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Angle-resolved energy dependence of the 4p4nd„

2S1/2… „n54– 7… correlation satellites in Kr
from 38.5 to 250 eV: Experiment and theory
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We measured and calculated the energy dependence of the 4p4nd(2S1/2) (n54 – 7) correlation satellites in
Kr from 38.5 to 250 eV. Our high-resolution measurements used a photoelectron spectroscopy technique to
determine the relative cross sections and angular distribution parametersb. We find that, as in the case of Xe,
the absolute cross sections of these satellites lines follow very closely the shifted and scaled cross section of the
4s main line. However, in the case ofb, we find that thend(2S1/2) (n54,5,6) follow theb value of the 4s
main line below 150 eV only, and thatb of the 7d(2S1/2) satellite does not. We find that theb of thend(2S1/2)
~n54, 5, and 6! satellites reachb52 below 150 eV, but this value drops significantly between photon energies
of 200 and 250 eV. While the comparison of our measurements with our calculation is good overall, some
effects are not reproduced by the calculation. Our results are compared with a previous measurement at 68.5
eV, and the agreement is fair. We also measured the 4s and 4p main line cross sections and angular distri-
butions and these results are compared to previous measurements and calculations.@S1050-2947~97!02512-2#

PACS number~s!: 32.30.2r, 32.80.Fb
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I. INTRODUCTION

Subvalence shells in atoms and molecules display, in t
photoelectron spectra, a rich satellite structure which co
sponds to excited states of the ion. Satellite lines, which
entirely due to electron correlation, and which under so
circumstances can dominate the spectrum, have receiv
great deal of interest both experimentally@1–8# and theoreti-
cally @9–13#.

The knowledge of cross sections for the population
satellite states and their angular distributions may be a ke
the understanding of the electron-electron interactions
many electron systems as well as relativistic effects. A st
of the angular distribution parameterb of the main ns line of
the heavier rare gases is of interest because the spin-
interaction leads to the nonconservation of the orbital m
menta of the photoelectron@14–17# and the ion core@18#. As
a consequence, anomalous dependence of the behaviorb
as a function of photon energy was observed@19–21#. Most
experimental investigations concentrated on Ar, for wh
measurements@7,22–25# and calculations@26–28# are in
very good agreement. In the case of Xe, a recent h
resolution experiment was performed@29#, as well as calcu-
lations @18#. However, in the case of Kr, there is a defini
lack of experimental data. High-energy, low-resolution d
at 1.2 and 1.5 keV for the 4d satellite line intensity@30#, and
high-resolution data@3# at 1.5 keV are available. In the low
photon-energy range, only one angular-resolved meas
ment was done at 68.5 eV@7#.

In this paper, we report a systematic study, not done p
viously, of the energy dependence of the Kr 4p4nd(2S1/2)
(n54 – 7) correlation satellites from 38.5 to 250 eV, bo
561050-2947/97/56~6!/4545~9!/$10.00
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experimentally, using a photoelectron spectrometry te
nique, and theoretically using a configuration interaction~Cl!
method and many-body perturbation theory. Specifically,
determined the relative cross sections@sns(hn)# and angular
distribution parameters@bns(hn)# for the satellites with total
angular momentumJ5 1

2 , and compared the experiment
and theoretical results. This comparison shows the imp
tance of including in the calculations initial-state configur
tion interaction~ISCI!, final ionic-state configuration interac
tion ~FISCI!, intershell correlations in the case of th
sns(hn), and the particular importance of including relati
istic effects in the case ofbns(hn). In addition, we measured
and analyzed the 4s and 4p main line cross sections an
angular distributions over an extended energy range. Th
results, used to calibrate our data, are also compared
previous measurements and calculations.

II. EXPERIMENTAL METHOD

The experiment was performed at the Hamburger S
chrotronstrahlungslabor~HASYLAB ! synchrotron radiation
source on the undulator beam line~BW3! coupled with a
high resolution SX-700 monochromator@31#. The measure-
ments were carried out during timing operation of the el
tron storage ring using monochromatic light between 3
and 250 eV. Spectra were recorded using two time-of-fli
spectrometers with an average nominal resolving powe
100 meV, which was enhanced by application of a retard
potential. Both analyzers were mounted on a rotatable ch
ber, perpendicular to the axis of the synchrotron radiat
beam, enabling a determination of the electron angular
tributions. One analyzer was mounted atu50° with respect
to the electric-field axis of the photon beam and the othe
4545 © 1997 The American Physical Society
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4546 56N. BERRAH et al.
u554.7°, the so called ‘‘magic angle’’~at this angle the
relative intensities of the photolines are independent of
gular distributions!. Details of the experimental apparatu
can be found in previous work@32#.

In the dipole approximation for linear polarization of th
incident photons, the emission of electrons is given by@21#

ds i f

dV
5

s i f

4p F11
b i f

4
~113P1cos2u!G , ~1!

wheres i f is the total photoionization cross section for pr
ducing the final stateu f & of the ion,u is the angle between
the photon’s polarization vector and the photoelectron’s m
mentum direction,b i f is the electron angular-distribution pa
rameter where21<b<2, and P1 is the degree of linea
polarization of the photon beam.

The spectra were excited by photons with an energy
low 70 eV filtered through an aluminum foil to abso
second-order radiation which could produce Auger lines
the kinetic-energy range of interest. After subtraction o
suitable background level, the electron yield was conver
from a time scale to an energy scale. This was achie
using measured spectra of Ne 2s and 2p photolines and their
known binding energies@33,34# to calibrate the relevan
kinetic-energy range. From these Ne calibration spectra,
also obtained the relative detection efficiency of the two a
lyzers. Therefore, all spectra have been corrected for the
lyzer’s transmission and detector efficiencies. Thus the a
under the peaks are directly proportional to the intensities
the respective process. The intensity of the lines were de
mined by a leastx2 fitting procedure using Gaussian curve
The assignments of these lines were taken from Ref.@35#,
and the corresponding binding energies were taken from
@7#. During the fitting procedure for each satellite line, w
fixed the corresponding binding energy. We determined
systematic uncertainty, which takes into account the sens
ity of the fit, by performing a number of fits allowing fo
deviation of the peak widths. An error of 5% in the area w
found in the low-photon-energy range, while 10–20 % w
found between 200 and 250 eV. To determine theb param-
eter for eachnd Rydberg satellite, we fitted the ratio of eac
nd satellite with respect to the 4s and 4p main lines, fixing
theb parameter for the 4s and 4p main line~the values used
are described in Sec. IV!. The systematic uncertainties we
determined to vary between 10% in the best cases and
in the case of the 6d satellites at 55 eV~they are listed in
Table II!.

III. THEORETICAL CALCULATION

The technique applied in the present work for the cal
lation of the wave functions of the initial and final atom
states and to the transition amplitudes is very similar to
technique used in our previous work@13,18,36,37#, where
other details can be found.

To calculate the transition amplitudes the followin
scheme was applied:
-
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Here uEJ& denotes the KrII residual ionic state~see below!,
the top and bottom pathways represent correlational cor
tions to the amplitude of the direct 4s24p6→uEJ&«p transi-
tion because of~FISCI! and ~ISCI!, respectively;$ l % indi-
cates a complete set of intermediate atomic orbitals~AO’s!,
over which summation and integration are carried out, b
ken and solid lines designate electric dipole photon exc
tion and Coulomb interaction, respectively. The notati
~a/b! means that either the single-electron statea or the state
b has been chosen in the calculation. The description of
AO’s and wave functionsuEJ& involved in the calculation is
listed below.

A. Atomic orbitals

To calculate the AO’s, two approximations were used
the present paper. The first approximation is the same a
Ref. @18#. According to that work, the core AO’s were ca
culated in the Hartree-Fock~HF! approximation. To take into
account the relativistic effects in the calculation of the wa
functionsuEJ&, perturbation theory and an intermediate co
pling scheme were used. To take into account the dep
dence of the« l AO’s on the total momentumj of the pho-
toelectron~which is necessary for the understanding of t
anomalous dependence of theb parameter on photon energ
@14–16#!, the spin-orbit potential was included in the H
equation for the« l AO’s. In the present work this approxi
mation is called the configuration-interaction Hartree-Fo
~CIHF! approximation.

The second approximation is based on the Pauli-F
~PF! approximation applied to the calculation in Refs.@37,
38#. With regard to this approximation, mass-velocity a
Darwin corrections are included in the HF equations dur
the self-consistent procedure for the core AO’s calculati
This approximation allows one to describe the relativis
compression of the atomic core~the influence of this effect
on the calculation ofs andb will be discussed below!. The
equation for the« l AO contains in this approximation th
mass-velocity, Darwin, and the spin-orbit terms. This a
proximation is the so-called configuration interaction Pau
Fock ~CIPF! approximation. In all of our calculations, w
only present velocity-gauge results for the cross sections
b parameters, but it should be mentioned that the differe
between the length and the velocity results is very small

In order to calculate the AO’s of virtual channels$1% and
final-state photoelectrons which are contained in scheme~2!,
we used the frozen-core approximation@13,18,36#. Due to
this approximation, the core AO’s involved in scheme~2! are
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56 4547ANGLE-RESOLVED ENERGY DEPENDENCE OF THE . . .
from the ground 4s24p6 configuration. The AO’s for the
interchannel FISCI calculation were obtained in the resp
tive nl21 core and using a term dependence~term 1P! equa-
tion. Those AO’s which determine the interaction of t
4s21 and the 4p22 (ns/nd) configurations~dipole polariza-
tion of electron shells, DPES@13#! in the final ionic states
were calculated using a 4p22 core and an averaged 4p-nl
Coulomb interaction. It should be pointed out here that t
procedure leads to the appearance of overlap integrals in
matrix elements describing FISCI. To avoid the divergen
problems appearing in the ISCI calculation, the correlat
function technique@13# was used.

B. Wave functions

In the present paper we applied the configuration inter
tion technique in order to calculate the wave functionsuEJ&
of the final ionic state. Therefore, the CIHF or CIPF abb
viations are used regarding the AO’s involved in the cal
lation. The wave functionuEJ& of the Kr II final-ionic state
with definite energyĒ and total momentumJ̄ is a superpo-
sition of single-configurational basis statesuKaLSJ& having
definite orbitalL̄ and spinS̄ momenta:

uEJ&5 (
KaLS

^KaLSJuEJ&uKaLSJ&. ~3!

In Eq. ~3!, K is the electron configuration of an ion,a de-
notes the remaining quantum numbers of the basis state~e.g.,
intermediate orbital and spin momenta!. The expansion co-

FIG. 1. High-resolution photoelectron spectra of the krypt
correlation satellites recorded at three different photon energie~a!
84.8 eV,~b! 98.0 eV, and~c! 150.0 eV and at an angle of 0° wit
respect to the electric-field vector. The spectra are normalized to
intensity of the 4p3/2

21 main line.
c-
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he
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efficients^KaLSJuEJ& are obtained by solving the respe
tive secular equation@18#. The coefficients of the correla
tional decrease of the Coulomb interaction and correlat
energies of each configurationK were calculated via pertur
bation theory described in former papers@13,18,36,37#. The
decrease coefficients are 1.20, 1.38, and 1.25 for the 4p-nl,
4p4p-4snl, and interchannel Coulomb interactions, resp
tively. The small difference in the decrease coefficient of
interchannel interaction shown in Ref.@13# ~coefficient
1.26!, is connected to the use of the larger basis set of A
in the present paper. The use of these sets also caused a
change of the correlation energies of the excited configu
tions K and, as a result, small differences of the energieĒ
and wave functionsuEJ& from the respective quantities ca
culated in Ref.@13#. After the solution of the secular equa
tions of 40, 57, 54, 30, and 12 orders forJ̄5 1

2 , 3
2 , 5

2 , 7
2 , and

9
2 , respectively, the accuracy of the calculation of the io
energiesĒ is 0.05 eV. We estimate this accuracy as a st
dard deviations for the 71 calculated and measured@39#
energies of the levels having the values in the 27.5
36.17-eV region. For the more excited states, the abso
accuracy of the energy calculation seems to be worse
Table I our calculated energies are compared with the e
gies measured in Ref.@7#. The absolute accuracy of the en
ergy calculation for the highly excited states could be e
mated as 0.2 eV, but we expect that the relative position
highly excited levels is not worse than 0.05 eV.

he

FIG. 2. High-resolution photoelectron spectra of the krypt
correlation satellites recorded at a photon energy of 68.5 eV un
angles of~a! 0°, ~b! 54.7°, and~c! 85° with respect to the electric
field vector. The upper spectrum in the middle panel~b! is the
calculated spectrum which is convoluted with a Lorentzian pro
of arbitrary FWHM530 meV to simulate the nature width of th
lines. The experimental spectra are normalized to the intensit
the 4p3/2

21 main line.
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The formula for the calculation of the cross secti
s^EJ& and angular distribution parameterb^EJ& used in the
present paper are the same as in the previous work@18#, and
will not be listed here. This technique was applied to t
calculation of the cross sections of the main lines and sa
lite lines. For the most intense satellites characterized bJ̄
5 1

2 , the angular distribution parameterb was also calcu-
lated.

IV. RESULTS AND DISCUSSION

Figure 1 illustrates the highest resolution photoelect
spectra, to our knowledge, taken of the Kr valence satelli
although the 0° measurement of Ref.@17# at 68.5 eV is com-
parable for the lowest satellites. They were measured at t
different photon energies and atu50° with respect to the
electric-field vector. The 4s21 and 4p1/2,3/2

21 Kr1 main lines
are shown along with the rather strong 4p4(1D)nd(n
54 – 9) satellites at 84.8 eV. However, the satellite stren
decreases as a function of increasing photon energies
shown at 98 and 150 eV. Figure 2 shows photoelectron s
tra taken at 68.5 eV for three different angles, atu50°,
54.7°, and 85°. It is clear from this figure that the satell
intensities are stronger atu50°, as opposed tou585°, in-
dicating electron emission parallel to the electric field ax
giving rise to strongly positiveb values. In our measure
ment, at 68.5 eV the 4s main line has a typical full width a
half maximum ~FWHM! of 142 meV, the 4p44d(2S1/2)
FWHM is about 92-meV photon energy and the
4p4nd(2S1/2) (n55 – 8) FWHM is on average 96 meV. Th
4d satellite linewidth overlapped with several other lin
which we did not resolve but which we took into account
our fit. They are the 4s24p4(3P)5d 4D1/227/2, the
4s24p4(3P)6s 2P1/2,3/2 and the 4s24p4(3P)5d 4F7/2,9/2.
The assignments of thend satellites are taken from
Minnhagen, Strihed, and Paterson@35# and the correspond
ing energies from Krauseet al. @7#. The calculated spectrum
is also shown atu554.7°. The theoretical spectrum is co
voluted with a Lorentzian line shape having an arbitra
FWHM530 meV ~note that the true natural width of thes
lines is much less than 30 meV!. This figure illustrates the
good agreement between theory and experiment, and cle
shows that in many cases each experimental observed s
lite consists of several excited states. The identification
the satellites is in accordance with Ref.@7#, and the square o
the maximal coefficient̂ KaLSJuEJ& in percents is docu-
mented in Table I. In this table all the excited states with
calculated-energy values ofE„(1D)nd 2S1/2…60.05 eV are
listed.

The absolute cross sections of thend (2S1/2) (n54 – 7)
satellites including their angular distributions are display
in Figs. 3–6, respectively. Numerical data from our analy
are summarized in Table II. Measured intensities betw
the nd (2S1/2) satellites and the 4s and 4p main lines were
converted to an absolute scale shown in the table by ge
ating and using Bezier curves described below. Our repo
4s and 4p main line data were mostly intended to calibra
our nd satellite data. However, since other sets of data
available in the literature, we are reporting and using all
them as well as comparing them with available calculatio
e
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In our case, the 4s and 4p main line data for the cross
section and theb parameter were obtained as follow, w
took a complete photoelectron spectrum at 50 eV with 2
acceleration, so that all possible electrons can be recor
We compared the Kr 4p main line intensity~partial cross
section! to the total intensity of the spectrum~total cross
section! taking into account those electrons from above
double-ionization threshold~only half of them is included
due to double photoionization!. Having done so, we obtaine
the ratio of the 4p main line over the total cross section. Th
total cross section of krypton at 50 eV is 1.34 Mb@40#, while
the Kr 4p cross section is 74.5% of the total cross secti
which gives a value of 1.0 Mb for the Kr 4p cross section at
50 eV. Then we took a spectra of a He-Kr mixture, and
data are included in Figs. 7–10. We then multiplied the ra
of Kr 4p over He 1s with the He 1s cross section, and
obtained the relative cross section of the Kr 4p line. Theb
parameters were easier to obtain, since we only had to c
pare the Kr 4p and Kr 4s line with the He 1s line, and
extract it from our fit as explained previously~all spectra
were corrected for transmission as explained previously!.

In the case of the 4s main line, the Bezier curve wa
generated from known values~Samson and Gardener@41#,
Tulkki et al. @17#, Ehresmannet al. @42#! as well as our mea-
sured data. Figure 7 shows the Bezier curve which is rep
sented by the dotted line. It also shows the data used~in this
case Akselaet al.’s data@43# were not used since these da
were their earlier measurements which disagreed partly w
the other data sets!. The figure also shows our CIPF calcu
lation ~dashed curve!, where a relativistic PF approximatio
was used in the Kr core and in the excited atomic orbita

FIG. 3. ~a! Angular distribution parameterb of the
4p4(1D)4d(2S) Rydberg satellite line. The filled circles are ou
present measurements. The open circles was measured by K
et al. @7#. The dashed curve shows the CIPF calculation. T
dashed dotted curve shows the CIHF calculation. The dotted c
represents the 4s b parameter shifted by 8 eV.~b! Partial cross
sections of the 4p4(1D)4d(2S) Rydberg satellite line. The filled
circles are our present measurements. The open circle was
sured by Krauseet al. @7#. The dashed curve shows the CIPF ca
culation. The dashed dotted curve shows the CIHF calculation.
solid curve represents the 4s cross section scaled to 8.5 eV, an
shifted by 8 eV.
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56 4549ANGLE-RESOLVED ENERGY DEPENDENCE OF THE . . .
our CIHF calculation~dashed dotted curve!, where a nonrel-
ativistic Hartree-Fock approximation was used in the
core; and a multiconfiguration Dirac-Fock~MCDF! calcula-
tion ~solid curve! by Tulkki et al. @17#. It is clear from this
figure that the best model to the data is the CIPF calculat
In the case of the 4p, a Bezier curve~dotted line! was gen-
erated using Samson’s data@41# and our data as shown i
Fig. 8 ~as explained above, Aksela’s data@43# were not used
to generate the Bezier curve, but are displayed for comp
son only!. A similar procedure was done in the case of t
angular distribution parameters since we needed a refer
b to fit our nd satellite data. In the case of the 4s line, Fig.
9 shows the low-photon-energy data we used~Derenbach
and Schmit@21# and our data! as well as the resulting Bezie
curve~dotted curve!. It also shows our CI calculation~upper
dashed curve for CIHF and lower dashed for CIPF!, a rela-
tivistic random-phase-approximation~RRPA! calculation by
Johnson and Cheng@16# ~dashed dotted curve! and Tulkki
et al. @17# MCDF calculation~solid curve!. It is clear from
the figure that the models that tend to agree with the data
our CIPF and Tulkki et al. @17# calculations. Figure 10
shows the 4p angular distribution data~Miller et al. @44# and
our data! used to generate the Bezier curve~dotted curve!. It
also shows a RRPA calculation~dashed curve! from Ref.
@16#, and a MCDF calculation~solid curve! from Ref.@17#. It
is clear from the figure that the best model to the data
Tulkki et al.’s model. Figures 7 and 9 illustrate the influen

TABLE I. Comparison of experimental and theoretical valu
for the satellites’ binding energies.

State

Binding energy~eV!

Theory Experimenta

51% (1D)4d(2S1/2) 33.91 33.96~3!

81% (1S)4d(2D5/2) 34.01

54% (3P)6d(4P5/2) 36.50
70% (3P)6d(4F3/2) 36.52
63% (3P)6d(4F5/2) 36.52
42% (1D)5d(2S1/2) 36.53 36.47~3!

59% (3P)7p(4D5/2) 36.55
62% (3P)7p(4P1/2) 36.55
22% (3P)6d(2P3/2) 36.56
b12% (1D)5d(2P1/2) 36.57
31% (3P)7p(4S3/2) 36.58

60% (1D)6d(2P1/2) 37.99
25% (3P)8d(2D5/2) 38.01
68% (1D)6d(2S1/2) 38.03 37.82~3!

23% (3P)8d(2P3/2) 38.05

83% (1D)7d(2P1/2) 38.73
85% (1D)7d(2D3/2) 38.74
79% (1D)7d(2S1/2) 38.78 38.58~3!

93% (1D)8d(2D3/2) 39.18
82% (1D)8d(2S1/2) 39.23 39.04~3!

aThe measured satellite energies and the designation of the sate
are taken from Ref.@7#.
bDesignation of this state is in a large extent conventional due
small percentage of the pure basis set.
r
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ce
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of the relativistic compression of the core AO’s on the valu
of s and b for the main line. One can recognize that th
effect leads to the decrease of the cross section after
Cooper minimum, giving a better agreement between the
and experiment. The decrease of the cross sections also

ites

a

FIG. 4. ~a! Angular distribution parameterb of the
4p4(1D)5d(2S) Redberg satellite line. The filled circles are o
present measurements. The open circle was measured by K
et al. @7#. The dashed curve shows the CIPF calculation. The do
curve represents the 4s b parameter shifted by 12 eV.~b! Partial
cross sections of the 4p4(1D)5d(2S) Rydberg satellite line. The
filled circles are our present measurements. The open circle
measured by Krauseet al. @7#. The dashed curve shows the CIP
calculation. The solid curve represents the 4s cross section scaled
by 15 eV and shifted by 12 eV.

FIG. 5. Angular distribution parameterb of the 4p4(1D)6d(2S)
Rydberg satellite line. The filled circles are our present meas
ments. The open circle was measured by Krauseet al. @7#. The
dashed curve shows the CIPF calculation. The dotted curve re
sents the 4s b parameter shifted by 10 eV.~b! Partial cross section
s of the 4p4(1D)6d(2S) Rydberg satellite line. The filled circles
are our present measurements. The open circle was measure
Krauseet al. @7#. The dashed curve shows the CIPF calculatio
The solid curve represents the 4s cross section scaled by 32 eV an
shifted by 10 eV.
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4550 56N. BERRAH et al.
to a significant improvement in theb behavior, because th
formula describing the minimum in theb~v! dependence
containss~v! in the denominator@18#. The differences be-
tween thes andb values calculated in the present paper a
in Refs.@16,17# are probably connected with the fact that
those papers the DPES was not taken into account. In
case of the 4d satellite, Fig. 3 shows that, contrarily to th
main line, relativistic compression of AO’s does not play
very significant role~the CIHF and CIPF approximations a
close to one another!. This is connected with the fact that th
nature of the dip in theb~v! behavior in the case of the mai
line is connected mainly with the difference in the 2p1/2 and
2p3/2 AO’s, whereas in the case of the 4d satellite, an addi-
tional large effect is connected with the significant admixtu
of the 2p1/2 states in the eigenvector of the (1D)4d 2S1/2
genealogy. The admixture of the 2p1/2 states is increased i
the higher (1D)nd 2S1/2 states. Therefore, the influence
the relativistic compression of AO’s on theb~v! behavior for
these satellites is less significant.

Figures 3–6 depict the absolute cross sections of
nd(2S1/2) (n54 – 7) satellites including their angular distr
butions respectively as a function of the incident photon
ergy. In the case of Kr, as mentioned in Sec. I, only o
previous measurement at 68.5 eV is available, and is sh
by the open circle in all the figures. The agreement with t
measurement is very good in the case of the 5d satellite for
both the partial cross section and the angular distribution
is also good in the case of the 4d satellite. However, in the
case of the 6d and 7d satellites, the agreement is good f
the cross section but poor in the case of the angular distr
tion. This is most likely due to the lower resolution of th
90° spectrum in Ref.@7#, where it becomes very difficult to
disentangle the pertinent satellites from neighboring lin

FIG. 6. Angular distribution parameterb of the 4p4(1D)7d(2S)
Rydberg satellite line. The filled circles are our present meas
ments. The open circle was measured by Krauseet al. @7#. The
dashed curve shows the CIPF calculation. The solid curve re
sents the 4s b parameter shifted by 10 eV.~b! Partial cross section
s of the 4p4(1D)7d(2S) Rydberg satellite line. The filled circle
are our present measurements. The open circle was measur
Krauseet al. @7#. The dashed curve shows the CIPF calculati
The solid curve represents the 4s cross section scaled to 72 eV an
shifted by 12 eV.
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even with a fitting procedure. In all of the figures~Figs. 3–6!
the dotted curves in part~a! represent the scaled and shifte
4s b parameters. The solid curves in part~b! of all the fig-
ures represent the shifted and scaled 4s cross section.
Clearly, in all cases, we find that the absolute cross sect
of these satellites lines follow very closely the shifted a
scaled cross section of the 4s main line. However, in the
case ofb, we find that thend (2S1/2) ~n54, 5, and 6! follow
closely theb value of the 4s main line below 150 eV, and
that onlyb of the 7d (2S1/2) does not. We find that theb of
the nd (2S1/2) ~n54, 5, and 6! satellites reachb52 below
150 eV, but this value drops significantly between 200- a
250-eV photon energy.

In all of these figures, the dashed curves represent
CIPF calculation described above. In Fig. 3, we added
CIHF calculation, which is represented by the dashed do
curve, where the wave functions of the electrons in the c
tinuum final states have been calculated taking into acco
the spin-orbit interaction of the«p electrons. While the com-
parison of our measurements with our calculation is go
overall for all thend satellites, some experimental trends a
not reproduced by the calculation. In the case ofb, the cal-
culation agrees with the scaled curve but not with the d
above 200 eV. It is interesting to note that the calculat
fails to reproduce entirely the dip around 50 eV forn54, but
is very good forn55 and 6. In the case of the cross sectio
the agreement is fair overall, and varies between good for
6d satellite line to fair for the 4d, 5d, and 7d lines.

We interpret the discrepancies between the measurem
and the calculations as follows. First, as mentioned abo
the measured spectral lines consist of several lines. There
we need to either increase the resolution power to see
(1D)nd 2S1/2 satellites as separate lines, or estimates- and
b- values via the following formulas:

s~Sat,v!5 (
EJPSat

s~EJ,v!, ~4!

b~Sat,v!5
(EJPSatb~EJ,v!s~EJ,v!

(EJPSats~EJ,v!
, ~5!

where the summation is over the states listed in Table
Preliminary estimate showed that taking into account
overlap of the (1D)7d 2S1/2 and (1D)4d 2P1/2 lines only
increase the dip for the (1D)4d 2S1/2 satellite by a factor of
3, leading to a better agreement between the theory and
experiment. Second, the influence of the doubly exci
states on the angular distribution parameter has to be
lyzed in the range of small exciting photon energies. Thi
at high photon energies one needs to analyze the inters
correlations involving the 3p shell, which has an ionization
potential of about 200 eV, and could be significant at t
energy range.

V. CONCLUSION

We have reported the measured and calculated energy
pendence of the 4p4nd(2S1/2) (n54 – 7) correlation satel-
lites in Kr from 38.5 to 250 eV. Numerical data from ou
analysis from 38.5 to 250 eV are summarized in Table
Our satellite intensities are reported with respect to thes

e-

e-

by
.
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TABLE II. Comparison of experimental relative intensities, cross section, andb parameters with theoretical cross section, andb
parameters for Kr 4p4nd(2S1/2) (n54 – 7) from 38.5 to 250 eV. The relative intensities are given with respect to both 4s and 4p main lines
in Kr. The assignments were taken from Ref.@35#, and the corresponding binding energies were taken from Ref.@7#. The uncertainty of the
last digit is given in the parentheses.

Photon
energy~eV!

Assignmenta

(1D)nd(2S1/2)

Relative intensity s ~kB! b

I (4p)5100
This work

I (4S)5100
Theory

This work
Experiment
This work

Theory
This work

Experiment

This work Ref.@7# This work Ref.@7#

n54 1.11~10! 87~9! 98.56 52~3! 1.979 1.45~14!

38.5 n55 43.67 1.822

n56 27.28 1.854

n57 21.39 1.906

n54 0.68~10! 80~8! 66.19 27~3! 1.973 1.50~15!

40.5 n55 30.75 1.807

n56 18.27 1.844

n57 14.83 1.902

n54 0.34~10! 25~3! 42.68 8.5~25! 1.964 1.72~17!

42.5 n55 0.25~10! 17.6~17! 20.46 6.1~18! 1.789 1.80~18!

n56 0.51~10! 33~3! 12.58 12.2~12! 1.822 2.0~2!

n57 10.25 1.889

n54 0.66~10! 6.6~7! 8.17 4.2~12! 1.879 1.54~15!

55.0 n55 0.19~10! 1.9~2! 2.38 1.2~4! 1.694 1.70~17!

n56 0.11~10! 1.1~1! 1.65 0.7~3! 1.569 1.49~14!

n57 0.06~1! 0.6~1! 1.00 0.4~1! 1.674 1.17~11!

n54 2.7~2! 8.4~8! 13.7~7! 14.84 8.7~26! 1.951 2.0~2! 1.91~1!b

68.5 n55 1.4~2! 4.5~4! 5.3~3! 2.92 4.4~13! 1.946 1.95~19! 1.90~4!

n56 0.68~10! 2.2~2! 3.0~2! 2.26 2.1~6! 1.832 1.83~18! 1.23~5!

n57 0.39~10! 1.2~1! 1.3~1! 1.15 1.2~3! 1.837 1.62~16! 0.76~6!

n54 6.1~6! 14.8~15! 21.69 17~3! 1.978 2.0~2!

84.8 n55 2.9~3! 7.3~7! 4.55 8.2~8! 1.989 1.99~19!

n56 1.3~1! 3.1~3! 3.28 3.5~7! 1.932 1.73~17!

n57 0.7~10! 1.7~2! 1.79 1.9~3! 1.939 1.47~14!

n54 15.2~15! 12.9~13! 24.4 16~3! 1.985 2.0~2!

98 n55 2.9~3! 7.8~8! 5.34 9.3~9! 1.994 1.93~19!

n56 1.1~1! 3.2~3! 3.77 3.6~7! 1.957 1.78~17!

n57 0.5~5! 1.5~1! 2.12 1.8~4! 1.962 1.64~16!

n54 3~3! 9.5~9! 24.78 11~3! 1.991 2.0~2!

120 n55 1.9~2! 6.1~6! 5.66 6.9~7! 1.995 1.98~19!

n56 0.87~10! 2.7~3! 3.90 3.1~6! 1.976 1.96~19!

n57 0.49~10! 1.3~1! 2.23 1.6~3! 1.962 1.55~15!

n54 3.2~3! 7.7~8! 18.45 7~2! 1.994 2.0~2!

150 n55 2.3~2! 5.5~5! 4.24 5~2! 1.995 1.98~19!

n56 0.9~1! 2.2~2! 2.79 1.9~8! 1.986 2.0~2!

n57 0.4~1! 0.97~10! 1.64 0.9~4! 1.987 1.94~19!

n54 4.2~4! 11.3~11! 10.58 5~2! 1.994 1.79~17!

200 n55 3.3~3! 5.9~6! 2.38 2.6~8! 1.995 1.78~17!

n56 0.9~2! 2.2~4! 1.57 1.5~6! 1.991 1.50~29!

n57 0.902 1.991

n54 4.6~14! 14~4! 6.78 2.5~8! 1.994 1.27~38!

250 n55 3.2~10! 9~3!~4! 1.53 2.6~8! 1.995 1.17~35!

n56 1.01 1.991

n57 0.578 1.991

aMinnhagen, Strihed, and Petersson@35#.
bAverageb of two combined states.



o
e
-

an
s
e

at
e
re

of

st

vior

ents
eri-

-

and
la-
e

re
o
tt
s

ured
ts.
g

e of

re
o

ur
t

o
to

ea-

CIHF
ion.
son
f
to

4552 56N. BERRAH et al.
and 4p main lines, and are compared with the results
Krauseet al. @7# at 68.5 eV. As mentioned above the agre
ment with Ref.@7# is good to poor, probably due to a con
tribution of overlapping lines. In our analysis we made
effort to single out the 4d line from the other nearby line
overlapping with the 4d satellite. These lines are th
4s24p4(3P)5d 4D1/227/2, the 4s24p4(3P)6s 2P1/2,3/2 and
the 4s24p4(3P)5d 4F7/2,9/2. From the table we can see th
the calculation for some satellites at energies below 68.5
are overestimated. However, at and above 68.5 eV the ag
ment is fairly good. This is similar to the CI calculations

FIG. 8. The ionization cross section of the 4p electron as a
function of exciting photon energy. The open circles were measu
by Akselaet al. @43#. The filled squares were measured by Sams
@41#. The filled circles are our present measurements. The do
curve is the Bezier curve which was adapted to the data of Sam
@41# in the low-energy range (hn,40 eV), and to our data for
higher photon energies~see text for detail!.

FIG. 7. The ionization cross section of the 4s electron as a
function of exciting photon energy. The open circles were measu
by Akselaet al. @43#. The filled squares were measured by Sams
@40#. The half-filled circles were measured by Tulkkiet al. @17#.
The filled triangles are measured by Ehresmannet al. @42#. The
filled circles are our present measurements. The dashed c
shows the CIPF calculation. The dashed dotted curve shows
CIHF calculation. The solid curve shows the MCDF calculation
Tulkki et al. @17#. The dotted curve is the Bezier curve adapted
the average of all the experimental data except Ref.@43# ~see text
for detail!.
f
-

V
e-

Smid and Hansen@26#, but is not as extensive. We also li
measured and calculated absolute cross sections~calibrated
as described above! and calculated and measuredb values.
The agreement varies as described in the text. The beha
of these satellites lines follows closely the 4s main line. The
agreement between the CI calculation and the measurem
is good overall. We hope that an improvement in the exp
mental resolution in the future will resolve overlapping com
ponents, leading to a better determination of theb param-
eters to allow for a better comparison between theory
experiment. From the theoretical point of view the calcu
tion involving 3p shell in the intershell correlations could b
also interesting.

d
n
ed
on

FIG. 10. Angular distribution parameterb for the 4p main line
as a function of photon energy. The open triangles were meas
by Miller et al. @44#. The filled circle are our present measuremen
The dashed curve shows~RRPA! calculation of Johnson and Chen
@16#. The solid curve shows the MCDF calculation of Tulkkiet al.
@17#. The dotted curve is the Bezier curve adapted to the averag
all experimental data~see text for detail!.
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FIG. 9. Angular distribution parameterb for the 4s main line as
a function of exciting photon energy. The open triangles were m
sured by Derenbach and Schmit@21#. The filled circles are our
present measurements. The upper dashed curve shows the
calculation. The lower dashed curve shows the CIPF calculat
The dashed dotted curve shows the RRPA calculation of John
and Cheng@16#. The solid curve shows the MCDF calculation o
Tulkki et al. @17#. The dotted curve is the Bezier curve adapted
the average of all experimental data~see text for detail!.
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