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We measured and calculated the energy dependence opfinel#S,,,) (n=4-7) 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 parangetéts 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 @ we find that thend(®S,,) (n=4,5,6) follow theB value of the 4
main line below 150 eV only, and thgtof the 7d(2S,,,) satellite does not. We find that thgof the nd(2S,,,)
(n=4, 5, and 6 satellites reacl8=2 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 thantl 40 main line cross sections and angular distri-
butions and these results are compared to previous measurements and calc{&tie53-294107)02512-2

PACS numbd(s): 32.30—r, 32.80.Fb

[. INTRODUCTION experimentally, using a photoelectron spectrometry tech-
nique, and theoretically using a configuration interactich
Subvalence shells in atoms and molecules display, in theimethod and many-body perturbation theory. Specifically, we
photoelectron spectra, a rich satellite structure which corredetermined the relative cross sectigns,s(hv)] and angular
sponds to excited states of the ion. Satellite lines, which aréistribution parameteisg,y(hv)] for the satellites with total
entirely due to electron correlation, and which under someéngular momentund=3, and compared the experimental
circumstances can dominate the spectrum, have received@d theoretical results. This comparison shows the impor-
great deal of interest both experimentdlly-8] and theoreti-  tance of |nc.Iud|ng in t_he c_alcylatlons |n|t|§1I—sta§e c_onflgura—
cally [9-13. tion mteractlon.(ISCI), final ionic-state cpnflguratlon interac-
The knowledge of cross sections for the population offion (FISC), intershell correlations in the case of the
satellite states and their angular distributions may be a key tgns(¥), and the particular importance of including relativ-
the understanding of the electron-electron interactions ifSuC €ffects in the case g,s(h»). In addition, we measured

many electron systems as well as relativistic effects. A StUdgggu?;raggfr?bSgﬁriag\?egnm:;t]elr:gi dC:eonS:rgsfﬁgggz E}rnr?ese
of the angular distribution parametgrof the main ns line of . ) :

- . . . results, used to calibrate our data, are also compared with
the heavier rare gases is of interest because the Spln-Ol’tbl evious measurements and calculations
interaction leads to the nonconservation of the orbital mo- |
menta of the photoelectrdd4—17 and the ion cor¢l8]. As I EXPERIMENTAL METHOD
a consequence, anomalous dependence of the behavgr of :

as a function of photon energy was obsery&8-21. Most The experiment was performed at the Hamburger Syn-
experimental investigations concentrated on Ar, for whichchrotronstrahlungslabofHASYLAB) synchrotron radiation
measurement$7,22—-29 and calculation§26—-28 are in  source on the undulator beam lifBW3) coupled with a
very good agreement. In the case of Xe, a recent highhigh resolution SX-700 monochromat@1]. The measure-
resolution experiment was performg2B], as well as calcu- ments were carried out during timing operation of the elec-
lations[18]. However, in the case of Kr, there is a definite tron storage ring using monochromatic light between 38.5
lack of experimental data. High-energy, low-resolution dataand 250 eV. Spectra were recorded using two time-of-flight
at 1.2 and 1.5 keV for thedtsatellite line intensity30], and  spectrometers with an average nominal resolving power of
high-resolution dat@3] at 1.5 keV are available. In the low- 100 meV, which was enhanced by application of a retarding
photon-energy range, only one angular-resolved measurgotential. Both analyzers were mounted on a rotatable cham-
ment was done at 68.5 e\]. ber, perpendicular to the axis of the synchrotron radiation
In this paper, we report a systematic study, not done prebeam, enabling a determination of the electron angular dis-
viously, of the energy dependence of the Kp*ad(?S,),) tributions. One analyzer was mountedéat 0° with respect
(n=4-7) correlation satellites from 38.5 to 250 eV, bothto the electric-field axis of the photon beam and the other at
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0=54.7°, the so called “magic angle(at this angle the - 4pS(s/d} Coulomb
ive i iti i [ - Td*pif)
relative intensities of the photolines are independent of an- _ 3dp
gular distributiong Details of the experimental apparatus - FISC1
can be fou.nd in previous WOIﬂGZ]. ' o spte — _ — o~ o~ e
In the dipole approximation for linear polarization of the El(direct) P X
incident photons, the emission of electrons is giverj 21 -
45 4p> (ns/nd)(ep/ef ) -
4s24p* (nsindy(s/d} | ~
Coulomb 452 4p (p/f ) (ep lof) El
dois oy Bi 3d°4s" (p/f)} (sp/ &f)
E:E 1+T (1+3P;cosd) |, (1) IscT
2

wheregy; is the total photoionization cross section for pro- HerelE_J) denotes the Kn residual ionic statésee below

ducing the,flnal st_eltéaf) of the ion, s the angle betwsaen the top and bottom pathways represent correlational correc-
the photon’s polarization vector and the photoelectron’s mo-

. . . 6 j— i
mentum directiong;; is the electron angular-distribution pa- tions to the amplitude of the direcsMp®—|EJ)sp transi

. . tion because ofFISCI) and (ISCI), respectively{l} indi-
rame_ter Where—lsﬂiz, and Py is the degree of linear cates a complete set of intermediate atomic orbitald’s),
polarization of the photon beam.

| ) over which summation and integration are carried out, bro-
The spectr_a were excited by photops with an energy beren and solid lines designate electric dipole photon excita-
low 70 eV filtered through an aluminum foil to absorb oy and Coulomb interaction, respectively. The notation
second-order radiation which could produce Auger lines ina/b) means that either the single-electron state the state
the kinetic-energy range of interest. After subtraction of ay has been chosen in the calculation. The description of the

suitable background level, the electron yield was convertegho's and wave function$§> involved in the calculation is
from a time scale to an energy scale. This was achievefisted below.

using measured spectra of Ne &hd 2o photolines and their
known binding energie$33,34] to calibrate the relevant
kinetic-energy range. From these Ne calibration spectra, we
also obtained the relative detection efficiency of the two ana- TO calculate the AO's, two approximations were used in
lyzers. Therefore, all spectra have been corrected for the ani1€ present paper. The first approximation is the same as in
lyzer's transmission and detector efficiencies. Thus the ared@ef. [18]. According to that work, the core AO’s were cal-
under the peaks are directly proportional to the intensities ofulated in the Hartree-FoakiF) approximation. To take into
the respective process. The intensity of the lines were deteficcount the relativistic effects in the calculation of the wave
mined by a leas? fitting procedure using Gaussian curves. functions|EJ), perturbation theory and an intermediate cou-
The assignments of these lines were taken from E@], pllng scheme were used. To take into account the depen—
and the corresponding binding energies were taken from Reflence of theel AO’s on the total momentum of the pho-

[7]. During the fitting procedure for each satellite line, we toelectron(which is necessary for the understanding of the
fixed the corresponding binding energy. We determined ougnomalous dependence of tBgarameter on photon energy
systematic uncertainty, which takes into account the sensitii-14—16), the spin-orbit potential was included in the HF
ity of the fit, by performing a number of fits allowing for equation for thesl AO’s. In the present work this approxi-
deviation of the peak widths. An error of 5% in the area wasmation is called the configuration-interaction Hartree-Fock
found in the low-photon-energy range, while 10—20 % was(CIHF) approximation.

found between 200 and 250 eV. To determine ghearam- The second approximation is based on the Pauli-Fock
eter for eacmd Rydberg satellite, we fitted the ratio of each (PP approximation applied to the calculation in Reff87,

nd satellite with respect to thestand 4p main lines, fixing 38l With regard to this approximation, mass-velocity and
the B parameter for the gand 4p main line(the values used Darwin corrections are included in the HF equations during
are described in Sec. )VThe systematic uncertainties were the self-consistent procedure for the core AQ’s calculation.
determined to vary between 10% in the best cases and 50941is approximation allows one to describe the relativistic

in the case of the & satellites at 55 e\they are listed in compression of the atomic cofthe influence of this effect
Table 1I). on the calculation otr and 8 will be discussed beloy The

equation for thesl AO contains in this approximation the
mass-velocity, Darwin, and the spin-orbit terms. This ap-
Ill. THEORETICAL CALCULATION proximation is the so-called configuration interaction Pauli-
Fock (CIPP approximation. In all of our calculations, we
The technique applied in the present work for the calcu-only present velocity-gauge results for the cross sections and
lation of the wave functions of the initial and final atomic B8 parameters, but it should be mentioned that the difference
states and to the transition amplitudes is very similar to thdetween the length and the velocity results is very small.
technique used in our previous wofk3,18,36,37, where In order to calculate the AQ’s of virtual channgl§ and
other details can be found. final-state photoelectrons which are contained in sch@ne
To calculate the transition amplitudes the following we used the frozen-core approximatifi,18,36. Due to
scheme was applied: this approximation, the core AO’s involved in schef@gare

A. Atomic orbitals
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FIG. 1. High-resolution photoelectron spectra of the krypton FIG. 2. High-resolution photoelectron spectra of the krypton
correlation satellites recorded at three different photon ene(gies correlation satellites recorded at a photon energy of 68.5 eV under
84.8 eV,(b) 98.0 eV, andc) 150.0 eV and at an angle of 0° with angles of(a) 0°, (b) 54.7°, and(c) 85° with respect to the electric-
respect to the electric-field vector. The spectra are normalized to thigeld vector. The upper spectrum in the middle paft®l is the
intensity of the 453 main line. calculated spectrum which is convoluted with a Lorentzian profile

of arbitrary FWHM=30 meV to simulate the nature width of the

from the ground 424p6 configuration. The AO’s for the lines. Tilwe e>.<pe.rimental spectra are normalized to the intensity of
interchannel FISCI calculation were obtained in the respecth® 4Ps2 main line.

tive nl~* core and using a term dependerigm 1P) equa- -

tion. Those AO’s which determine the interaction of theefficients(KaLSJEJ) are obtained by solving the respec-
4s~! and the 42 (ns/nd) configurationgdipole polariza-  tive secular equatiof18]. The coefficients of the correla-
tion of electron shells, DPESL3]) in the final ionic states tional decrease of the Coulomb interaction and correlation
were calculated using ap4 2 core and an averagedp4n| energies of each configuratit¢h were calculated via pertur-
Coulomb interaction. It should be pointed out here that thidation theory described in former papé¢ts,18,36,37. The
procedure leads to the appearance of overlap integrals in trecrease coefficients are 1.20, 1.38, and 1.25 for the i}
matrix elements describing FISCI. To avoid the divergencedp4p-4snl, and interchannel Coulomb interactions, respec-
problems appearing in the ISCI calculation, the correlatiortively. The small difference in the decrease coefficient of the

function techniqug 13] was used. interchannel interaction shown in Ref13] (coefficient
1.26), is connected to the use of the larger basis set of AO’s
B. Wave functions in the present paper. The use of these sets also caused a small

. , _ change of the correlation energies of the excited configura-
In the present paper we applied the configuration interac-

. . . e tionsK and, as a result, small differences of the energies
tion technique in order to calculate the wave functigs) and wave function$§) from the respective quantities cal-
of the final ionic state. Therefore, the CIHF or CIPF abbre- P 9

viations are used regarding the AO’s involved in the c:alcu—(’fmated in Ref[13]. After the solution of the secular equa-

-2 13 5 7
lation. The wave functioni€J) of the Krii final-ionic state 202230 feélc(t)i’vir’ Stﬁ,eggc':cinrgclzo(;r?heerscgiljléltziérf ,sz ’thaen(ijonic
with definite energyE and total momenturd is a superpo- °’ pecively., y

o . ) : . — . energieskE is 0.05 eV. We estimate this accuracy as a stan-
sition of single-configurational basis staléGxL 5 having dardgdeviationa for the 71 calculated and meaysur[éw]
definite orbitalL and spinS momenta:

energies of the levels having the values in the 27.51-

s L L 36.17-eV region. For the more excited states, the absolute

|EJ)= >, (KaLSJEJ)|KaLSJ). (3)  accuracy of the energy calculation seems to be worse. In

KalS Table | our calculated energies are compared with the ener-

gies measured in Ref7]. The absolute accuracy of the en-

In Eqg. (3), K is the electron configuration of an iom, de-  ergy calculation for the highly excited states could be esti-

notes the remaining quantum numbers of the basis @aje = mated as 0.2 eV, but we expect that the relative position of
intermediate orbital and spin momehtdhe expansion co- highly excited levels is not worse than 0.05 eV.
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The formula for the calculation of the cross sectionin our case, the ¢ and 4o main line data for the cross
a(EJ) and angular distribution paramet@(EJ) used in the section and thes parameter were obtained as follow, we
present paper are the same as in the previous i@k and  took a complete photoelectron spectrum at 50 eV with 2-V
will not be listed here. This technique was applied to theacceleration, so that all possible electrons can be recorded.
calculation of the cross sections of the main lines and sateMWe compared the Kr @ main line intensity(partial cross
lite lines. For the most intense satellites characterized by Section to the total intensity of the spectruritotal cross
=1, the angular distribution paramet@ was also calcu- Section taking into account those electrons from above the
lated. double-ionization thresholdonly half of them is included

due to double photoionizatipnHaving done so, we obtained

the ratio of the 4 main line over the total cross section. The
IV. RESULTS AND DISCUSSION total cross section of krypton at 50 eV is 1.34 [4tD], while

the Kr 4p cross section is 74.5% of the total cross section,

Figure 1 illustrates the highest resolution photoelectrorwhich gives a value of 1.0 Mb for the Krpicross section at
spectra, to our knowledge, taken of the Kr valence satellitess0 eV. Then we took a spectra of a He-Kr mixture, and the
although the 0° measurement of Rlf7] at 68.5 eV is com-  data are included in Figs. 7—10. We then multiplied the ratio
parable for the lowest satellites. They were measured at thresf Kr 4p over He I with the He I cross section, and
different photon energies and at=0° with respect to the obtained the relative cross section of the Ky ne. The 8
electric-field vector. The & * and 4py3 5, Kr'* main lines  parameters were easier to obtain, since we only had to com-
are shown along with the rather strongp®4'D)nd(n  pare the Kr 4 and Kr 4s line with the He & line, and
=4-9) satellites at 84.8 eV. However, the satellite strengttextract it from our fit as explained previous(gall spectra
decreases as a function of increasing photon energies, agre corrected for transmission as explained previgusly
shown at 98 and 150 eV. Figure 2 shows photoelectron spec- In the case of the ¢ main line, the Bezier curve was
tra taken at 68.5 eV for three different angles,6at0°, generated from known valugSamson and Gardengfl],
54.7°, and 85°. It is clear from this figure that the satelliteTulkki et al.[17], Ehresmanrt al.[42]) as well as our mea-
intensities are stronger &=0°, as opposed t6d=85°, in-  sured data. Figure 7 shows the Bezier curve which is repre-
dicating electron emission parallel to the electric field axis,sented by the dotted line. It also shows the data isethis
giving rise to strongly positiveB values. In our measure- case Akselat al's data[43] were not used since these data
ment, at 68.5 eV thegimain line has a typical full width at were their earlier measurements which disagreed partly with
half maximum (FWHM) of 142 meV, the $%4d(®S,,)  the other data setsThe figure also shows our CIPF calcu-
FWHM is about 92-meV photon energy and the onlation (dashed curve where a relativistic PF approximation
4p*nd(%S,,) (n=5-8) FWHM is on average 96 meV. The was used in the Kr core and in the excited atomic orbitals;
4d satellite linewidth overlapped with several other lines
which we did not resolve but which we took into account in

our fit. They are the #4p*(®P)5d Dy, 7, the 2rre—e———$ ¢ :

4s*4p*(°P)6s P13, and the 4°4p*(®P)5d *Fypqp- # ¢\ﬁ4 (hv + 8eV) f

The assignments of thend satellites are taken from = ’ 4p*('D)4d(%S)

Minnhagen, Strihed, and Paters[86] and the correspond- I a)

ing energies from Krauset al.[7]. The calculated spectrum b e e e

is also shown at=54.7°. The theoretical spectrum is con- 0’1071‘ Kr+ b) ]
I

voluted with a Lorentzian line shape having an arbitrary 0.08 J |
FWHM=30 meV (note that the true natural width of these L ]
lines is much less than 30 meVThis figure illustrates the o 0.06 H
good agreement between theory and experiment, and clearly =
shows that in many cases each experimental observed satel- © 0.04
lite consists of several excited states. The identification of Kl - —
the satellites is in accordance with REf], and the square of 0.02 |
the maximal coefficien{KaLSJEJ) in percents is docu- oopl—r® . ¢ T, e
mented in Table I. In this table all the excited states with the 50 100 150 200 250
calculated-energy values @&((*D)nd 2S;,,)=0.05 eV are Photon energy (eV)
listed.

The absolute cross sections of thd (2S;,,) (n=4-7)
satellites including their angular distributions are displaye
in Figs. 3—6, respectively. Numerical data from our analysi

FIG. 3. (@ Angular distribution parameter8 of the
dAp“(lD)4d(ZS) Rydberg satellite line. The filled circles are our
é)resent measurements. The open circles was measured by Krause

; in Table Il. M di ities b et al. [7]. The dashed curve shows the CIPF calculation. The
are summarized in Table Il. Measured intensities EtheeIaashed dotted curve shows the CIHF calculation. The dotted curve

thend (%Sy,) satellites and the stand 4 main lines were  \onresents the %3 parameter shifted by 8 eMb) Partial cross
cqnverted to an absplute scale shoyvn in the table by geneLactions of the 4p*('D)4d(%S) Rydberg satellite line. The filled
ating and using Bezier curves described below. Our reporteghcies are our present measurements. The open circle was mea-
4s and 4p main line data were mostly intended to calibrate syred by Krauset al.[7]. The dashed curve shows the CIPF cal-
our nd satellite data. However, since other sets of data argulation. The dashed dotted curve shows the CIHF calculation. The
available in the literature, we are reporting and using all ofsolid curve represents thes4ross section scaled to 8.5 eV, and
them as well as comparing them with available calculationsshifted by 8 eV.
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TABLE I. Comparison of experimental and theoretical values

T b d b ——— I T ]

for the satellites’ binding energies. *\#/\y*——#— + ¢ ]
@ L Bu (b 12eV) +_
Binding energy(eV) I 4p*('D)5d(2S) 0)
State Theory Experimeﬁ‘t 0':::::::::::";::;::::
51% (*D)4d(%Sy) 33.91 33.963) Krt b) |
81% (:S)4d(?Dsy) 34.01 0.051 ]
54% (P)6d(*Psp) 36.50 = 0.00 1 045 (hV + 12eV) |
70% CGP)6d(*Fay) 36.52 f/ '
63% (CP)6d(*Fsp) 36.52
42% (*D)5d(%Sy)) 36.53 36.473) 0.011
59% CP)7p(*Dsy) 36.55 N\ = S
62% CP)7p(*Pyy) 36.55 0] P L Y IR i
b1206 ((D)5d(2P ) 36.57 Photon energy (eV)
3 4
31% (P)7p("Sqsr2) 36.58 FIG. 4. (a Angular distribution parameterg of the
60% (:D)6d(2Py)) 37.99 4p*(*D)5d(*S) Redberg satellite line. The filled circles are our
25% (P)8d(2Dyy) 3801 present measurements. The open circle was measured by Krause
% (D 2 . 7 et al.[7]. The dashed curve shows the _CIPF calculation. The_ dotted
220/0 (3P)§:(2§1’2) 22 82 3788 curve represents thes4B parameter shifted by 12 e\(b) Partial
6 (P)8d(*P3p) ' cross sectiorr of the 4p*(*D)5d(?S) Rydberg satellite line. The
83% (D) 7d(3Py) 38.73 filled circles are our present measurements. The open circle was
85% (*D)7d(?Day) 38.74 measured by Krauset al. [7]. The dashed curve shows the CIPF
79% ('D)7d(2Sy)) 38.78 38.5%) calculation. The solid curve represents thectoss section scaled
v ' ' by 15 eV and shifted by 12 eV.

93% (*D)8d(?Dy)y) 39.18
82% (*D)8d(%Syy) 39.23 39.083)

of the relativistic compression of the core AO’s on the values
2The measured satellite energies and the designation of the satellit9§ @ @nd B for the main line. One can recognize that this

are taken from Ref7]. effect leads to the decrease of the cross section after the
bDesignation of this state is in a large extent conventional due to £©0P€r minimum, giving a better agreement between theory
small percentage of the pure basis set. and experiment. The decrease of the cross sections also leads

our CIHF calculationdashed dotted curyewhere a nonrel- y ~ =
ativistic Hartree-Fock approximation was used in the Kr | * +
core; and a multiconfiguration Dirac-Fo¢MCDF) calcula- @ ©  B4s (hv + 10eV)

tion (solid curve by Tulkki et al. [17]. It is clear from this 4p*('D)6d(%S)
figure that the best model to the data is the CIPF calculation. | | L
In the case of the @, a Bezier curvédotted ling was gen- {' T T T T
erated using Samson’s ddqtél] and our data as shown in | Kr+ b)
Fig. 8 (as explained above, Aksela’'s d@#8] were not used 0.02 ll -
|
\

to generate the Bezier curve, but are displayed for compari-

son only. A similar procedure was done in the case of the 2 045 (hy + 10eV)]

angular distribution parameters since we needed a reference g’ 32

B to fit our nd satellite data. In the case of the #ine, Fig. .01 ]
9 shows the low-photon-energy data we ugBerenbach I \\

and Schmif{21] and our datpas well as the resulting Bezier \ @ ==

curve(dotted curvg It also shows our CI calculatiofupper 0.00 e S i
dashed curve for CIHF and lower dashed for QlRErela- 50 100 150 200 250
tivistic random-phase-approximatigRRPA) calculation by Photon energy (eV)

Johnson and Chenid.6] (Qasheq dotted curyeand Tulkki FIG. 5. Angular distribution parametgrof the 40%(1D)6d(2S)

et aI: [17] MCDF calculation(solid curve. It is g:lear from Rydberg satellite line. The filled circles are our present measure-
the figure that the mo_dels that tend to agree Wlth_the data argents. The open circle was measured by Kraesal. [7]. The

our CIPF and Tulkkiet al. [17] calculations. Figure 10 gashed curve shows the CIPF calculation. The dotted curve repre-
shows the $ angular distribution datéMiller et al.[44] and  sents the & 8 parameter shifted by 10 eVb) Partial cross section

our data used to generate the Bezier curgetted curve It o of the 4p*(*D)6d(?S) Rydberg satellite line. The filled circles
also shows a RRPA calculatiofashed curyefrom Ref.  are our present measurements. The open circle was measured by
[16], and a MCDF calculatiofsolid curvg from Ref.[17]. It ~ Krauseet al. [7]. The dashed curve shows the CIPF calculation.

is clear from the figure that the best model to the data isThe solid curve represents the dross section scaled by 32 eV and
Tulkki et al’s model. Figures 7 and 9 illustrate the influence shifted by 10 eV.
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] SISO OB OSSR AT IS A even with a fitting procedure. In all of the figurésgs. 3—6
| * 9 | the dotted curves in paft) represent the scaled and shifted
<L ® Bas (v + 12eV) i 4s B parameters. The solid curves in pé of all the fig-
L ° 4p*('D)74(%s) Q) | ures represent the shifted and scales @ross section.
0 ) . L Clearly, in all cases, we find that the absolute cross sections
| ' [F T Tl of these satellites lines follow very closely the shifted and
| Kr b) ] scaled cross section of thes4main line. However, in the
0.006 . case of, we find that thend (°S;,) (n=4, 5, and 6 follow

Gus (hv + 126V) ] closely theg value of the 4 main line below 150 eV, and

|
|
\% 0.004 ‘\ 72 that only 8 of the 7d (°S,,) does not. We find that thg of
5 [ 1 thend (°S,,) (n=4, 5, and 6 satellites reaciB=2 below
0.002 - | —— 1 150 eV, but this value drops significantly between 200- and
. ml ~— N
1y L ] 250-eV photon energy.
[ \e> | | \‘I~~~~~Tj In all of these figures, the dashed curves represent our
0.000 i i [
50 100 150 200 250 CIPF calculation described above. In Fig. 3, we added the

CIHF calculation, which is represented by the dashed dotted
curve, where the wave functions of the electrons in the con-
FIG. 6. Angular distribution parametgrof the 4p*(*D)7d(2S) tinuum final states have been calculated taking into account
Rydberg satellite line. The filled circles are our present measurethe spin-orbit interaction of thep electrons. While the com-
ments. The open circle was measured by Kraesal. [7]. The  parison of our measurements with our calculation is good
dashed curve shows the CIPF calculation. The solid curve repreaverall for all thend satellites, some experimental trends are
sents the 4 B parameter shifted by 10 e\b) Partial cross section not reproduced by the calculation. In the case3pthe cal-
o of the 4p*(*D)7d(*S) Rydberg satellite line. The filled circles culation agrees with the scaled curve but not with the data
are our present measurements. The open circle was measured 8lgove 200 eV. It is interesting to note that the calculation
Krauseet al. [7]. The dashed curve shows the CIPF calculation.fajls to reproduce entirely the dip around 50 eV for 4, but
The solid curve represents the dross section scaled to 72 eV and jg very good fom=5 and 6. In the case of the cross section,
shifted by 12 eV. the agreement is fair overall, and varies between good for the
6d satellite line to fair for the d, 5d, and @ lines.
to a significant improvement in th@ behavior, because the We interpret the discrepancies between the measurements
formula describing the minimum in th@(w) dependence and the calculations as follows. First, as mentioned above,
containso(w) in the denominatof18]. The differences be- the measured spectral lines consist of several lines. Therefore
tween thes and 8 values calculated in the present paper andve need to either increase the resolution power to see the
in Refs.[16,17] are probably connected with the fact that in (*D)nd 2S,, satellites as separate lines, or estimateand
those papers the DPES was not taken into account. In th8- values via the following formulas:
case of the d satellite, Fig. 3 shows that, contrarily to the

Photon energy (eV)

main I_ine_, _relativistic compression of AO’s dogs not play a o(Satw)= 2 U(a'w)' (4

very significant rolgthe CIHF and CIPF approximations are EJesat

close to one anothgrThis is connected with the fact that the . o

nature of the dip in th@(w) behavior in the case of the main S saB(EJd,w)o(EJ, w)

line is connected mainly with the difference in thp;2 and B(Satw)= Seyos p(g ) ®)
€ Sal !

2p;, AO's, whereas in the case of thel 4atellite, an addi-
tional large effect is connected with the significant admixtureyhere the summation is over the states listed in Table I.
of the 2p;, states in the eigenvector of théD)4d °S;,  Preliminary estimate showed that taking into account the
genealogy. The admixture of thepg, states is increased in overlap of the {D)7d 2S,, and ¢D)4d 2P,, lines only
the higher {D)nd ?S,, states. Therefore, the influence of increase the dip for the'D)4d 2S,,, satellite by a factor of
the relativistic compression of AO’s on tiBw) behavior for 3/ |eading to a better agreement between the theory and the
these satellites is less significant. experiment. Second, the influence of the doubly excited
Figures 3—6 depict the absolute cross sections of thetates on the angular distribution parameter has to be ana-
nd(*Sy,) (n=4-7) satellites including their angular distri- |yzed in the range of small exciting photon energies. Third,
butions respectively as a function of the incident photon engt high photon energies one needs to analyze the intershell
ergy. In the case of Kr, as mentioned in Sec. I, only onecorrelations involving the B shell, which has an ionization

previous measurement at 68.5 eV is available, and is showgotential of about 200 eV, and could be significant at this
by the open circle in all the figures. The agreement with thisenergy range.

measurement is very good in the case of tidesatellite for

_both the parti_al cross section and the_ angular distri_bution. It V. CONCLUSION

is also good in the case of thal &atellite. However, in the

case of the 8 and A satellites, the agreement is good for We have reported the measured and calculated energy de-
the cross section but poor in the case of the angular distribypendence of the g'nd(2S,,,) (n=4-7) correlation satel-
tion. This is most likely due to the lower resolution of the lites in Kr from 38.5 to 250 eV. Numerical data from our
90° spectrum in Ref.7], where it becomes very difficult to analysis from 38.5 to 250 eV are summarized in Table II.
disentangle the pertinent satellites from neighboring lineur satellite intensities are reported with respect to the 4



56 ANGLE-RESOLVED ENERGY DEPENDENCE OF TH. . . 4551

TABLE Il. Comparison of experimental relative intensities, cross section, @nmhrameters with theoretical cross section, ghd
parameters for Kr g*nd(S,,) (n=4-7) from 38.5 to 250 eV. The relative intensities are given with respect to lsatind 4p main lines
in Kr. The assignments were taken from R&5|, and the corresponding binding energies were taken from[REfThe uncertainty of the
last digit is given in the parentheses.

Relative intensity o (kB) B
1(4S)=100 Experiment
Photon Assignmerft  1(4p)=100 Theory Experiment  Theory
energy(eV)  (*D)nd(®S;,) Thiswork Thiswork Ref[7] Thiswork This work This work This work Ref.[7]
n=4 1.1310 87(9) 98.56 523) 1.979 1.4514)
38.5 n=5 43.67 1.822
n==6 27.28 1.854
n=7 21.39 1.906
n=4 0.6810) 80(8) 66.19 213) 1.973 1.5015)
40.5 n=>5 30.75 1.807
n=6 18.27 1.844
n=7 14.83 1.902
n=4 0.3410) 25(3) 42.68 8.525) 1.964 1.77217)
42.5 n=>5 0.2510) 17.617) 20.46 6.118) 1.789 1.8018)
n==6 0.5110) 33(3) 12.58 12.212) 1.822 2.02)
n=7 10.25 1.889
n=4 0.6610) 6.6(7) 8.17 4.212) 1.879 1.5415)
55.0 n=5 0.1910) 1.92) 2.38 1.24) 1.694 1.7017)
n=6 0.1110) 1.1(1) 1.65 0.73) 1.569 1.4914)
n=7 0.061) 0.6(1) 1.00 0.41) 1.674 1.1711)
n=4 2.712) 8.4(8) 13.717) 14.84 8.726) 1.951 2.02) 1.91(1)°
68.5 n=>5 1.42) 4.54) 5.33) 2.92 4.413) 1.946 1.9%519 1.904)
n==6 0.6810) 2.22) 3.02) 2.26 2.16) 1.832 18818 1.235)
n=7 0.3910) 1.2(1) 1.31) 1.15 1.23) 1.837 1.6216) 0.766)
n=4 6.1(6) 14.815) 21.69 173) 1.978 2.02)
84.8 n=>5 2.93) 7.37) 4.55 8.28) 1.989 1.9919)
n=6 1.32) 3.13) 3.28 3.57) 1.932 1.7817)
n=7 0.710 1.7(2) 1.79 1.93) 1.939 1.4714)
n=4 15.215) 12.913 24.4 163) 1.985 2.02)
98 n=>5 2.93) 7.88) 5.34 9.39) 1.994 1.9819
n=6 1.11) 3.213) 3.77 3.67) 1.957 1.7817)
n=7 0.55) 1.51) 2.12 1.84) 1.962 1.6416)
n=4 3(3) 9.59) 24.78 113) 1.991 2.02)
120 n=5 1.92) 6.1(6) 5.66 6.97) 1.995 1.9819)
n==6 0.8710) 2.703) 3.90 3.16) 1.976 1.9619
n=7 0.4910) 1.3(1) 2.23 1.63) 1.962 1.5515)
n=4 3.23) 7.7(8) 18.45 12 1.994 2.02)
150 n=>5 2.32) 5.505) 4.24 52) 1.995 1.9819
n=6 0.91) 2.2(2) 2.79 1.98) 1.986 2.02)
n=7 0.41) 0.9710 1.64 0.94) 1.987 1.9419
n=4 4.24) 11.311) 10.58 52) 1.994 1.7917)
200 n=>5 3.33) 5.96) 2.38 2.68) 1.995 1.7817)
n=6 0.92) 2.2(4) 1.57 1.56) 1.991 1.5q29)
n=7 0.902 1.991
n=4 4.614) 14(4) 6.78 2.58) 1.994 1.2738
250 n=>5 3.210 9(3)(4) 1.53 2.68) 1.995 1.1735
n==6 1.01 1.991
n=7 0.578 1.991

a8Mlinnhagen, Strihed, and Peters4@3).
PAverage of two combined states.
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Photon energy {eV) Photon energy (eV)
FIG. 7. The ionization cross section of thes 4lectron as a FIG. 9. Angular distribution parametg@for the 4s main line as

function of exciting photon energy. The open circles were measure@ function of exciting photon energy. The open triangles were mea-
by Akselaet al.[43]. The filled squares were measured by Samsorsured by Derenbach and Schrigl]. The filled circles are our
[40]. The half-filled circles were measured by Tulkdd al. [17]. present measurements. The upper dashed curve shows the CIHF
The filled triangles are measured by Ehresmatral. [42]. The calculation. The lower dashed curve shows the CIPF calculation.
filled circles are our present measurements. The dashed Cur\;@']e dashed dotted curve shows the RRPA calculation of Johnson
shows the CIPF calculation. The dashed dotted curve shows th@gnd Chend16]. The solid curve shows the MCDF calculation of
CIHF calculation. The solid curve shows the MCDF calculation of Tulkki et al.[17]. The dotted curve is the Bezier curve adapted to
Tulkki et al. [17]. The dotted curve is the Bezier curve adapted tothe average of all experimental ddtee text for detall
the average of all the experimental data except R (see text
for detail). Smid and Hansef26], but is not as extensive. We also list
measured and calculated absolute cross secfialibrated

and 4p main lines, and are compared with the results ofas described aboyend calculated and measurgdvalues.
Krauseet al.[7] at 68.5 eV. As mentioned above the agree_The agreement varies as described in the text. The behavior
ment with Ref.[7] is good to poor, probably due to a con- of these satellites lines follows closely the wain line. The
tribution of overlapping lines. In our analysis we made anagreement between the Cl calculation and the measurements
effort to single out the d line from the other nearby lines is good overall. We hope that an improvement in the experi-
overlapping with the d satellite. These lines are the mental resolution in the future will resolve overlapping com-
4s?4p*(®P)5d D177, the 45?4p*(3P)6s 2Py, 5, and  ponents, leading to a better determination of fh@aram-

the 4s?4p*(3P)5d “F/, o1, From the table we can see that eters to allow for a better comparison between theory and
the calculation for some satellites at energies below 68.5 e¥xperiment. From the theoretical point of view the calcula-
are overestimated. However, at and above 68.5 eV the agretion involving 3p shell in the intershell correlations could be
ment is fairly good. This is similar to the CI calculations of also interesting.

r @ Kr+4p ! |
100 VT —
F *X ]
5.0 - ‘-w ]
.t © i
o O
= r > E Q.
% b
1.0 = 0_’0 =
C e} ]
05 0 040 © o ]
: 1 . . - i
ol v e 1 . l . l \
0 50 100 150 0 100 200
Photon energy (eV) Photon energy (eV)
FIG. 8. The ionization cross section of the 4lectron as a FIG. 10. Angular distribution paramet@rfor the 4p main line

function of exciting photon energy. The open circles were measureds a function of photon energy. The open triangles were measured
by Akselaet al.[43]. The filled squares were measured by Samsonby Miller et al.[44]. The filled circle are our present measurements.
[41]. The filled circles are our present measurements. The dotte@he dashed curve showRRPA) calculation of Johnson and Cheng
curve is the Bezier curve which was adapted to the data of Samsdri6]. The solid curve shows the MCDF calculation of Tulldkial.

[41] in the low-energy rangeh(<<40eV), and to our data for [17]. The dotted curve is the Bezier curve adapted to the average of
higher photon energigisee text for detail all experimental datésee text for detall
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