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Resonant photoel ectron spectra of Kr have been taken in the pho-

ton-energy ranges of the 3dS/ 2 ~ Sp,6p and 3d 3/ 2 ~ Sp excitations. The 
+ -1 spectra, which closely resemble normal Kr 3d Auger spectra, ill us-

trate the importance of "spectator" Auger-l ike decay for inner-shell 

resonances, in which the initially excited electron does not partici-

pate in the core-hole deexcitation process, except to respond to the 

change in the atomic potential. Possible assignments for some of the 

spectator decay channels are discussed based on photoemission inten

sity measurements at the different 3d resonances. These assignments 

suggest that shake-up (e.g. Sp ~ 6p) of the "spectator" electron dur-

ing the decay process is not quite as important as previously sus-

pected. The resonance profiles of some of the more intense satel-

lites have been determined over the 3d ~ np resonances. Very small 

resonance effects also were observed in the partial cross section for 

4p subshell ionization, which produced asymmetric Fano-type profiles. 

The 4p angular distribution, in contrast, axhibits a pronounced effect 
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in the resonance energy range. The 4p results demonstrate that non-

spectator autoionization also is present. 

*Present address: National Bureau of Standards, Gaithersburg, MD 
20899 

tpermanent address: Department of Chemistry, University of Rome liLa 
Sapi enza ", 00100 Rome, Italy 
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1. Introduction 

Photoemission decay characteristics of inner-shell discrete res-
1-10 onances in atoms have been studied recently in a few systems. For 

excitations to Rydberg states leading to an inner-subshe11 threshold, 

the resulting photoelectron spectra generally exhibit peaks associated 

with decay channels in which the electron initially excited to the 

Rydberg orbital remains as a "spectator e1ectron" to the decay 
8 9 process.' The final ionic states thus produced correspond to 

photoemission satellites. Also, the resonant photoelectron spectra 

appear simil ar to the Inorma1" Auger spectrum that one obtains with 

photon energies above the ionization threshold. For example, 

excitation of a 4d electron in Xe to a 6p orbital can result in a 

Xe+ ion with the configuration 4d10Sp46p ,1-4,6,8 where the electron 

excited to the 6p orbital can be considered to have remained there 

while two Sp electrons interacted to fill the 4d hole. This 

description in terms of Auger1ike decay also suffices to explain the 

resemblance between the resonant photoemission spectrum and the 

above-threshold Auger spectrum. 

These qualitative arguments also apply to the Kr 3d ~ np excita

tions studied in this work. The Kr resonance spectra1,7 resemble the 

3d- 1 A d' t 7,11-13 d thO ° °1 °t h b d t uger- ecay spec rum, an 1S Slml arl y as een use 0 

1 7 assign some of the resonance decay channels.' However, the spectator-

electron picture for inner-shell resonance decay is oversimplified, and 

differences from the Auger spectrum have been observed. Because the 

discrete excitations involve only one spin-orbit state (e.g. 
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3d 5/2 ~ 5p), the resonance spectra should show fewer peaks than the 
1 7 10 M4,5NN Auger spectrum. On the other hand, evidence suggests" that 

-1 there is an enhanced probability, relative to 3d Auger decay, for an 

electron initially excited into the 5p orbital to be either "shaken-up" 

to a higher-lying orbital (e.g. 6p) or "shaken-off" into the continuum 

during the deexcitation process of the 3d ~ np resonances. This effect 

would create more peaks with appreciable intensity in the resonance 

spectra. Finally, because of the presence of the np electron in the 
+ 

Kr final state, the energies of the photoelectrons emitted on reso-

nance are shifted by -5 eV to higher kinetic energy with respect to 

M4,5NN Auger electrons. It is clear that the spectator model should 

include these effects, and we discuss our results in this more com-

prehensive picture. All of these effects have been observed previ

ously,1,7,lO as well as in the Kr 3d resonance spectra reported here. 

In addition, by exciting the 3d electron to different orbitals (i.e. 

5p or 6p), we observed the enhancement of different decay channels, 

and we have used this information to suggest new assignments for a few 

of the spectator satellites. 

Nonspectator autoionization decay also can occur for inner-shell 

resonances, although generally it is less intense than spectator de
B cay. By nonspectator decay in Kr, we mean transitions which result 

+ + 
in either Kr (4p) or Kr (4s). While no resonant effect on the 4s 

photoemission channel could be observed in this experiment, we did 

find that the 4p partial cross section exhibits small effects, with 

asymmetric profiles, over the 3d ~ np resonances. Furthermore, the 4p 

angular distribution is markedly affected in the resonance region. 
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These data illustrate a breakdown of the spectator model in describing 

atomic inner-shell resonances, and indicate that the valence main-line 

photoemission channels can couple significantly to core-level 

excitations. 

The experimental technique is reviewed in Sec. II. Section III 

contains a discussion of the resonant photoemission spectra as well as 

a presentation of the resonance profiles for the cross sections of some 

of the spectator satellites, and for the 4p cross section and asymmetry 

parameter. Conclusions are presented in Sec. IV. 

I I. Experimental 

The experiment was performed on the new IIgrasshopperll 

monochromator at the Stanford Synchrotron Radiation Laboratory with 
14 the time-of-flight (TOF) apparatus used in previous inner-shell 

studies of the rare gases. 4,15,16 The experimental conditions were 

the same as described in these earlier measurements, with the 

exception that the monochromator resolution was 0.10 eV (0.15 A) for 

the Kr 3d ~ np resonance spectra. 

The differential cross section for gas-phase photoemission in the 

do 1 . to ° • b 17 lpO e approxlma lon lS glven y 

da(h",E7) 
dh 

a(h,,) = 4w [1 + a(h")P2(cos E7)] ( 1) 

where E7 is the angle between the photon polarization and the direction 

of electron emission, a(h,,) and a(h,,) are the photoionization cross 

-.., 
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section and angular-distribution asymmetry parameter for the ioniza

tion process being studied, and P2(cOS e) is the second Legendre poly-
4 15 16 nomial. With the TOF apparatus,' , cross sections are determined 

with one analyzer situated at 9=54.7°. A second analyzer at 9=0° is 

included to allow simultaneous measurement of asymmetry parameters. 

For the Kr measurements, the electron-energy resolution was im-

proved by applying a retarding voltage of 20V over a portion of the 

photoelectrons' flight path. Unfortunately, this also caused the an

alyzer transmission to drop by a factor of two from 70 eV to 30 eV 

kinetic energy. The spectra shown in Fig. 1 are not corrected for 

this changing transmission, but the cross sections reported in Table I 

and shown in Figs. 2-5 have been corrected. As in previous experi

ments~ we estimate systematic errors to be approximately :10% for 

cross sections and =0.1 for asymmetry parameters. 

III. Results and Discussion 

We begin this section by presenting photoemission spectra taken 

on the 3d5/ 2 ~ 5p,6p and 3d 3/ 2 ~ 5p resonances (91.20 eV, 92.42 eV, and 

92.56 eV, respectively18). Section IlIA includes a discussion of 

these spectra, the previous assignments of some of the resonantly en

hanced peaks, and a few newly suggested assignments based on the pres

ent higher photon-energy-resolution measurements. In Sec. IIIB, we 

present resonance profiles for the cross sections of the more-intense 

and better-resolved spectator transitions. Also included in this sec-

{ .. 
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tion are resonance profiles for the 4p cross section and asymmetry 

parameter. 

IlIA. Resonance Photoemission Spectra 

Resonance TOF photoemission spectra are presented in Fig. 1 for 

the 3d5/2 ~ 5p,6p and 3d3/ 2 ~ 5p resonances, compared with an off-res

onance spectrum taken at 89.9 eV photon energy. These spectra have not 

been corrected for the changing analyzer transmission, so that peak 8 

is too small by a factor of two relative to the high-energy peaks. At 

89.9 eV, we see only the 4s and 4p main lines, and the 3d main line and 
-1 

3d M4,5N2,3N2,3 Auger lines. The latter two features are due to 
-1 second-order radiation. The 3d Auger feature in the 89.9 eV 

spectrum probably also has contributions from photoemission satellites 

of the 4s and 4p lines due to the primary photon energy. Figure 1 

illustrates that there are no peaks due to second-order radiation which 

interfere with the resonantly enhanced peaks in the other three spectra, 

with the exception of peak la, which includes a small constant 

background intensity. The peak labels are taken from Aksela et al.,7 

and assignments given in Ref. 7 are included in Table I. 

Considering the 91.2 eV spectrum in Fig. 1, we see by comparison 

with the 89.9 eV spectrum that the 4s and 4p lines are affected very 

little by 3d 5/ 2 ~ 5p autoionization, while many other photoemission 

lines are produced on resonance. The assignments and peak cross sec

tions (corrected for analyzer transmission) of the features in the 
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91.2 eV spectrum are given in Table I. Also included in Table I is 

the relative resonant intensity for each peak, with peak 1a set to 100. 

For peak 1a and the 4s and 4p lines, the reported relative intensity 

includes only the resonant enhancement, because the nonresonant inten-

sity has been subtracted. From these values, we find that much of the 
+ + 

resonance decay to Kr is via spectator transitions. Of the Kr spec-
4 S tator satellites, the configurations 4p Sp and 4s4p Sp are the most im-

portant, as expected by considering the resonant decay as being similar 
-1 3 to 3d Auger decay. Also significant is the configuration 4p 4dSp, 

which arises from configuration interaction with 4s4pSSp.7 

The kinetic energies and relative intensities of the features in 

the 91.2 eV spectrum reported here agree well with previous measure

ments. 7 One exception is that Aksela et al. 7 observed peaks 4 and 7 to 

be nearly as large as peak 3 at 91.2 eV photon energy. In Fig. 1, peaks 

4 and 7 are very small. We believe this discrepancy arises because the 
+ 

previous work had more second-order contributions (from Kr M4,SNN 

Auger) to the resonant spectra as discussed in Ref. 7. Comparing the 
+ 7 11-13 resonant spectra to Kr Auger spectra, , peaks 4 and 7 occur at 

the same energy as the most intense M4,SN1N2,3 Auger features, consistent 

with second-order contamination being a likely explanation for the 

differences between the two experiments. As noted previously, there 
+ 

are no discernible second-order Kr Auger peaks in our spectra below 

SO eV kinetic energy, as can be seen in the off-resonance 89.9 eV 

spectrum in Fig. 1. 

, • 
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Comparing the 3d5/ 2 ~ 5p (91.2 eV) and 3d3/ 2 ~ 5p (92.45 eV) 

photoelectron spectra in Fig. 1, the overall peak structures are very 

similar, with a shift to higher energy of 1.2 eV for the latter spectrum 

because of the higher photon energy. Peaks 4 and 7 and possibly the 

low-energy side of peak 6, however, are larger in the 3d3/ 2 ~ 5p spec

trum. This observation can be explained by considering the 92.6eV 

spectrum, which primarily represents the 3d5/2 ~ 6p excitation. The 

3d3/ 2 ~ 5p and 3d 5/ 2 ~ 6p resonances are separated by only 0.1 eV, and 

thus we expect photoemission decay features from both resonances to 

appear in each spectrum, with varying intensities depending on the 

photon energy. Indeed, the relatively enhanced peaks in the 92.6 eV

spectrum (3d 5/ 2 ~ 6p) are 4, 6 (low-energy side only) and 7, exactly 

the same peaks which are stronger in the 3d3/2 ~ 5p spectrum in 

comparison to the 3d5/ 2 ~ 5p spectrum. 

This enhancement of only peaks 4, 6, and 7 on the 3d 5/2 ~ 6p 
+ 

resonance suggests that these peaks have contributions from Kr 

configurations containing a 6p spectator electron. However, there is 

evidence19 that the corresponding resonance in Xe (i.e. 

4d 5/ 2 ~ 7p) decays with the 7p electron being shaken-up to the 8p 

orbital more often than remaining in the 7p orbital. Therefore, it is 

possible that these enhanced peaks (4, 6, and 7) in the Kr 

3d5/ 2 ~ 6p spectrum correspond to configurations with a 7p electron, 

instead of a 6p electron. Based on our observation, we assign peaks 4 

and 7 to the 4s4p5np and 4p34dnp Kr+ configurations, where n can 

be 6 or 7. It also seems likely that peak 6 has a contribution from a 

different multiplet of the 4p34d~p (n=6 or 7) configuration 
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(low-energy side), as well as from the 4p34d5p configuration 

(high-energy side). These new assignments are given in Table I along 
7 with the assignments of Aksela et al., who previously assigned 

4s4p56p and 4p34d6p configurations to peaks 3 and 6. Their assignment 

for peak 3 suggests that the 92.6 eV spectrum should show some enhance

ment of feature 3. In fact, comparison of peak 3 to peaks 1 and 2 in 

the top of Fig. 1 demonstrates a slight relative enhancement of peak 

3, confirming at least partially the assignment of Ref. 7. 
7 The remaining assignments by Aksela et ale of peaks la, 1, 2, 5, 

and 8 to configurations with 5p spectator electrons is supported by 

our observation that the intensity of these peaks is reduced at the 

3d5/ 2 ~ 6p resonance, as would be expected in the spectator-satellite 

picture. The fact that peak la remains relatively strong at 92.6 eV 

probably results from the presence of 4p46p configurations in this 

peak. 7 Additional evidence of the presence of 4p46p configurations in 

peak 1a is provided by comparison of the kinetic-energy distribution 

of peak 1a in the 92.45 eV and 92.6 eV spectra. On the 3d5/ 2 ~ 6p res

onance, the intensity of peak 1a has shifted to lower kinetic energy 

presumably because of the relative enhancement of the higher-binding

energy 4p46p states. 

Finally, the assignments for peaks 1-7 indicate that shake-up of 

the 5p electron to the 6p orbital during the Auger-like decay process 

is not quite as important as suggested previously.1,7 We estimate that 

this shake-up intensity is -20% of the intensity of final states where 

the 5p electron remains in the 5p orbital. Previous workers found it 

, 
• 
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7 1 to be near 30%, or even larger. The rather low fraction of res-

onant shake-up decay observed here is perhaps surprising, because 

recent threshold-electron measurements10 have found that the Kr 

3d ~ np resonances decay appreciably [37(8)%] to double-ionization 

channels, often by IIshaking off ll the Sp electron. Because shake-off 

appears to be an important decay path for these inner-shell 

resonances, one might expect shake-up to be more intense as well. 

In summary, we find reasonable agreement with earlier photoemis-

sion results for the Kr 3d ~ Sp resonances. The dominance of specta-

tor-satellite decay over main-line autoionization for these excitations 

is confirmed. By preferentially exciting the 3dS/ 2 ~ 6p resonance, we 

have been able to assign features in the resonant spectra to configura

tions containing a 6p or 7p electron. These new assignments show that 

Sp ~ 6p shake-up during resonant Auger-l ike decay of the Kr 3d ~ Sp 

excitations is not as important as believed earlier, although more 

detailed measurements and calculations of the final-state transition 

probabilities are needed to confirm this finding. 

IIIB. Resonance Profiles 

For the more intense spectator-transition satellites in Fig. 1 

(la, 1, and 2), we were able to measure the resonance profiles through 

the 3d ~ np region. We show in Figs. 2-4 the cross sections for the 

4p4np, 4s4pS(lp)Sp, and 4s4pS(3p)Sp final states, respectively, over 

the 3dS/ 2 ~ Sp,6p and 3d 3/ 2 ~ Sp resonances. Figures Sand 6 contain 

, ~j ", 
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the corresponding results for the 4p main-line cross section and asym

metry parameter. The spectator-satellite cross sections were scaled 

to the 4p cross section, which itself was scaled to absorption 20 at 

89.9 eV after consideration of the intensities of the 4s main line 

(from Fig. 1), the valence-shell correlation satellites,21 and valence 

double ionization 22 at this photon energy. The spectator transitions 

had no appreciable intensity at 89.9 eVe 

The data in Figs. 2-4 and 6 were fitted to three Lorentzian pro

files convoluted with a Gaussian function of 0.10 eV full-width at 

half-maximum (FWHM) to account for the finite monochromator resolution. 

The natural linewidth was taken to be 0.11 eV. S Although a Lorentzian 

lineshape is not strictly correct for an asymmetry parameter,23 it was 

sufficient to fit the B4p data adequately. The 4p cross-section data 

were fitted with three Fano profiles,24 also convoluted with a Gaussian 

function as above. Due to the poor quality of the cr4p data, we consider 

this fit just an illustration of the asymmetry of the 4p cross-section 

profiles for these three resonances, and thus we do not report Fano 

parameters. The 4s cross section and asymmetry parameter also were 

measured in this experiment, and were found to be unaffected by the 

3d ~ np resonances-. 

The resonant enhancement of the spectator satellites in Figs. 2-4 

are fitted well by Lorentzian profiles. This implies that no signifi-

cant autoionization interference is occurring in these decay channels, 

as one expects because there is little off-resonance intensity for these 

peaks. The nonresonant background intensity for peak 1a in Fig. 2 comes 
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mostly from second-order M4 5N2 3N2 3 Auger decay. The relative , , , 
3d5/ 2/3d 3/ 2 spin-orbit intensities for the peaks la, 1, and 2 in Figs. 

2-4 vary slightly from one spectator satellite to another. We attrib-

ute this to the fact that these peaks contain multiple configurations 

that may be affected differently at the 3d5/2 or 3d3/2 resonances. The 

influence of the 3d5/ 2 ~ 6p resonance also may be important. 

The larger width of the 3d3/2 ~ 5p profile for peak 1a compared to 

that for peaks 1 or 2 is likely due to the 3d5/2 ~ 6p resonance, which 

would enhance the 4p46p configurations that are included in peak 1a. 

Peaks 1 and 2 do not contain configurations with a 6p electron,7 so they 

should not be enhanced as much at the 3d5/ 2 ~ 6p excitation. Finally, 

the high points above 93 eV in the peak 1a cross section result from 
4 3d 5/ 2 ~ 7p and higher np resonances, which presumably can decay to 4p 7p, 

etc. final states that are included in peak 1a. 

The 4p cross-section results in Fig. 5 exhibit only about a 10% 

effect at the 3d ~ 5p resonances. The resonant effect at the 3d5/2 ~ 6p 

resonance was difficult to fit, but was much smaller than the effect 

for the 5p excitations. The differential effect on cr4p accounts for 

% + 
only 20 of the total decay to Kr for the 3d5/ 2 ~ 5p resonance (see 

Table I). However, the asymmetric profiles in cr 4p show that 

coupling of the 4p continua to the 3d ~ 5p resonances is significant. 

More pronounced effects occur for the 4p asymmetry parameter shown 

in Fig. 6. Here we see changes of +0.5 in S4p' which can be a param

eter more sensitive to the coupling of continuum channels with an 

autoionization resonance. An intriguing observation for S4p is that the 

.. 
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3d 5/ 2 ~ 6p resonance appears to have a significant influence on the 

asymmetry parameter, broadening the a4p peak at 92.5 eVe This result 

can be discerned best by comparing the widths of the features at 91.2 

and 92.5 eV in Fig. 6. We offer no explanation for this result. 

Despite the importance of spectator satellites to the decay of the 

Kr 3d ~ 5p,6p resonances, the 04p and a4p results illustrate that 

the spectator model (i.e. Auger-like decay of the core hole) is not the 

whole story. In general, the spectator model should yield a reasonably 

accurate estimate of the identities of the resonantly enhanced features 

in inner-shell resonant photoelectron spectra, but it omits the possi-

ble effects of autoionization on the main-line features, in this case 
+ -1 on Kr 4p· which are clearly observed. Also important to the resonant 

decay is the possibility of shake-up or shake-off of the initially ex-

cited electron in the decay process. These effects occur in normal 

Auger spectra, and we have observed both shake-up in the. present re-

sults and shake-off in threshold-electron spectroscopy of the Kr 3d 

res on an c es. 10 

IV. Conclusions 

High-photon-resolution resonant photoelectron spectra of Kr have 

been recorded in the vicinity of the 3d 5/2 ~ 5p,6p and 3d3/ 2 ~ 5p auto

ionizing resonances. The results agree well with previous lower-pho-

ton-resolution measurements. The photoemission features enhanced on 
+ 

these resonances are similar to those seen in Kr M4,5NN Auger spectra, 
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except that the final states observed in the resonant spectra contain 

a 5p (or higher np) electron. Comparison of photoemission spectra on 

the different resonances has allowed new assignments of some of the 

spectator-satellite features; in particular, final states containing 

a 6p or 7p electron have been better identified. Resonance profiles 

have been measured for cross sections for some of the resonantly en-

hanced satellites and for the 4p cross ~ection and angular distribu

tion. All of these results illustrate the dominance of spectator 

Auger-like decay of the 3d hole in the excited state, but also show 
-1 the importance of coupling to the nonspectator 4p channels. 
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Table I: Assignments of the photoemission decay channels of Kr 3d ~ np 

resonances, and their relative intensities and kinetic energies at the 

3d5/ 2 ~ 5p resonance. 

Assi gnment 3d 5/2 ~ 5~ Reson ance 

Relative 
Aksela Peak Cross Enhancement Kinetic 

Peak et al. a Present Section (Mb) (Peak la=lOO) b En er gy (e V) c 

4p-l O. 37( 1) 3 77.1(3) 

4s-1 0.13(1) 63. 7( 3) 

la 4p45p, 1. 47( 3) 100 52.6-61. 0 
4p46p, etc. 

1 4s4p5(lp)5p 0.28(1) 19 45 .8( 2) 

2 4s4p5(3p)5p O. 58( 2) 39 43.1(2) 

3 4s4p56p O. 27( 1) 18 39.3(2) 

4 4s4p56p, v.w.d <1 37.9(3) 
4s4p57p 

5 4p34d5p 0.55(2) 37 36.8( 2) 

6 4p34d6p 4p34d5p, O. 23( 3) 16 33.3(3) 
4p34d6p, 32. 5( 3) 
4p34d7p 

7 4p34d6p, v.w. d <1 31.1( 3) 
4p34d7p 

8 4s05p O. 26( 3) 18 29.1(2) 
• 

\ aRef. 7. 
blncludes only resonant enhancement of 4p (10%) and 4s (0%). 
cAdd 1.2 eV for 3d3/2 ~ 5p. 
dVery weak. 
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Fi gure Capt i on s 

Fig. 1. Resonant TOF photoelectron spectra of Kr at 89.9 eV, 91.2 eV, 

92.4S eV, and 92.6 eV photon energy, which correspond to 

off-resonance excitation, and excitation of the 3dS/ 2 ~ Sp, 

3d 3/ 2 ~ Sp, and 3d 5/ 2 ~ 6p resonances, respectively. The spec

tra are not corrected for analyzer transmission, which varies 

monotonically from O.S to 1 between 30 and 70 eV kinetic en

ergy. The spectra have been scaled so that relative peak in

tensities in different spectra can be compared. The peak 

labels are from Ref. 7. The 3d peak is produced by 

second-order radiation, and the 3d Auger peak in the 89.9 eV 

spectrum is the M4 SN2 3N2 3 Auger from the decay of , , , 
these "second-order" 3d-hol estates. The 3d Auger peak al so 

has a small contribution from valence satellites. 

Fig. 2. Partial cross section of peak la (4p45p and 4p46p) in the 

Kr 3d ~ np region. The off-resonance intensity for this peak 

+ ( -1) is due to Kr 3d M4,SN2,3N2,3 Auger decay induced 

by second-order radiation (see bottom spectrum of Fig. 1). 

The solid curve is a fit with three Lorentzian functions 

(FWHM = 0.11 eV - Ref. 5) convoluted with a Gaussian of 

0.10 eV FWHM. High points above 93 eV are explained in the 

text. 

Fig. 3. Partial cross section of peak 1 [4s4pS(lp)5p] as in Fig. 2. At 

off-resonance photon energies for which data is shown in 

Fig. 2, peak 1 had no measurable intensity, and thus no points 

are shown. 

, 
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Fig. 4. Partial cross section of peak 2 [4s4p5(3p)5pJ as in Figs. 2 and 

3. 

Fig. 5. Partial cross section of the 4p main line in the vicinity of 

the Kr 3d ~ np resonances. The data were scaled to absorption 

(Ref. 19) at 89.9 eV as described in the text. The curve is a 

fit to the data with three Fano functions (FWHM = 0.11 eV -

Ref. 5) convoluted with a Gaussian of 0.10 eV FWHM. 

Fig.6. Asymmetry parameter of the 4p main line, fit in the same 

manner as in Fig. 2. 
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