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The energy dependencies of the intensities and angular distribution parameters � of the resonant Auger final
states 4p4�1D�np �n=5,6� of Kr were determined experimentally in the excitation-energy region of the over-
lapping 3d3/2

−1 5p and 3d5/2
−1 6p resonances. The experimental results were compared with the outcome of multi-

configuration Dirac-Fock calculations. Combining experimental and calculated results allowed us to study
interference effects between the direct and several resonant channels that populate the 4p4�1D�np states. The
inclusion of the direct channel was crucial in order to reproduce the observed energy behavior of the angular
distribution parameters. It was also important to take into account experimentally observed shake transitions.
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I. INTRODUCTION

Resonant excitation of an inner-shell electron leads to an
excited state which will mostly decay via autoionization. The
process is also known as the resonant Auger effect �see the
review �1��. If several resonances lie close to each other, the
radiation used in excitation must have a very small band-
width, preferably much narrower than the lifetime width of
the core-excited state, so that a single resonant state can be
excited selectively. Under such experimental conditions, the
so-called Auger resonant Raman effect results in the line
sharpening of resonant Auger transitions below the lifetime
width �1�. The investigation of the resonant Auger final states
using photon-induced fluorescence or electron spectroscopy
then offers excellent opportunities to test our theoretical
models and to understand electron correlation effects in at-
oms and molecules. Since the first measurement of the Auger
resonant Raman effect in the vacuum ultraviolet region �2�, a
wealth of other studies have been performed �see, e.g., �1�
and references therein�.

The resonant Auger effect is especially suitable for inves-
tigating different interference mechanisms. Coherence be-
tween different resonance states, as well as the interference
between resonant and direct pathways, affect the transition
amplitudes describing all the processes. The way in which
transition amplitudes determine angular parameters and cross
sections dictates that anisotropy parameters �such as the an-
gular distribution parameters of Auger electrons or the align-
ment and orientation parameters of the residual ion� are more
sensitive to interference effects of different �resonant or di-
rect� processes populating the resonant Auger final states

than cross sections. This was demonstrated in a recent study
by Schartner et al. �3�, where the anisotropy and orientation
parameters of three 4p45p states were determined using fluo-
rescence polarimetry with several photon energies in the re-
gion of the 3d−1np �n=5,6� resonances in Kr.

In the two-step �or stepwise� model used often in the past
�see, e.g., �4��, the resonant Auger decay is described in sepa-
rate steps: the first step involves resonant excitation by ab-
sorption of a photon and the following step spectator Auger
decay. This model neglects the contribution of the direct
channel as well as coherence effect�s� resulting from other
resonances. The inadequacy of the two-step model to de-
scribe the resonant Auger decay was observed in the case of
the Kr 4p4�1D�np �n=5,6� states in the photon energy region
of the overlapping 3d3/2

−1 5p and 3d5/2
−1 6p resonances �5�, where

the intensity of these groups showed traces of interference
due to the lifetime broadening of the resonances. Inclusion of
interference in calculations for Kr �6� showed how drastic
changes anisotropy parameters �the alignment A20 and angu-
lar distribution parameter �� show in the region of the
3d−1np �n=5,6� excitations in Kr.

Recently, moreover, the behavior of the intensities and �
parameters of the Ar 3p4nl states was investigated across the
2p1/2

−1 4s and 2p3/2
−1 3d resonances in �7�. Multiconfiguration

Dirac-Fock calculations including the interference due to the
direct channel contribution as well as the other resonances
showed that the direct channel has a negligible contribution
in the energy region of these closely spaced resonances. In
the case of Kr, the experimental angular distribution param-
eters were determined only on top of the resonances in the
earlier studies �4,8�, and the alignment and orientation pa-
rameters measured using photon-induced fluorescence spec-
troscopy �see �3� and references therein� were confined to
4p45p final states. In the present study, the behavior of the �
parameters is now followed across the two overlapping reso-
nances 3d3/2

−1 5p and 3d5/2
−1 6p at photon energies 92.425 and

92.560 eV �9�, respectively, for the experimentally resolv-
able 4p4�1D�np �n=5,6� resonant Auger electron lines. The
situation is illustrated in Fig. 1. The experimental results for
the intensity and angular distribution parameter are com-
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pared with the multiconfiguration Dirac-Fock calculations, as
well as with the � parameters published earlier �4,8�.

II. EXPERIMENT

The electron spectra were measured at the gas-phase
beamline I411 at the MAX-II storage ring in Lund, Sweden
�10,11�. The photon bandwidth with a 10 �m monochro-
mator exit slit was estimated to be about 10 meV, much
smaller than the natural linewidths �around 80 meV �12�� of
the Kr 3d−1np resonances. Thus the Auger resonant Raman
conditions were fully exploited, resulting in the line sharp-
ening effect.

The spectra were measured with a rotatable hemispherical
Scienta SES-200 electron spectrometer positioned at 0°,
54.7°, and 90° with respect to the polarization vector of in-
coming radiation. Using a 10 eV pass energy, the kinetic
energy resolution was about 20 meV, resulting in a total ex-
perimental broadening of about 25 meV. High-resolution
electron spectra were measured with photon energies from
92.12 to 92.87 eV with a 10 meV step, thus covering the
overlapping 3d3/2

−1 5p and 3d5/2
−1 6p resonances, as shown by the

vertical line in Fig. 1. The spectra were corrected for the
variations in pressure and incoming photon flux.

The emission of Auger electrons is nonisotropic in cases
where the initial vacancy is in a subshell with angular mo-
mentum j�1/2. This anisotropy results from the excitation
or ionization leaving the atom or ion aligned with respect to
the exciting beam. The angular distribution parameter � de-
scribing the anisotropy of an Auger electron depends on the
alignment of the atom �or ion� and on the matrix elements of
Auger decay together with the angular moments of the initial
and final states. �13�

The intensity I� of emitted Auger electrons at an angle �
with respect to the polarization vector of incoming radiation

is related to the total intensity Itot of the emitted electrons as
�see, e.g., �8,13��

I� =
Itot

4�
�1 + �P2�cos ��� , �1�

where P2�x� is the second-order Legendre polynomial, and �
is the angular distribution parameter. According to this rela-
tion, the Auger electron intensity measured at two angles
would be sufficient for the determination of � parameters.
Spectra from three angles enabled us to determine more re-
liably the angular distribution parameters, which are given as
averages of the three possible determinations, and also pro-
vided us with error bars, which are given as a maximum
deviation from the mean value. In the normalization of the
spectra measured at different angles, the previously mea-
sured � parameters for 4p4�1D�5p lines �4� were used.

From the experimental spectra, the binding energies of the
4p4�1D�6p states were also determined with an accuracy of
±2 meV. The energies of the 4p4�1D�5p lines are well
known from optical data �14� as well as from the 4s photo-
electron satellite spectrum �15,16�. The binding energies in
Table I were determined with respect to the 4s photoelectron
line at 27.512 eV. As in �15�, we used the experimental an-
gular distribution parameters to identify the 4p4�1D�6p lines
by comparing them and their energy behavior with our cal-
culations. The obtained assignment together with the corre-
sponding labels and binding energies is given in Table I. The
assignments of the 4p4�1D�6p states given in Table I are
identical with those of Ref. �8�, except for line 7, which
differs partly from the earlier assignments �8,15�. The bind-
ing energies for lines 6 and 7 coincide with the previously
given values �16� within 1 meV.

III. THEORY

The theoretical method exploited in this work was the
same as in �7�. The relativistic wave functions for ground,
intermediate, and final states were calculated in the multicon-
figuration Dirac-Fock approximation by means of the
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FIG. 1. �Color online� Schematic energy diagram of the differ-
ent processes interfering with each other in the population of the
4p4�1D�np �n=5,6� states. The investigated photon energy region
is marked with the vertical �red� line in the left side of the 3dj

−1np
states. Dashed �green� arrows denote shake transitions 3d−1np
→4p4mp �n�m�. Abbreviations used for atomic states are also
indicated in parentheses.

TABLE I. Assignment and binding energies �in eV� of the
4p4�1D�np �n=5,6� lines. The labels are used in the text and
figures.

LS term Label
Binding
energy

4p4�1D�5p 2D3/2, 2P1/2, 2D5/2
a 1 32.874a

2P3/2
a 2 32.623a

2F7/2
a 3 32.561a

2F5/2
a 4 32.496a

4p4�1D�6p 2D3/2, 2D5/2
b 5 36.335

2P1/2
b 6 36.276

2P3/2, 2F7/2 7 36.237
2F5/2

b 8 36.209

aFrom Ref. �16�.
bIdentical with the assignment given in �8�.
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GRASP92 program �17�, where atomic state functions �ASFs�
are estimated as linear combinations of j j-coupled configu-
ration state functions �CSFs�. By converting these rather
heavily mixed ASFs from the j j-coupled basis into the LSJ
basis �18�, we obtained fairly pure ��85.% � LS terms for the
4p4�1D�np states given in Table I.

In the intermediate state �R�, only six 3d−1np, n=5,6 �J
=1�, states were included. The 3d3/2

−1 np resonances are com-
posed of two very mixed states of 3d3/2

−1 np1/2 and 3d3/2
−1 np3/2

composition in the j j-coupled basis. The occupation prob-
ability of one of them is often very small compared to the
other one, which explains why only one of the resonances is
seen in the experiments. In our calculations, the second
3d3/2

−1 5p resonance obtained only 7% of the transition prob-
ability of the other. Nonetheless, it was included in the cal-
culations of the transition amplitudes. In the final state �f�,
the configurations 4p45p and 4p46p were included in the
calculation, resulting in a total of 42 final states. Calculating
both 5p and 6p states together allowed the mixing of these
states, but the effects of this configuration interaction �i.e.,
the mixing of the states� remained small.

The total transition amplitude D�h� , f� from the ground
state �0� to a given resonant Auger final state �f� as a func-
tion of the exciting photon energy �h�� can be obtained from
the equation �see, e.g., �3,5,7��

D�h�, f� = �f �D�0� + �
R

�f �V�R��R�D�0�
h� − ER + ı�R/2

, �2�

where the latter part of the sum describes the resonant path-
way and contains also the dependence of the energy �ER� and
inherent lifetime width ��R� of a resonance R. The first term
of the sum is the direct photoionization from the ground
state, which was calculated �as in �7�� using the nonorthogo-
nality of separately optimized orbitals in the ground and final
states. This was done with the recently implemented PHOTO

component �19� of the RATIP program using the orbitals
given by GRASP92. The RATIP program �20� offered us tools
to calculate also the other amplitudes required in Eq. �2�.

The REOS99 component �21� was used to evaluate the pho-
toexcitation probabilities from the ground state to the inter-
mediate �or resonance� states R, i.e., the transition probabili-
ties �R�D�0� mediated by the dipole operator D. To facilitate
comparison with the experimental results, however, the en-
ergies �9� and line broadenings �12� were used from previous
measurements. For the same reason, the intensities of the
3d3/2

−1 5p and 3d5/2
−1 6p resonances were scaled in order to cor-

respond to the experimentally observed intensity ratios �9�.
The resonant Auger transitions �f �V�R�, where V

=VCoulomb is the Coulomb operator, were calculated by using
the AUGER component �22� of the RATIP package. Unfortu-
nately, this program calculates transition probabilities only
for two-electron processes. However, the shake transitions
3d−1np→4p4mp, n�m, have been shown to have remark-
able probabilities in Kr �23�, and even though some intensity
was obtained also for 3d−1np→4p4mp �n�m� transitions
through the mixing of the states, they had only a minor con-
tribution in comparison with the dominating spectator tran-
sitions �n=m�. These shake transitions occur due to the re-

laxation of the one-electron orbitals in the course of the
Auger decay and their transition probabilities can be ap-
proximated as �see, e.g., �1,24��

�4p4mp�l�V�3d−1n�p�� 	 �mp�n�p���4p4np�l�V�3d−1n�p�� ,

�3�

where the notation �n�p�� is used to emphasize the nonor-
thogonality between the orbital sets of the resonance and
final states.

To study the effect of relaxation in our results, we per-
formed two kinds of calculations. Calculation A, which in-
cludes the effects of the configuration interactions, was per-
formed without any relaxation, whereas calculation B takes
into account the relaxation by utilizing the so-called relaxed
Auger amplitudes

�fn�V�R�B = �np�n�p���fn�V�R�A + �np�m�p���fm�V�R�A,

�4�

as obtained from the amplitudes of calculation A, where the
subscript n �or m� refers to the np �or mp� orbital of the
excited electron in the final state. The overlaps �nl �m�l��
used are given in Table II.

To investigate the contribution of the direct channel, the
calculation of the transition amplitudes �cf. Eq. �2�� was car-
ried out with and without the first term of the sum for both
calculations A and B. Below, we shall use the subscript d to
denote the calculations in which the direct channel is in-
cluded �calculations Ad and Bd�, while A and B are used to
refer to those calculations without the direct contribution.
Therefore, calculations A and B show the effect of the inter-
ference between different resonance channels, whereas the
difference between the calculations with or without direct
channel manifests the importance of taking the direct contri-
bution into account.

In the present computations, however, the direct ampli-
tudes could be included only for the states with J=1/2 or
3 /2, although states with J�3/2 have also been observed in
the Kr 4s photoelectron satellite spectrum �15,16�. This re-
striction arises from the fact that, for states with J�3/2, the
computation of the direct photoionization amplitudes re-
quires a full treatment of the relaxation.

The direct amplitudes �as well as the photoexcitation
probabilities� were calculated in the dipole approximation
using both velocity �Coulomb� and length �Babushkin�
gauges. Usually, the direct amplitudes obtained in the veloc-

TABLE II. Overlaps �nl �m�l�� used in the calculation of relax-
ation effects. Notation np− stands for npl/2 orbital and np for np3/2.

nl

m�l�

5p− 5p 6p− 6p

5p− 0.999 0.032

5p 0.946 0.324

6p− −0.032 0.999

6p −0.324 0.946

EXCITATION-ENERGY DEPENDENCE OF THE RESONANT… PHYSICAL REVIEW A 76, 022702 �2007�

022702-3



ity gauge are slightly larger than the ones obtained in the
length gauge. The results in this work containing the direct
contribution were calculated in the velocity gauge, which
gave the larger contribution. For one state, namely,
4p4�1D�5p 2P3/2 �line 2�, the gauge difference was more pro-
nounced than for the others, and the results of the angular
distribution parameter are given in both velocity and length
gauges for this state.

In the case of overlapping final states, which we could not
resolve experimentally �lines 1, 5, and 7�, we calculated the
corresponding theoretical intensity as the sum of the intensi-
ties of these states and the angular anisotropy parameter as
an intensity-weighted average from the individual angular
distribution parameters of the states involved.

IV. RESULTS AND DISCUSSION

The experimental and calculated intensities of the 4p4�1D�
5p and 6p lines are shown in Figs. 2 and 3, respectively.

These measurements were carried out at 54.7°. Results for
angular distribution parameters, as well as the previously
published values �4,8�, are shown in Figs. 4 and 5 and the
experimental results seem to be in good agreement. Note that
the intensities far from the resonances are rather low, and
that the errors in the region below and above these two reso-
nances 3d3/2

−1 5p and 3d5/2
−1 6p are larger than on top or in be-

tween the resonances. In addition, the weakest line of all,
namely, line 6 �4p4�1D�6p 2P1/2�, gave rise to such large er-
ror bars in the angular distribution parameter that it is point-
less to show the results. Without doubt, however, the � val-
ues were clearly positive �in accordance with the value 1.2 in
�8� at the latter resonance� which enabled us to identify and
confirm the assignment given for this line. Instead of � for
line 6, the experimental intensity-weighted average of the
angular distribution parameters of the 4p4�1D�6p states is
shown in Fig. 5, which shows much less pronounced inter-
ference effects than are obtained for the individual lines. This
demonstrates again the importance of high resolution in
these kinds of studies, i.e., for analyzing the interplay be-
tween various channels populating the same final state.
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FIG. 2. �Color online� Experimental �dots� and theoretical inten-
sities of the 4p4�1D�5p lines as a function of exciting photon en-
ergy. The experimental curves are from the measurements at 54.7°.
The inset in the upper corner shows the magnification of the line 1
near the 3d5/2

−1 6p resonance. The positions of the 3d3/2
−1 5p and

3d5/2
−1 6p resonances at 92.425 and 92.560 eV, respectively, are

marked by vertical lines. See Table I for the assignment of the lines.
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FIG. 3. �Color online� Experimental �dots� and theoretical inten-
sities of the 4p4�1D�6p lines as a function of exciting photon en-
ergy. As in Fig. 2, the experimental results are from measurements
at 54.7°, and the positions of the 3d3/2

−1 5p and 3d5/2
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are marked by vertical lines. See Table I for the assignment of the
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The experimental intensities of the 4p4�1D�5p lines in
Fig. 2 show clearly the dominance of the spectator Auger
transitions at the 3d3/2

−1 5p resonance. Thus, the expected ef-
fects of relaxation are small, especially for lines 1 and 4.

For line 3 �4p4�1D�5p 2F7/2�, the inclusion of relaxation
improves both the intensity and the angular distribution pa-
rameter shown in Fig. 4. In contrast, for line 4, the final state
4p4�1D�5p 2F5/2, it is hard to say which calculation is better:
Differences between the approximations occur above the
3d5/2

−1 6p resonance, where, unfortunately, the experimental
angular distribution parameters show some deviations. This
is quite a general trend for all the states involved: the largest
deviations between different approximations occur usually

far from the resonances, where none of the resonant path-
ways dominates over the others. Outside the resonances, of
course, these lines have only small cross sections, and other
4s photoelectron satellite lines complicate the detection of
the lines.

The deviation between the calculated and observed � pa-
rameters of line 4 below the 3d5/2

−1 6p resonance manifests the
absence of the direct contribution in our calculations. Both
lines 3 and 4 �4p4�1D�5p 2F7/2 and 2F5/2, respectively� are
observed in the 4s photoelectron satellite spectrum �16�, and
our calculation fails to predict any direct contribution for
these lines. For line 3, the interference between the reso-
nances has the dominant role in the investigated energy re-
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gion, whereas, for line 4, for which the 3d3/2
−1 5p resonance

clearly dominates over the 3d5/2
−1 6p resonance, the neglect of

the direct channel is more pronounced in the absence of
other interfering channels.

Line 1 is, in fact, a superposition of three 4p4�1D�5p final
states, 2D3/2, 2P1/2, and 2D5/2. For this line, the asymmetry of
the intensity behavior is nicely reproduced by including the
direct channel into the calculations, and the incorporation of
relaxation effects improves even further the agreement be-
tween experiment and theory at the 3d5/2

−1 6p resonance, as
shown by the inset in Fig. 2. Some discrepancies still remain
in the angular distribution parameter above the resonances.
This discrepancy is most likely due to the fact that our cal-

culations did not include the 3d−17p resonances in the inter-
mediate state, from which the first one, 3d5/2

−1 7p at 93.063 eV
�9�, is only 0.503 eV above the 3d5/2

−1 6p resonance as seen
from Fig. 1. A similar discrepancy is clearly visible also for
line 7 �states 4p4�1D�6p 2F7/2 and 2P3/2� in Fig. 5.

In the case of line 2 �4p4�1D�5p 2P3/2�, our calculations
fail in including both the direct channel and relaxation. The
Fano profile produced by these calculations, which include
the direct channel, is more asymmetric than the experimental
intensity profile, and the shoulder at the 3d5/2

−1 6p resonance is
not well reproduced by either calculation A or B. By study-
ing the more sensitive � parameter and the theoretical results
with direct amplitudes from the velocity and length gauges
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�calculations Ad and Ad�, respectively� we find that the
smaller direct amplitude �from length gauge� gives a closer
resemblance with the experimental values. Some discrepan-
cies still remain above the resonances, because the relaxation
effects predicted by calculation B are too low, and deviations
possibly occur also due to the 3d5/2

−1 7p resonance neglected in
the calculations.

The behavior of the 4p4�1D�6p lines is more interesting,
being much more pronounced and complicated than the be-
havior of the corresponding 5p lines. Whereas the intensity-
weighted average of the angular distribution parameters of
the 4p4�1D�5p states is similar to the angular distribution
parameter of the �most intense� line 1, that of the 4p4�1D�6p
states in Fig. 5 loses most of the anisotropy, not to mention
the interference effects, which change from line to line.

The study of the 4p4�1D�6p lines is by no means a trivial
task experimentally, since 47.7% of the intensity from the
3d5/2

−1 6p intermediate state goes to 4p47p states through a
shakeup process, and only a quarter is left for the 4p46p
states after other shake processes �23�. In the resonant Auger
electron spectrum, some 4p45d, 6d, 7s, and 7p photoelectron
satellites have nearly the same binding energy as the
4p4�1D�6p lines, complicating the study even further. Due to
this overlap of several final states, the 4p4�1D�6p lines have
not been identified from the 4s−1 satellite spectrum with cer-
tainty. Near the resonances, as in the energy region studied in
this work, these difficulties are possible to overcome even
though not without a trace: Due to the smaller intensities and
background of other satellite lines, the error bars of the an-
gular distribution parameters are larger for the 4p4�1D�6p
lines than for the 4p4�1D�5p lines.

Large error bars make it difficult to compare the details of
our calculations with the experimental values, especially
when the differences of the calculations near the resonances
are small. For line 5 �4p4�1D�6p 2D3/2+ 2D5/2� the intensity
behavior implies that the relaxation improves our theoretical
prediction, but the asymmetry is overestimated. This applies
to calculations both with and without the direct channel, sug-
gesting that there is another resonance channel, i.e., a shake-
down process from the close-lying 3d5/2

−1 7p resonance. The
more sensitive angular distribution parameter has some de-
viations only outside the resonances, where below the reso-
nances calculation Ad has the closest values to those of the
experiment. This applies also to the line 7 �4p4�1D�6p 2F7/2
+ 2P3/2�, for which the relaxation even degrades the intensity
ratios at the resonances. The latter can be traced back to the
relaxation failure of line 2 �4p4�1D�5p 2P3/2�, since these
states share the intensity due to the relaxation of the �one-
electron� orbitals. This can only be due to certain difficulties
either in the simplified evaluation of the transition ampli-
tudes �cf. Eq. �3��, or in the representation of the orbitals that
were used for calculating the overlaps. The orbitals were
optimized together, but the absence of higher orbitals affects
their quality.

Also, the relaxation of line 6 �4p4�1D�6p2P1/2� worsens
the intensity behavior well predicted by calculation Ad.
However, the corresponding 5p state overlaps with the 2D3/2
and 2D5/2 states �line 1�, and therefore it is impossible to
compare the experimental data and to say whether the relax-
ation prediction fails also for the 4p4�1D�5p 2P1/2 state. In
the absence of reliable results for the angular distribution
parameter, no conclusions can be drawn for line 6. For the
final state 4p4�1D�6p 2F5/2 �line 8�, the theoretically pre-
dicted direct channel is negligible, and both the calculations
A and B overestimate its intensity at the 3d5/2

−1 6p resonance.
Nonetheless, both the calculations seem to follow the behav-
ior of the angular distribution parameter within the �rather
large� error bars.

According to these results, we find that the inclusion of
the direct channel in the calculation is important, even
though our calculation overestimated its contribution for the
4p4�1D�6p 2P3/2 state and could not predict any contribution
for the states with J�3/2. When taking into account other
resonance pathways also, relaxation processes �shake-
transitions� should be incorporated in the theoretical treat-
ment.

V. CONCLUSIONS

The intensity and angular distribution parameter � of the
4p4�1D�np �n=5,6� lines of Kr were determined from high-
resolution resonant Auger electron spectra as a function of
the exciting photon energies in the region of the overlapping
3d3/2

−1 5p and 3d5/2
−1 6p resonances, and compared with results

of multiconfiguration Dirac-Fock calculations. These compu-
tations include interference effects originating from the con-
tribution of the direct channel and other resonance channels.
The assignments for the 4p4�1D�6p lines were confirmed,
and the binding energies for all these lines were given.
Energy-dependent results for the � parameters illustrated the
importance of accounting for interference effects between
the direct and resonance pathways. The remaining discrepan-
cies between the calculations and experimental values sug-
gest that further improvements still remain to be made in the
theoretical description of the �continuum-embedded� reso-
nances as well as the final scattering states, in order to pre-
dict different interference mechanisms properly.
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