=5-7) and P md(m=4-6)
tion spectroscopy at this edge: the relatively weak featurestates(referred as Cl-I calculationsvhereas the larger con-
are superimposed on a large background. Both the resonafiguration set included in addition thed32np(ns/md) con-
Auger and photoelectron spectra were measured with a phdigurations(referred as ClI-II calculationsAccording to both
ton bandwidth of about 50 meV. The pass energy of thecalculations the most prominent broad peaks in the absorp-
electron energy analyzer was set at 3 eV, which resulted in ation spectrum were assigned t@-3-ns andmd excitations.
electron energy resolution of about 50 meV. The binding-The calculated excitation strengths to the 3md states
energy scale was calibrated according to the Krhoto-  were found to be weaker than thep-3:ns excitations, as
electron lines, whose binding energie§Eg(3dsy) pointed out already in earlier studigg8]. However, both of
=095.038 eV andEg(3ds,) =93.788 eV] are known within  the present calculations suggest that tipe-8nd excitations
an accuracy of-0.025 eV[16]. The photoelectron spectrum cannot be neglected as, for example, the theoretiqal 3

TABLE |. Experimental and theoretic&CI-11) energies and lifetime widths of Kri8 'nl excited states.
Labels refer to Fig. 1; all units are in eV. Theoretical energies are shifted down by 3.29 eV to aid comparison.

Label Assignment Eexp Etheory Texp Tiheory
A 3pz35s 210.6910) 210.69 1.41) 1.4
A’ 3d 27p4d 211.675) 212.99 0.1%) 0.18
A" 3d~25p6s 212.485) 213.46 0.1%) 0.18
B 3pya4d 213.2210) 212.88 1.41) 1.8

3p336s 213.01 1.4
C 3pa;5d 214.2610) 213.74 1.41) 1.8
3paa7s 213.81 1.4
a 3py35s 218.5910) 218.56 1.91) 1.8
b 3py34d 221.2710) 220.85 1.91) 1.8
3py6s 221.04 1.8
c 3py35d 222.3610) 221.69 1.91) 1.8
3pa7s 221.80 1.8
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ity i FIG. 2. Kr 3d photoelectron shake-up satellite
spectrum measured at 195 eV photon energy. The
theoretical shake-up spectrum based on sudden-
approximation calculations is presented as col-
umns. The theoretical spectrum has been shifted
up by 0.84 eV to make the theoretical and experi-

| \ mental spectra coincide at a binding energy of

Lyl 1T I ull . 113.17 eV. Electron configurations are given
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—4d excitation strength is almost equal to thp-36s ex-  and by the opening of the@3— es/ed continuum channels,
citation strength. In fact, only the existence of underlyingwhich are reproduced in the fit using Gaussian lines.
3ps54d and 5 excitations explains the high absorption in

the region of the peaB in Fig. 1. As can be seelotted line B. Kr 3d photoelectron satellites

in Fig. 1) the CI-I calculations including only theg3-~ns  The experimental Kr 8 photoelectron shake-up satellite
and md excitations reproduce the experimental absorptiorspectrum has been interpreted previoligl§] on the basis of
spectrum very well, only the narrow structures, eAd., A", calculations of the energies of the states. The present calcu-
B’ andB”, seen in the experiment are absent. lations, based on Cowan'’s code, provide also detailed infor-

The inset of Fig. 1 shows the narrow featufesand A” mation about the intensity distribution of the shake-up spec-
of the absorption spectrum in detail. The CI-Il calculationstUm- The Kr 3 photoelectron satellite spectrum of Fig. 2

; ; d in the binding-energy region of the
predict that there are few highly populated ¥7p4d and Wa§1 m_elasure 1,1 .
3d ?5p6s Cl states in this region. The data analysis re-3d 4s”"ns, 3d “4p~“np(n=5) states. According to en-

o . ~ergy calculations there are also some 34p~'mg(m
vealed that the features exhibit a Fano line shape, wh|c:5’6) and 3~ 14p~1ld(1=4,5) conjugated satellite states.

suggests that those states should be populated also by otheE the measurement was done well below the excitation en-
channels. In general, the direct channel to double excitedygy of the first 3 resonance state, the intensity distribution
states is low, but it should be noted that also the CI betweef not affected by the resonant Auger channels. Due to the
the 3p~'ng/md and 3~ ?np(ns/md) states populates those high resolution of the electron energy analyzer and the very
states weakly and therefore interference effects resulting inarrow photon bandwidth, the structures of the shake-up
the Fano line shape are possible. As can be seen from Tab#ectrum could be observed in detail.
I, the CI-Il approach does not reproduce the binding energies The theoretical photoelectron spectrum in the binding-
of the states\’ andA” as well as those of the singly excited €nergy region of interest was fonstructed using the
states; however, the calculated intensities support the assiggd ~4s ns(n=5,6) and 3 “4p "mp(m=5-8) con-
ment. In addition, also the extracted linewidths of the struc—f'gljrf“o_nf- Relative intensities between the different
turesA’ andA” (0.17+0.05 eV) are in excellent agreement 3d 4P "mp configurations were estimated using the over-
with the value of 0.18 eV, estimated from the natural line-/aP integral(4p;|mpy) of the wave functions, wherieandf
width of a single 2l hole state¢88 meV) [19] and support the stand fr(])r thﬁ initial arlld final Istat(;:s, respe_zctl;]/el)k/)._ Cda_llculatlons
present assignment. However, more elaborate methods a;fg;\évnt egft izlsztr_olnzgzy F;(:/p[t'lsgée Ifi;atezmbélg n g;n tgg-tﬁr;ergy
needed to theoretically understand the nature of the stru 3d~14p~'mp(m=5-8) configurations. Figure 2 shows that
tures in detail. Acco_rdmg to Cl-l calcul_atlons the fam'_[ SUUC- e theoretical model reproduces the main structures and also
turggB’ andB” at ﬁlzgher photon energies can be assigned age energy distribution of the spectrum very well shift of
3d~“5p7s and 3" “5p6d states. The B;pns/md excited g g4 ev s used in Fig. )2 but underestimates the shake
states interact quite strongly with thel 3>np(ns/md) states probabilities to the 8 14p~mp(m=6) states. Two clear
and lead to structures seen in the experimental spectrundiyctures around 126 eV were assigned to te'ds !5s
However, the B;;ns/md states can be described almoststates. The correlation between the Hole with 4p~2kd(k
purely within the one-electron picture and therefore similar=4 5 6) states was included in the calculation of the
structures are not expected above tipg,3-5s excitation.  39d~14s~Ins(n=5,6) states. The correlation decreases both
The present calculations produce the energy differencege pinding energy and the intensity of thel 34s 'ns
between the different 8 excitation energies well. The theo- states and distributes intensity td 3'4p~2kdnsstates. The
retical values for the lifetime widths of the Krp3* states  numerous 8 4p~kdnsstateg730 states for eachif k is
differ slightly from the experimental results, but both show jimjted to values 4, 5, and)6are not presented in the theo-
that the lifetime widths of the 8;;ns excited states are retical spectrurcolumns in Fig. 2 as the intensity is dis-
smaller than those of thep3,sns excited states. The experi- tributed into a long energy range quite evenly but the effect
mental lifetime widths are very close to the correspondingof correlation to the @8 14s™ns states is still taken into
values of the 31’,213,25tates, 1.5 and 1.9 eNd], respectively. account. In the case of thed3!4p~lld(I=4,5) and
Both the energies and the lifetimes obtained are possiblgd '4p~'ms(m=5,6) conjugated satellite states the inten-
affected by the underlying unresolveg-3-md excitations  sity calculations were omitted as these states are supposed to
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FIG. 3. The electron spectra of Kr measured
M ey VN | at photon energies corresponding to tk&
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be populated weakly. Figure 2 clearly shows that the strucis set on or off the different resonances. In addition, resonant
tures of the experimental spectra are reproduced very weAuger decay provides a way to study especially

with the present calculations. 3d '4p~Ins conjugated satellite shake-up states as they
were found to be very weakly or not at all populated in direct
C. Resonant Auger decay photoionization.

In order to verify the assignment of the main structures of 1 neoretical resonant Auger spectra and shake probabili-
the absorption spectrum and to obtain information about diffi€S were calculated using Cowan’s code by neglecting CI in
ferent decay paths originating fromp3-nl excitations, both the initial and the final states. The theoretical shake-up
resonant Auger spectra were recorded in the binding-energgfobabilities of the resonant Auger decay spectra were also
region of the 8 1(4p/4s) 'nl states. In the case of the cCalculated as overlaps between thewave functions in the
3p3; excitations, the photon energy was set to correspond teore-excited and final states of Auger decay. According to the
the peaksA, B and C. The Kr 3p;,—nl excitations are present calculations, the main decay path following 3
weaker than the corresponding3,— nl excitations by ap- —ns excitations leads to® *4p~'ns states.
proximately the statistical factor of 0.5. Therefore the reso- The experimental spectrum corresponding fm;8— 5s
nant Auger decay was studied only at photon energies correéxcitation (peak A in Fig. 1) is reproduced by the calcula-
sponding to the two strongest peaks,and b. Resonant tions very well. The spectator decay tol 3'4p 155 states
Auger spectra corresponding to different photon energiegjominates, as suggested by theory but shake-up transitions to
and therefore different excitations, are presented in Fig. 3 iBd 14p~16s states have a significant probability, about
comparison with the 8 shake-up photoelectron spectrum. 11%, which agrees exactly with the theoretical value. The

The direct photoionization channel populates mostly theexperiment also agrees with the prediction that the popula-
3d Yp~Inp(n=5) and 31 '4s Ins states whereas the tion of the A '4p~'ns states increases much more than
resonant Auger channel following thep3-ns excitations  that of the 31~ '4s Insstatedsee Fig. 8)]. As there are no
are expected to populate mostly thed34p 'ns and underlying 3;,—md excitations, the decay originating
3d~4s~!ns states. Therefore clear changes should occur iftom the 3p,;5s state allows us to identify the
the binding-energy region of interest when the photon energ®d4p~15s and 3~ 14p~16s states and to conclude that
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the calculations are capable of reproducing the experimentmay also decay predominantly to other states than those un-
When the photon energy was set to correspond to Beak der study.

in the absorption spectrum, thel3'4p~16s states and cor-

responding 8 '4p 17s shake-up states were populated.

However, the decay populated also some other states in the

same region. The calculations show that there are The excitation energies and the linewidths of the

3d~'4p~4d states in the region. The population of suchKr 3p~'ns(n=5-7) states were determined from the

states also confirms the existence of th® 3md states in  high-resolution absolute absorption spectrum measured at

the absorption spectrum. Setting the photon energy to highehe 3p ionization threshold. Novel structures’, A", B’

3ps, excitations allows wus to identify higher and B” were detected in the absorption spectrum. They

3d '4p Ins(n=5) and 31 '4p 'md(m=4) states even Wwere explained by the configuration interaction

though strong shake-up and shake-down transitions distrietween the B~'ns(n=5-7), 3~ 'md(m=4-6) and

ute intensity into a quite long energy range. 3d %np(ns/md) states. More elaborate calculations are,
The broad structurBabeled as CK in Figs.(d) and 3e)]  however, needed to reproduce the behavior of those CI

in the electron spectrum corresponding to thq‘/%]l exci. States. The resonant Auger decay of the excited states was

tation is caused by the@%an‘Mp‘l Coster-Kronig de- also studied in detail. The present experiment confirms the

The i : fect d by the A t{weoretical assignment of the features of the absorption spec-
cay. The lin€ narrowing €fiect caused by th€ AUger resonany,, ;' rrom the resonant Auger-electron spectra it is evident

Raman effect |§lwell 9emonstrated, for instance, in Fid) 3yt structuresh anda in the absorption spectrum are due to
as, e.g., the 8 ‘Eq 5_51 states are populated by resonantie 3, . ns transitions as suggested earlier by OHigd.
Auger CK and & “4p * states by normal CK decay. The Resonant Auger decay also reveals that in the absorption
effect of the resonant Auger decay is clear, in particular th%pectrum there are underlyingp3>md excitations in the
3d~*4p~'ns states are populated but not as strongly as inegion of the peakB, C, b, andc. The Kr 3d photoionization

the case of decay following thep3, excitations. The over- shake-up satellite structures were also resolved in the region
lapping CK transitions hamper the analysis of theofthe 3d '4p 'np, 3d '4s 'nsshake-up states. The the-
3d~'4s™'5s states but the change in the population of thosepretical calculations reproduced the structures of the experi-
states is nevertheless visible. mental spectrum very well.

The absorption structures labeledAlsandA” were also
studied by measuring electron spectra at the corresponding
photon energies. Careful analysis of the corresponding reso-
nant Auger spectrum at the binding-energy region of the The staff of ELETTRA are acknowledged for assistance
3d '4p~'np and A '4s ns states did not show any during the measurements. This work was supported by the
changes in the relative intensities of the states. The lack dfuropean Union(Project No. ERB FMGE CT95 0022-
effects in the decay spectrum can, however, be understood @sNo.1), the Research Council for the Natural Sciences of
the 3d~25s6p and 3~ 27p4d states are very weakly popu- the Finnish Academy, and the Taunorifinki Foundation.
lated compared to the neighboringpg,’éns states, and they

IV. CONCLUSIONS
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