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Raman Regime Energy Dependence of Alignment and Orientation
of Kri11 States Populated by Resonant Auger Effect
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The energy dependencies of alignment parameters A, for Kri1 4p*5p states after the Auger decay of
the K11 3d°np resonances were investigated theoretically and experimentally for the first time in the
Raman regime with the bandwidth of the exciting radiation (AEgwyy = 20 meV) smaller than the
natural width of the resonances (I' = 80 meV). The observed energy dependence is due to the in-
terference between the different resonance channels and the direct photoionization channel. A strong
energy dependence for both the orientation parameter O, and the photoelectron angular distribution

parameter B is also predicted.
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The resonant Auger effect (RA) leading to the popula-
tion of K1l 4p*np states (Xell 5p*np states) after auto-
ionization of the KrI 3d°np resonances (Xel 4d°np
resonances) was reported for the first time about 25 years
ago [1]. Thereafter, the RA has been utilized to study the
dynamics of many-electron processes in different atoms
and molecules in hundreds of articles (see the review [2]).
The wide interest in the RA is largely based on the fact
that the resonance population of the final ionic states is
assumed to be considerably stronger than the direct non-
resonant population. Therefore, it was expected that the
dynamics of RA can be understood within a relatively
simple two-step (or stepwise) model [3—5]. In this model,
the direct population of the ionic states is neglected
because it is forbidden in a single-electron dipole ap-
proximation and has a very small probability in com-
parison with the resonance channel. This is in marked
contrast to the cases where direct and resonance channels
are comparable and yield the complex dispersion of the
spectroscopically observed quantities (see, e.g., [6—8]).
The stepwise model has been applied to explain the
measured Auger electron angular distribution [3—5] and
the alignment of the ionic states [9,10] after the decay of
the md’n p resonances in rare gas atoms.

The stepwise model is up to now the only one which
is used in ab initio calculations of the RA dynam-
ics, whereas its inadequacy for treating the branching
ratio of different partial photoionization channels has
recently been pointed out [11-13]. Therefore, in this
Letter we investigate the influence of the interfer-
ence between photoionization via the Krl 3d°np reso-
nances and the direct photoionization into the Krll
4p*np states on the RA dynamics. The results predicted
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by the calculations are tested by A,y measurements for
selected Kril 4p*np states performed in the Raman
regime [14].

The processes relevant for the present work are sum-
marized by the following scheme:

(r) resonance channel
Kil+ vy — Kri3dnp;
|
Kri4p*Sp(E,J,) + et (1)
(d) direct channel
Kil + vy, — Kridp*5p(E J,) + .

After the interaction of the ground state Krl with a
linearly (circularly) polarized photon v, the KiI
3d°np-resonance state is fully aligned (oriented).
Alignment and orientation are then shared between the
Kril 4p*5p state and the photoelectron ef during the
Auger process, providing the proper angular distribution
of the photoelectron and the alignment and orientation of
the residual ion. The latter can be determined by measur-
ing the polarization of the fluorescence yy emitted in the
5p — Ss transition. Of course, the direct photoionization
channel (d) also influences the B and the alignment
(orientation) of the Kril 4p*5p states. However, in the
previous calculations [3—5] this channel has been com-
pletely neglected. In this Letter the direct channel (d) is
included in the calculations for the first time and it will be
shown that for selected KriI 4p*5p states in spite of its
weakness it changes notably the results of the calculated
quantities B¢ , Ay, and Oy and brings them in closer
agreement to measured data.
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The expressions for the electron angular distribution
parameter 3, alignment A,;, and orientation O;, in
dependence on the kinematics coefficients and the
transition amplitudes have been given elsewhere [3—
5,9,15,16]. The transition amplitudes determining the
dynamics of all processes (1) are given by:
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where H’® and d are the Coulomb and the transition
operators, respectively; I'(R) is the total width of the
resonance equal to 83 meV [17,18]. The first term entering
Eq. (2) describes the direct photoionization, and the sum
over R in the second term includes all resonance channels.
It is clear that the stepwise model includes the single
resonance term only in transition amplitude (2).

Wave functions for the KriI 4p*5p(E,J,) states as well
as for the resonance states Krl 3d3np ; were computed
within the configuration-interaction Pauli-Fock approxi-
mation [19] and were used in the calculation of all the
above quantities. For the states K11l 4p*5p the same wave
functions as in [9] have been used. The calculation of the
wave functions for the Krl 3d§ ,p; states is a more

difficult task than for the lowest Krl 3dg /25p3/2 state
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FIG. 1. Comparison of measured (open circles) and computed

alignment for several K11 4p*5p states. Solid and dashed lines:
calculation with and without direct photoionization amplitude
in Eqg. (2). Horizontal bars with length equal to I'(R): Ay
computed within the stepwise model. Vertical lines mark the
positions of R2 and R4 resonances.
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(R1) which is practically a pure |5/2,3/2, Jg = 1) state
of jj coupling. In the computation of the Krl 3dg /NP
wave functions, the interaction of Krl 3d§ /25p ;U=
1/2,3/2) and K11 3dg/26p3/2 configurations is important.
Accounting for this interaction yields three multiconfi-

gurational resonance states: ‘‘strong”’ 3dg /25 p (R2),
“weak” 3d§/25p (R3) and 3d2/26p3/2 (R4). The intensity

of the weak resonance R3 amounts to 1/80 of the strong
resonance R2. Therefore, we discuss below the results for
the resonances R1, R2, and partly for R4.

To compute the amplitude for the direct channel, we
used the sudden approximation where only the monopole
excitation of the 4p electron is taken into account [20].
This approximation is adequate here because the photo-
electron energy € = 60 eV is substantially larger than the
energy of the additionally excited 4p electron &4, =
14.1 eV. Within the sudden approximation, the direct
transition amplitude is nonvanishing for the Krll
4p*(LySy)5p 2P basis states only. Therefore, accounting
for the direct transitions will influence the excitation
dynamics of those Kril 4p*5p(E,J, = 1/2,3/2) states
which are described by a large contribution of the
4p*(LoSo)5p P, )y 5, basis state.

Interference within the resonance pathways (r-r) [the
sum over R in Eq. (2)] and between the resonance and
the direct pathways (r-d) results in the dependence of all
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FIG. 2. Dependence of parameters B¢, Ay, and Ojy on the
exciting-photon energy. The line designation is as in Fig. 1.
Dots with the error bars: measured B values [5]. Triangle:
measured A,, value [9]. Open circles: present measurements.
Vertical lines mark the positions of resonances.
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the parameters S, Ay, and Oy on the exciting-photon
energy w. For some levels |E|J,) the energy dependence
of the A,q is shown in Fig. 1, while Fig. 2 displays the
results for the set of 8., Ay, and Oy, (assuming positive
helicity of exciting photons) parameters for the Krll
4p*(LoSp)5p 2Py, level. The results computed by us
within the stepwise model are presented in Figs. 1 and 2
as horizontal bars having a length equal to I'(R). Dashed
and solid lines represent the results of calculations where
the (r-r) interference and [(r-r) + (r-d)] interference are
taken into account, respectively. Differences between the
horizontal bars and the dashed lines at positions of reso-
nances show the influence of the (r-r) interference on the
computed B, Ay, and O;y, whereas the differences
between dashed and solid lines illustrate the influence
of the (r-d) interference in a pure form. Outside the
widths of the resonances the (r-d) interference is more
important because the resonance amplitudes [the sum
over R in Eq. (2)] become small for those energies.

As afirst experimental test of the calculated dispersion,
we measured the energy dependence of the alignment A,
for several states. The experiment was carried out at the
undulator beam line UE56/2-PGM?2 of BESSY 11, Berlin,
using photon-induced fluorescence spectroscopy [21,22].
The energy of the exciting synchrotron radiation was
varied in steps of 5 meV covering the energy range
from resonance R2 to R4 whose energies are 92.425 and
92.560 eV, respectively [17]. The bandwidth of the excit-
ing radiation was 20 meV which, in view of the natural
width of the KirI 3d95p resonances of 83 meV [17,18], is in
the Raman regime of excitation. The alignment has been
determined by the setup and procedure described in

TABLE L

[9,15] and is based on the analysis of dispersed visible
fluorescence radiation by using a Wollaston prism.

The A,, parameters determined in that way are
plotted in Figs. 1 and 2. From the figures it is evident
that the measured A,, values near resonances exhibit
energy dependencies which were predicted by theory.
In cases where the influence of the direct transition
was expected to be large [states (*P)Sp*P;, and
('D)5p 2P3 /2> S€e above], the experimental values defi-
nitely agree better with calculations incorporating the
direct photoionization channel. Figures 1 and 2 show
that the absolute values of the measured alignment are
systematically lower than the computed ones. This is
due to disalignment/disorientation effects. Among the
Kr isotopes, the natural fraction of 11.5% of 3*Kr has
only nonzero nuclear spin, namely, I = 9/2. Hyperfine
interaction leads to disalignment factors for the iso-
topic mixture, computed as in [10], of 0.909, 0.911, and
0.913 for the ion J; values of 3/2, 5/2, and 7/2, respec-
tively. Similarly, disorientation factors of 0.924, 0.926,
0.929, and 0.934 were calculated for J, = 1/2, 3/2, 5/2,
and 7/2, respectively. The disalignment/disorientation
factor due to radiative cascades was estimated using the
transition array technique as in [15] and results in an
average value of 0.913.

Table I summarizes the results of our calculations for
Beas A, and Oq9 which were performed ‘sitting on
resonance”” with a “‘zero bandwidth” of exciting radiation.
We listed the results for those 4p*np levels only where
there are either reliable literature data (well resolved
lines) for B, or there are data from the present measure-
ment for A,y. The same table lists the measured B, values

Angular distribution parameters B, of outgoing ef electrons [see scheme (1)], alignment A,y, and orientation O,

(assuming positive helicity of exciting photons) parameters for some 4p*5p ionic states of the Kr atom.

Resonance R1 (3d2

5p3) @ = 91.200 eV

Resonance R2 (3d3,,5p) @ = 92.424 eV

Binding 5/2 3/2

No. Final 4p*5p  energy, B B Az Oy Bl Bl Az Oy
[9] Tonic state eV Expt [5] Theor [4] Present theory Expt [5] Theor [4] Present theory

1 CGP)5p 4P5/2 30.616 —0.97 £0.03 —0.994 —0.997 0.777 0323 —-0.98*x0.02 —0.987 —0.967 0.777 0.279

2 (P)5p “P3/2 30.675 0.68 = 0.13 1.057 0896 —0.084 —0.529 0.61 = 0.02 0.536 0.754 -0.218 —0.518

5 (P)sp 2P5/2 30.867 —0.95 £0.02 —-0.991 —-0.992 0.798 0.309 0.289 —0.337 0.300 —0.204

6 (P)sp 2P3/2 31.121 1.07 = 0.04 0.804 1.067 0.102 —-0.316 —0.15%=0.11 0962 —0.584 0.054 0.343

7 (3P)5P2P|/2 31.246 0.7 0.2 0.395 0.848 s —-0403 —-05=%0.2 0.704 —0.069 R —0.301
12 (CP)sp 2D3/2 31.576 1.04 = 0.05 0.847 1.072 —-0.207 —-0.644 —-047*=0.02 -0.675 —0.131 0.032 —0.280
13 (GP)5p 2S|/2 31.624 0.73 = 0.07 0.270 0.933 ..o -0.371 0676 —0.777 .- 0.556
14  ('D)5p 2F5/2 32.565 —-0.8£0.2 —0.796 —0.706 0.577 0.253 —0.03 £0.14 0.344 0.020 —0.116 —0.431
15 ('D)5p 2F7/2 32.609 0.20 = 0.06 0.280 0208 —0.292 —0.693 —-098 =0.02 —0.844 —0.779 0.535 0.380
16 (ID)5p2P3/2 32,677 0.64 = 0.08 0.290 0.554 —0.116 —0.510 1.01 £0.10 —0.365 0.674 0.290 0.346
17* ('D)5p 2D3/2 32.880 —0.891 —0.420 0.166 —0.160 0.742 0.708 0.316 0.023
18 ('D)5p zPl/2 32.882 0.24 = 0.07 1020(;4 1023;3 -0.171 0.52 +0.13 3328 10:;(;4 —0.400
19 ('D)sp 2D5/2 32.889 —0.805 —-0.813 0.604 0.255 —-0.573 —0.672 —0.176 0.667
20  ('S)5p ZPI/2 34.940 —0.253 0.600 <o -0.376 1.11 = 0.09 1.006 1.033 R —0.500
21 ('8)sp 2P3/2 35.010 0.86 = 0.09 0.840 0.860 —0.198 —0.668 —-0.802 —0.150 0.614 0.267

“Lines (17-19) are not resolved in electron experiment [5].
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as well as the results from [4] obtained within the step-
wise model. In case of weakly resolved lines (17-19),
the earlier experiment [5] gives one value. Therefore, we
list in italics the value “weighted” over the levels (17—
19). Table I demonstrates that accounting for the interfer-
ence effects significantly improves the agreement be-
tween calculated and measured B, [see, e.g., levels 7
(R1 and R2), 14 (R2), 16 (R1 and R2)]. In order to enable
an overall comparison between the stepwise calculation
[4] and the present one, we estimated the standard devia-
tion between computed and measured [5] data for all
lines. For the exciting-photon energy at both resonances
R1 and R2, the standard deviation for the computed
data of [4] is equal to 0.237 and 0.692, respectively,
whereas for the present calculation it is reduced to 0.115
and 0.290. If, however, the interference between reso-
nance channels only is accounted for, the standard devia-
tions calculated within the two-step model change by no
more than 1.5%. Consequently, the dominant improve-
ment of the agreement with experiment is due to the
incorporation of the interference between the resonance
and direct channels.

In conclusion, we calculated and observed for the first
time the energy dependence of the alignment A, for the
Kril 4p*Sp states excited on the Krl 3d3n pj resonances
in the Raman regime. Energy dependencies of the By
and the O, orientation parameters along the Kr1 3djnp j
resonances were also predicted. The origin of the ob-
served dispersion is the interference between different
resonance channels and the direct photoionization chan-
nel. Therefore, it is stressed that the precise measurement
of the energy dependence of B, Ay, and O;y within
the Raman regime of excitation is essential to study
electron correlation effects rather than measurements at
one fixed energy, and some conclusions drawn from pre-
vious measurements in literature (e.g., [3—5,9,10]) should
be reconsidered in view of the presently found energy
dependence.
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