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Recent measurements of the photoionization of Na by ejection af 23, or 2s electron give branching
ratios, 8 parameters, and absolute partial cross sections for a number of excitation processes, allowing one to
perform the full partition of the total photoabsorption cross section into its components. In parallel, recent
developments of thé&k-matrix code, together with extensive configuration and close-coupling expansions,
make it possible to calculate the relevant quantities over the continuum energy(4@rdel0 eV as well as
in the resonant energy region corresponding to the excitation gf ar2s inner-shell electron onto empty
optical orbitals. A critical comparison is made of our experimental results with previous and present theoretical
calculations. Valuable information is obtained for the ionization energies and relative cross sections. The main
limitation in testing the validity of the various theoretical approximations is the lack of accuracy of the
experimental photoabsorption cross section measured only to about 338&0-2947®8)06306-9

PACS numbd(s): 32.80.Fb

[. INTRODUCTION ues of partial photoionization cross sections is a difficult pro-
cedure. Using electron and ion spectrometries, it is possible
Characterization of the dynamics of the photon-atom into accurately measureelative intensities of the different
teraction occurs through different parameters, which are priphotoionization processes. Howevahsolutevalues of the
marily the partial photoionization cross sections and the anvarious cross sections cannot be measured with accuracy
gular distribution asymmetry parameters for all subshellfrom the intensities of photoelectron lines because of too
involved in the photoionization process. The simplest syshigh uncertainties on the absolute values of some of the pa-
tems, i.e., the closed-shell atoms, are now well understoodameters involved in the experiments: The size of the inter-
Many qualitative and quantitative results have been obtainedction volume, the absolute density of the sample, the solid
for the rare gases and the agreement is good between theangle, and the efficiency of the detector. When one aims for
retical calculations including electron correlation effects andl0—20 % accuracy one has to follow another method. Once
the experimental data. The situation is more complex foibranching ratios for all processes contributing to the total
open-shell atoms: The number of states resulting from mulphotoabsorption cross section are known, the absolute values
tiplet splitting makes wave functions of high accuracy moreof the partial cross sections can be determined by normaliza-
difficult to obtain. On the experimental side, there are manytion to the measured photoabsorption cross section. Unfortu-
fewer data available for metallic vapors than for the rarenately, while absolute values of the total photoabsorption
gases. In particular, absolute photoabsorption cross sectiogsoss section are known within 2—3 % for the rare gases, this
have been measured only for lithiuft], sodium[2], and  quantity has been measured to only 25% for the alkali-metal
barium[3] atoms. atoms[1,2] and recently to 15% for bariufi8]. For all other
Among all open-shell systems, the sodium atom with itsatoms, absolute partial cross sections are determined by nor-
1s%2s22p83s electronic configuration occupies a special malization to a theoretical calculation or by use of some sum
place in the Periodic Table. It is the first alkali-metal atomrules that are not always accurate enough because one has to
having a completg subshell. Thus, with one excited elec- know all relative oscillator strengths and partial cross sec-
tron outside of a closed core, it is possible to test certairiions for resonant and continuum transitions over the whole
classes of correlation effects that are not significant in thghoton energy range, respectively. Thus one is usually able
case of the rare gases. The sodium atom is light enough faxperimentally to test only thenergy dependenasf theo-
extensiveab initio calculations to still be performed and retical calculations and not the absolute values of their re-
heavy enough to have the binding energy of several innesults. Extensive tables for absolute values of partial cross
subshells included in the photon energy range available, aections exist only for helium and nep#,5]. In the present
our synchrotron radiation facility, for electron spectrometrywork we have obtained the data to establish a similar table
studies. Thus absolute values of partial photoionization crosr atomic sodium.
sections can be theoretically calculated and experimentally In the case of sodium, the photoabsorption cross section
determined, providing a valuable test of the various theorethas been measured in the 40—250 eV photon energy range to
ical approximations. an accuracy of 20—25 Y®2]. The previous work of Wolff
The experimental determination of accurate absolute valet al.[6] did not involve determination of the absolute values
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of the total photoabsorption cross section. Some branchingn all ion terms included in the expansion. In particular, the
ratios for single[7,8] and double[9] photoionization pro- full channel coupling describes such processes as shake-up
cesses have already been determined for up to 140 eV ph@U), where the ion is left in an excited state of the same
ton energy. More accurate measurements are presented parity, and “conjugate shake-up{CSU), where the excited
this paper. Combining all experimental data, it was possiblgonic state has the opposite parity to that of the ionic state
to determine thabsolute values of each partial photoioniza- 1s?2s*2p°3s »*P,. The accuracy with which the position
tion cross sectiorand to compare them directly with theory. of these resonances are calculated depends crucially on two

Measurements of the angular distribution of photoeleccriteria. First, the model ion must be such that the experi-
trons do not require the knowledge of any absolute crosgental energies of all target states that are included in the
section. However, accurate measurements of the relative if=C expansion match the experimental energies very closely.
tensity of photoelectrons ejected at various azimuthal anglek the case of the present Nzarget, this meant that all terms
must be performed in exactly the same experimental condi#ying between $22s?2p® IS and 1s?2s2p®4d 'D, span-
tions. In the work presented here, we used a multichanngling 5.6 Ry, had to be accurately represented using the same
detection device to measure the angular distribution paranprbitals and configurations throughout. Second, the CC ex-
eter 8 of the photoelectrons ejected from thp ubshell of pansion and the complementary expansion ovéd (
atomic sodium for the single photoionization procé®p  +1)-electron “bound states” must be consistent. The target
main lin® and for simultaneous excitation and ionization spans an energy range that includes infinitely many terms
processegcorrelation satellites converging on the €2p° 1°P and %2p®3s 1'3S jonization

On the theoretical side, the totapZross section, exclud- thresholds of Na. Consequently, inner-shell photoionization
ing the resonance structure, was calculated with a vergalculations in the CC approximation that include all the
simple theoretical one-electron model many years[dgh  details presented here are only possible by carefully choos-
Soon after, a highly correlated model, the random-phase agag a representative set of target terms. The selected CC
proximation with exchangéRPAE) that includes intra- and channels must be matched by a corresponding choice of
intershell correlations, was used by Amusizal.[11-13to  (N+1)-electron bound-state configuratiof].
calculate the p and 3 total cross sections; in the same  Our work is presented as follows. The experimental pro-
work, a comparison was also made with the results oftedure and data analysis are described in Sec. Il. The target
Hartree-Fock calculationgthese results are labeled HF calculation and the details of the configuration-interaction
and HRV in the following. Some years later, calculations (Cl) expansion and of the CC problem using Rematrix
for the 2p and 2 photoionization cross sections were carriedmethod are described in Sec. Ill. Theoretical and experimen-
out [14] using both Hartree-SlateiHS) and Hartree-Fock tal results for the partial cross sections and angular distribu-
approximations(HF,L and HRV). When experimentalists tion parameters are presented and compared in Sec. IV. Con-
succeeded in measuring correlation satellites by using phelusions are given in Sec. V.
toelectron spectrometryl5], calculations that were able to
calculate separately partial subshell photoionization cross
sections and to determine angular distribution parameters Il. EXPERIMENT
were called for. Chang and Kifil6] used many-body per-
turbation theory(MBPT) to calculate the partial cross sec-
tions and the asymmetry paramefefor 2p subshell photo-

The experimental data determined in this work have been
obtained using electron spectroscopy and the synchrotron ra-
ionization (MBPT-1). Isenberget al. [17] had some success diation(SR) emitted by a bending magnet of the Super-ACO

a(ﬁnneau de Collisions d'Orsaytorage ring over the photon

interpreting the observed resonance structure; they also ¢ ; .
culated partial cross sections. In their MBPT calculations€N€'9Y range extending from 20 to 140 eV. Previously, the

they used a limited close-coupling expansitiBPT-2). ~ €xperimental design has been described only brigfly
Craig and Larkind18] used a relaxed Hartree-Fo¢RHF) Here we will give more details about the experimental setup
model to calculate partial cross sections and asymmetry p@&nd procedure.
rameters. Msezane, Armstrong-Mensah, and Nil&§ and
Tayal, Msezane, and Mansg20] used theR-matrix method
[21], but due to shortcomings in their target state expansion
their results are in poor agreement with experiment. Their The whole experimental setup is shown in Fig. 1. SR
calculations indicate the sensitivity of the calculated resoemitted in the bending magnet is focused on the entrance slit
nance positions to the target state representation. Most ref the monochromator with a toroidal mirror, after deflection
cently, two theoretical papers using many-body perturbationn the horizontal plane by a plane mirror. The entrance and
theory by Liu and Liu[22] (MBPT-3) and a multiconfigura- exit slits of the monochromator are adjustable under vacuum.
tion Hartree-FocKMCHF) approach by Sahi@3] have pre- Dispersion of the light is achieved by a toroidal holographic
sented partial cross sections and angular distribution of thgrating under grazing incidence. Two gratings are perma-
photoelectrons. nently mounted in the grating holder: The first grating is
In our R-matrix calculations covering an extended photonetched to 450 lines/mm and is blazed at a photon energy of
energy rang€26—140 eV, it is necessary to employ a suf- 35 eV; the second one is etched to 1200 lines/mm and opti-
ficiently large close-couplingCC) expansion to obtain a mized for photon energies higher than 90 eV. After the exit
complete model of the physical process over a wide range ddlit, the beam is refocused onto the source volume of an
energies. The CC developmentdb initio and it automati- electron analyzer by a second toroidal mirror. A gold mesh is
cally yields complete series of resonance states converginglaced in the photon beam to measure continuously the pho-

A. Experimental setup
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FIG. 1. Experimental setup: TMand TM, toroidal mirrors; PM, plane mirror; TG, toroidal grating; CMA, cylindrical mirror analyzer.
The channeltron is located on the axis of the CMA and collects all photoelectrons emitted from the source volume at the magic angle
0=54°44

ton flux. Typically, about 18 photons/sec are available in dop /dQ = o /47{1— B, /2 P,(cos 6)
the interaction region at 35 eV photon energy with 508- 3
slits (relative bandwidthAN/\ =1%) and 400 mA positron —2p sid cos 2o+ o) 1}, @)

beam current.

The electron spectrometer is a cylindrical mirror analyzeryith p, the Legendre polynomial of second ordprthe rate
(CMA) composed of three cylinders. To be able to vary thepf |inear polarization of the monochromatized radiation
size of the source volume as well as the resolution of thequal to cos @, wherew is the ellipticity of the polarization
analyzer, the CMA was designed with two inner cylindersellipse w=arctanb/a), b anda being the length of the small
and four adjustable entrance and exit slits. With 4 mm slitand large axes of the ellipse, respectivelythe angle be-
widths, the resolution of the analyzer is 0.85% and 1.25% otween the directions of photons and photoelectrans;p,
the electron pass energy for angle-integrated and anglehe azimuthal angle of the photoelectrons referred to the
resolved measurements, respectively. The inner cylinders amain electrical vector of the radiation, i.e., the main axis of
grounded and the analyzing voltage is applied to the outethe polarization ellipsep and ¢, defined in Fig. 2, where the
cylinder. setup for the angular distribution measuremeitdsbe de-

In order to evaporate the atomic sodium, a stainless-steécribed lateris schematically illustrated3, the asymmetry
furnace is mounted on the axis of the CMA. It is resistively parameter characterizing the angular distribution of the pho-
heated by a Ni-Cr thermocoax. A thermocouple is used tdoelectrons emitted from then(l) subshell; andr, the par-
monitor the temperature. A liquid-nitrogen-cooled finger istial cross section for photoionization of electrons from the
located in the CMA very close to the source volume and(n.!) subshell. Collecting all photoelgctrons emitted in the
serves to trap the sodium atoms after the interaction regiofhgular range &¢<27 and choosingf=54°44 (the
The oven can be used for two days before a refilling is"adIC angle makes the differential photoionization cross
needed. It emits an effusive beam of sodium atoms that iS€Ction equal to
collinear to the photon beam. The maximum atomic density
used in our experiments was limited to'#910'® atoms/cm 300°
in order to minimize the effect of inelastic scattering of the
photoelectrons.

The experiment was originally designed to measure rela-
tive partial cross sections in using the photon beams emitted
from bending magnet25]. Then the axis of the CMA was
chosen to be collinear with the photon beam because of the
elliptical polarization of SR since it is well known that the
radiation emitted from a bending magnet is elliptically polar-
ized with a linear polarization rate on the order of 60—70 %.
In the nonrelativistic dipole approximation, which is valid at
the low photon energies investigated in this work, the differ-
ential photoionization cross sectiodo,,/dQ for (n,l) .
atomic electrons in thd() solid angle is given, for an ellip- 90°

tically polarized photon beam and a randomly oriented tar- FG. 2. Geometry of the experimental setup for angle-resolved
get, by[26,27] experiments in a plane perpendicular to the CMA axis.

~ Q°
Main SR

polarization
axis
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do, /dQ= o, /47 (2 Binding energy (eV)
since, by integration ovep in the angular rang€0,27), the 50 46 42 38
term depending orp cancels. I | I I I | |
For angle-integrated measurements of partial cross sec- Na (3s) hv=756 eV

tions, the electrons emitted from the extended source volume & 2p5 nf from 2p8 35 28y
of the CMA are energy analyzed and counted by one chan- g 5s 4s as
neltron located on the CMA axis, as it is shown in Fig. 1. In 4 b= o — -
this geometry, the electron signal is proportional to the dif- 8 — 4d 4p 3d 3p
ferential cross section and then to the subshell cross section >
according to relatior{2). B
. . . C 200 —
For angle-resolved experiments several identical channel- .2

trons, six in the work presented here, are mounted along a =

ring coinciding with the first-order focus located between the — x8

two inner cylinders, as it is illustrated in Fig. 2. The angular f/ \f @

position of each channeltron is determined by the angle 0

that is the angle between the direction of the outgoing elec-

trons on a plane perpendicular to the CMA axis and the FIG. 3. Photoelectron spectrum of atomic sodium takeh:at

horizontal axis. Values of chosen for these measurements=75.6 eV. The electron line at 38 eV binding energy is due to

are indicated in Fig. 2. The angular acceptance of each chasingle photoionization of the2electrons. The other group of lines

neltron is herel o= +8°. Since the polarization ellipse, ini- at higher binding energies are satellite linesp°2p and 2p°4p

tially in the horizontal plane of the positron orbit in the stor- CSU lines, around 42 and 47 eV, respectivelp®2s and 2°5s

age ring, rotates under reflection on the various opticaPV lines near 46 and 49 eV, respectively. Peaks corresponding to

elements in the beam line, the rotation anglg must be 2p°3d and_2p54d final fonic states are not resolved from peaks

measured for angular distribution studies. The great advarforresponding to @°4s and 2p°5s, respectively.

tage of this multidetection system is that it is possible to

measure the emitted electron intensity simultaneously at sexhanneltron located on the axis of the CMA, allows us to get

eral ¢ angles. This decreases the acquisition time and cancetee most accurate data. We show in.F3ga typical electron

errors due to possible unstabilities in the atomic beam derspectrum produced by photoionization of atomic sodium in

sity or photon beam intensity. the 2p subshell with 75.6-eV photons. On the upper horizon-
The number of electrondl(e,¢),de emitted from the tal axis, the binding-energy scale has been determined by the

(n,I) subshell by an incoming photon fluX(hv)d(hv) in  simple energy conservation rule, knowing the photon energy

the energy intervatl(hv) and detected in the aperture angle and the contact potentials from calibration measurements.

2A¢ by one channeltron located at the angleand at#  The kinetic energy of the electrons can be determined with

=54°44 is given by our setup to within 0.01-0.05 eV, depending on the kinetic-
energy range. Each photoelectron peak corresponds to a spe-
Npi(e,p)de=GpL n(e)T(e,@)N(hv)oy (hv) cific final state of the N& ion that can be reached by photo-

ionization: main lines due to single photoionization of
X{1+0.4948,,(hv)p(hv) sodium atoms in the [ subshell(at 38.04 and 38.46 eV
xcos T+ go(hv)}Aed(hy), (3)  binding energies, final states2p°3s *P; and °Pq 5, re-
spectively, correlation satellites at higher binding energies,
with G the constant value including a geometrical facjor, €.9., shake-up satellites near 46 eV binding enefgyel
the atomic density in the source volumethe length of the ionic states 8°2p°4s °P), and conjugate shake-up or
source volume (g) the efficiency of the channeltron for “knock out” [28] satellites around 42 eV binding energy
electrons with energy, andT(e,¢) the transmission of the (final ionic states 82p°3p *L). Other correlation satellites
CMA for electrons emitted at the angiewith energye. The  of weaker intensities are observed at higher binding energies.
signal issued from the channeltsh enters one(or six) ~ Throughout the following sections, we will use the terms
counters after amplification and discrimination. Two cali- main line (ML), shake-up satellites, and conjugate shake-up
brated Hewlett-Packard voltage sources are used to establisatellites to refer to these various categories of electron lines.
the analyzing voltage. The whole experiment is driven by a The electronic configuration of the various final states are
HP-9000 computer. It controls the voltage sources, thénarked by vertical bars in Fig. 3. The experimental binding
counters, and the Keithley ammeter plugged to the golgnergies are in accordance with the detailed term values as
mesh placed in the photon beam and drives the monochr@iven by Moore[29].

mator.
2. Branching ratios and relative photoionization cross sections
B. Experimental procedure for partial-cross-section For angle-integrated spectra, i.e., for spectra integrating
determination electrons emitted in the,2m) ¢ angular range afi=54°44,
1. Photoelectron spectra such as the one shown in Fig. 3, relati@ becomes

For partial-cross-section measurements on a relative
scale, the experimental setup shown in Fig. 1, i.e., with one Nh(e)=Cn(e)T(e)N(hv)o, (hv), (4)
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with C=GpL /4. As already mentioned in the Introduction, neon by the photons diffracted in various orders, up to the
absolute determinations ef,,(hv) from relation(4) would  sixth order, were measured and the knowm thotoioniza-
require accurate absolute measurement$(ef), 7(e), and tion cross sectiof4,5] was used to correct the relative varia-
the various factors included in the constadt The main tion of the photon flux. The energy dependence of the pho-
difficulty in electron spectrometry is to accurately determinetoyield of gold was taken from the measurements of Ederer
the absolute atomic density and the actual size of the sourgg1]. This second method was an iterative method and the
V0|ume “seen” by the deteCtOI‘ in the e|ectr0n Spectrometerprocedure was app“ed several times at each photon energy_
This is not possiblt_a when one aims at a 25% accuracy. HOW- Results obtained in both methods were in good agree-
ever, for a comparison of the various,(hv) corresponding  ment. Alternatively, once the transmission curve of the CMA

to several final ionic states observed in ts@meelectron a5 \ell known, measuring the energy variation of the neon
tSprCtrllIJm ?ﬁ df;crlbzds aggﬁccur:atﬁ l:E)ranchllgg ratlc:js 2p photoelectron line produced by first-order photons of-
ypically within 1% and 3-59% for hightabove 10 ey an fered often a more accurate way to determine the relative

low- (3-10 g\l klnetlc-energy electronlllnes, respectively, variation of the photon flux than to correct the current from

can be obtained by comparing thg,(¢) integrated area of h Id h Thi ibility has b d iall

the observed electron peaks. Then, at a gihenphoton the goid mesh. T IS poss lity 1as been used especially to
' gprmallze the relative data obtained in the resonant energy

energy, partial cross sections can be compared from the mea- . .
sured branching ratios using expressidn For all electron region of the spectrum. Let us mention also that the measure-
ment of the neon @ photoelectron line diffracted in several

lines in an electron spectrung; and N(hv) keep the same
values.7 (s) is also the same, provided a high-enough post_or_de_rs by the monochromator serves to check accurately,
acceleration voltagés0—80 V) is applied to the grid placed within 0.02 (_eV usually, the energy of the monqchromator. In
in front of the channeltron. Thus, comparing two cross sec@ny case, since the transmission of the CMA in the constant
tions o, and oy, from the integrated area of the corre- r(_asol_ution mgde is continuously decreasing with decregsing
sponding electron lines with kinetic energies ande, re-  KINetic energiegdown to zero at about 3 eVthe accuracy is

quires the knowledge, onrelative scale, of theT () CMA lower (3—59% in our determinations of branching ratios in-

transmission function, according to the relation volving electron lines with kinetic energies below 10 &%
the 3—10 eV energy ranygéhan in the range of higher kinetic
ong (W)lon (hp)=[Ni(e1)/Ny(ex) [ T(e2)/T(e1)].  ENergies2-3%.
©)

) 3. Absolute values of the partial cross sections
In the constant resolution mode of the CMA used

throughout these experiments, i.e., with variable transmis- Branching ratios for photoionization into the various con-
sion energies, the transmission of the analyzer is proportiondinuum channels were determined over the whole photon en-
to the kinetic energy of the electrons at sufficiently high€rgdy range as described in the preceding paragraph. To ob-
kinetic energy, above typically 10—15 eV, but not at lowertain the absolute values of the partial cross sections, two
kinetic energies. So we used two different procedures to dgnethods can be used. First, once all branching ratios have
termineT(&). First, the intensity ratio between the electron been measured using electron and ion spectrometries, one
line produced by photoionization of a core electron and one&an normalize the data at one photon energy to the measured
of the Auger lines due to relaxation of this core hole must beabsolute photoabsorption cross section and measure, with the
constant when one varies the photon energies, possibly, electron analyzer, the relative variation of one photoelectron
over some specific and narrow energy ran@4). Thus, by line as a function of the photon energy. Second, one can
varying systematically the photon energy and then the kinormalize the relative values of the partial cross sections
netic energy of the photoelectroriB(e) was determined on resulting, at each photon energy, from the previous partition-
a relative scale by measuring the integrated area under thgg of the total cross section to the absolute value of the
photoelectron and Auger lines, respectively. In applying thispeasured total cross section. We have chosen the second
procedure, one has to be sure that only photons diffracted igo|ytion to obtain the absolute values of the partial cross
the first order by the monochromator contribute to the for-goctions presented in the following sections, except in the

?atiﬁn Of thehco;te holel_s. This c_:on(;ii_tiorr\] Wasl eas_ily fuﬂ%d scanning of the 64—72 eV resonance region where the first
y choosing the Auger lines emitted in the relaxation o solution has been adopted.

hole in krypton. The binding energy of these &lectrons,
and thus the lowest photon energy needed in this calibration
procedure, is 93 eV. Since the cutoff energy of the beam line
is 160 eV, we had no contribution from photons diffracted in
higher orders. For angular distribution measurements, the six channel-
A second method was to follow the variation of the rela-trons record simultaneously electrons emitted at¢laangles
tive intensity of the Ne P photoelectron line as a function of indicated in Fig. 2. An example of the six angle-resolved
the kinetic energy of the electrons, using the relative variaphotoelectron spectra measured at 105 eV photon energy is
tion of the photon flux as measured by the gold mesh and thehown in Fig. 4. The angle-resolved integrated area under
nanoammeter. Since the binding energy of these electrons &ach photoelectron line measured by each channeitrain
21.59 eV, higher-order photons contribute to the reading ofhe angleg; is proportional to the angle-resolved cross sec-
the nanoammeter and their relative contribution should béion o(¢;), which is obtained from a double integration over
removed. Photoelectrons emitted from thp 8ubshell of 6 and¢ of the differential equatiotil), according to

C. Angular distribution measurements
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61 66 61 66 61 66 FIG. 5. Angle-resolved measurements for the intensity of the
Kinetic energy (eV) first CSU line measured at various angles athv=62 eV. The

solid line is the result of the fitting procedure according to &j.
FIG. 4. Angle-resolved electron spectra takerhat=105 eV
for six different values of the angle. ated the integrated area under each photoelectron line
Nni(e,¢;) and fitted formula8) to the data by using as a
@ Omax free parameter. As an example, we show in Fig. 5 the mea-
U(‘Pi):0/477f e L - sin6.do{1— B, /2 sured angular distributiofat 105 eVf of the CSU photoelec-
fimne min tron line. The solid line represents the fit withGavalue of
X[P,(cos @) —3p sir? 6 cos 2¢;+¢g)]}, (6)  0.72 using the measured values pfand ¢, (p=0.62

+0.02 andpy=5.7°+0.3°). The uncertainty on this value of
where ¢; is the azimuthal angle corresponding to the mearng is +0.13.

position of each channeltron and A¢ is half the angular

ejt+A

aperture of thgm. IIl. THEORY
The cylindrical symmetry of the CMA makes easy the _
integration overp if one considers in the first approximation A. Na* target wave functions

the source volume as a point source and neglects a possible | recent calculations of wave functions, energies, and
spiraling of the electrons around the CMA axthis effect  gcillator strengths for the neon isoelectronic sequéabk
would lead to detecting electrons emitted at other values ofye energies fon=3 levels were optimized. In the present
the ¢ angle, but it is negligible in our cas¢82]). The inte- ok it was necessary to optimize all targets state&2p°n|
gration overd is more complicated. Taking into account the 5nq 252p®nl, with n=3 and 4. Starting with the radial func-
effective size of the source volume and the influence of th§jong as obtained in the paper on the neon sequence and

finite acceptance angle of the spectrometer as described {ing the codeiva by Hibbert[36], a set of optimized radial
Ref. [32], one obtains the final expression fef¢;) to be  f,nctions was calculated.

used in analyzing the angle resolved data:

1. Target orbitals
o(¢i)=Co[1+0.4948p cos Z¢;+ ¢o) ]. @)

Replacing in Egs(3) and (7) CGpL n(¢)N(hv) by a con-

The radial functions are expressed as Slater-type orbitals

k

. 2l +171/2
stantC’, the angle-resolved number of counts in the angular _ _ (28jn) it - .
aperture A can be expressed as Pn'(”‘,zl Cin (21! rinexp=gjmr)- (9)
Npi(e,¢;)=C" oy (hv)[1+0.4948,,(hv)p(hv) The parameters for thesland 2 orbitals were taken from

the compilation of Clementi and Roet{i37] for the
1522s22p° PO state of N&". The parameters for all other
target orbitals were optimized as shown in Table I. The

of linear polarizationp of SR, and the rotation angle, =3 and 4.orbitals were chosen to be. Spectroscopic S0 that
was achieved by measuring the well-known angular distributhey describe the ogtermost eIectron; n each_ state, while the
tion of the photoelectrons emitted from rare-gas atoms$: 5P, and 3l functions are “correlation” orbitals, chosen
(He 1s and Ar 3 photolines. The 4d°5s?5p°® 2D, O improve the ground—_stat_e representation. In particular, the
—4d95s25p4 1S+ e~ Auger line of xenon was also used. 2p function of the N&* ion is somewhat different from that
Internal calibration in every photoelectron spectrum of sofor the 2p® Na* ground state; the [5 function acts as a
dium was also checked by using the @r 3s photoelectron  correcting function. The $orbital plays the same role with
lines of sodium whose asymmetry paramet@nsere calcu- respect to the 2 orbital, although the difference between the
lated in a Dirac-Fock approximation to be equal to 2 well2s functions for the different states is not so great. In our
above the thresholf33,34. In order to obtaing, we evalu- earlier work[38] it was found that the major correlation ef-

Xcos Z¢i+ ¢o(hv)]T(z, ¢i). 8

Calibration of the relative transmissiofigs, @), the rate



4438 D. CUBAYNES et al. 57

TABLE |. Method of optimization for the N orbitals. TABLE IlI. Target state energies relative to the?2s?2p® 1S
ground state of NaE=—161.730 306 a.u.). The first thresholds
Orbital Energy functional optimized are for 20°3s 3P°, 38.46 and 38.06 e\(calc) and 38.46 and
" 9 orom 38.04 eV(expt). The second thresholds fois2p®3s 3%, 70.38
1s,2s 15'525 °3f ’\(‘)az © 1s"2s72p°P and 70.97 eMcalc) and 71.3 and 70.9 eYexpt).
2p 2p°3s °P
3s average(equally weighteyl of 2p®3s 1:3p° This work
4s average(equally weightefl of 2p®4s 1:3p° Term State (cm™} Expt?P (cm™)
with configurations p°3s, 2p®4s 1
3p average(equally weightedl of 2p®3p 3S,%%P, %D 1 2p5 83 . 0 0
4p average(equally weighteyl of 2p®4p 3S,13p, 13D 2 2p533 1Po 265490 265377
with configurations p°3p, 2p°4p 3 2p533 3P 268 795 268 623
3d average(equally weightegl of 2p®3d +3p°,13p° 130 4 2p53p 35 293290 293220
ad average(equally Welghteﬁi of 2p54d,1’3po,l'3D0,l'3F0 5 2p53p 1D 297 478 297 615
with configurations p°3d, 2p°4d 6 2p°3p °D 299110 299 027
4f average(equally weighted of 2p®4f, 13 7 2p°3p 'P 299790 300 100
5s 2p® S with configurations §%,2p°np,2s2p®ns 8 2I0§3p :P 299 825 300 200
B (n=3,45 _ 9 2p°3p s 309 433 308 861
5p 2p® 1S with configurations p®, 2p°np (n=3,4,9 10 ZpZBd :'Pz 330 056 330713
5d 2s5?2p®3s 1S with configurations 11 2p°4s°P 331 004 331904
2p8. 2050 p,252pns, 2522p*3snd (N=3,4.5 12 2p°3d 'P° 331133 331745
13 2p®3d D° 331531 332 800
%rom Ref.[37]. 14 2p°3d 3D° 331531 332900
_ _ 15 2p°4s 1p° 331764 332691
fect in the Z2p°nl states can be included by means of the g 2p%4p 3S 339 596
configuration 222p*5dnl and the presentdsfunction is op- 17 2p°4p 3D 340 732
timized to account for this. The optimized parameters can be 13 2p54p D 341 265
gliven upon request. 19 2p%4p 1P 341 426
. _ 20 2p°4p 3P 341 439
2. Wave functions and energies 21 20%4p 1S 345 915
The 29 basic configurations used for building the 39 tar- 22 2p%4d 3p° 352 329
get states are listed in Table Il. The configurations marked 23 2p%4d 1p° 352832
with an asterisk were included only for states'& symme- 24 2p°4d D° 352 862
try where they serve to correct for the differences between 25 2p°4d 3D° 352 862
the 2s and 2 orbitals of the ground state and those of the 2g 2p34f 3D° 352 862
higher states. In addition, they serve to add sufficient corre- 57 2p54f 1D 352913
lation effects to bring the energy separations between the »g 252p®3s S 531 047 530 690¢
grpund sta_te and the core e_xqted states_lnto qlose agree.mentzg 252p%3s 1s 534 387 533 g73¢
with experiment. The remaining 23 configurations give rise 5 252p®3p 3P° 562 430 562 800
31 2s2p®3p 1P 564 132 564 210
TABLE Il. Configurations used in Natarget states. An asterisk p6 P 3
denotes for'S symmetry onl 32 2s2p°3d "D 594 744
ymmetry only- 33 252p84s 3S 594 810
14 basic spectroscopic configurations 34 252p°3d D 594 916
1522522° 35 2s2p°4s 'S 595 525
2p injection 36 2s2p84p 3p° 604 724
[152]2322p535,2322p53p,2322p53d,2322p54S, 37 232p64p 1PO 605 304
252254 p,2522p54d, 25225 Af 38 2s2p°4d °D 616 342
2s injection 39 2s2p®4d 'D 616 440
2 6 6 6
[1s ]GZSZD 35'6252p 3p,6252p 3d, aReferencd 39], quoting from Ref[40].
282p°4s,252p°4p,2s2p°4d bweighted average of levels, with an estimate of the effect of
15 correlation configurations mixing of LS levels for a particulad removed.

Ci
2p injection Present work.

[1s?]2s%2p%5p* ,2572p*3s5d,2522p*3p5d,

-+ - to 258 symmetries when all angular momentum couplings
2s?2p*3d5d,2s?2p*4s5d,2s%2p*4p5d, y d ping

are accounted for. All 264 configurations were employed to

2s°2p*4d5d,2s*2p*45d,2p®5s™*, 2p°5p?*,2p°5d** build the 39 target states that were retained in the CC expan-
2s injection_ o sion.

[1s°]2s2p®5s,252p°5p, The list of these 39 target states is given in Table Il in
252p°5s5p* ,252p°5p5d* which our theoretical separations are compared with existing

experimental values. In general, the agreement between our
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calculation and experiment is good; most differences are ledeey development that made inner-shell photoionization cal-
than 1000 cm? (i.e., 0.1 eV or about 0.5%For a meaning-  culations that achieved a high degree of accuracy. This code

ful comparison the “experimental” term energieslis cou- is still unpublished.
pling are obtained from thd-dependent experimental level _ _
energies by taking the weighted mean and also accounting 2. The numerical solution

for coupling between differeritS terms sharing a common  The pnumberNg of “free” channels andNg of bound

J. Note in particular the good agreement for states with constates included in the CC expansion as given by the two
figuration 252p°3s. sums of Eq(10) were 35 and 626 fofS® and 65 and 1586
for the 2P° states, respectively, when the first 39 target states
listed in Table Ill were included. The free wave functions
had to extend over an energy range of 10 Ry, which in turn
1. The wave function for the (N-1)-electron system required a large number of basis statg9). We used for the

A detailed discussion of thR-matrix method as used for internal region arR-matri?( radiusa=29.23,, qutomati_cally
the calculation of inner-shell photoionization processes ha%omputed from the requirement that the radial functions had

already been given elsewher24]. Wave functions for the 0 hgve decayed to relative'magnitude*i(at the boundary.
target plus electron systefithe (N+ 1)-electron stateare We included all channels with scattered electron angular mo-

required for the ground state of sodium and for the Con_mentalis. In the asymptotic region the solutioRshad to

tinuum states. The wave function for thé&l{ 1)-electron betobttﬁun(r—:‘d a;ansuﬁlt:tlrent:yrflneI(::rirggi TeIShbS? 3\,5 tthor derlml_d
system of total symmetr§ L is given by eate the resonance Siructures. ediately belo esho

results were averaged over the resonances converging on that
threshold using a methof41] originally formulated by

Ng Gailitis.
WELT=AY, Bi(SLiixy X Ky )

B. The scattering calculation

3. Consistency checks

Ng With such an elaborate close-coupling expansion it was
X F(k;l; ;rN+1)r;+11+2 chDjS'”, (10 necessary to test the setup rigorously. The agreement be-
J tween calculated bound-state energies and experimental val-

ues provides a good test for the accuracy of the mathematical

_ del and for th ist f the CC ion in Eg.
where thed, are the CI wave functions of the target terms§10 el anc for Ihe consisiency o the expansion in =4

. . . 10). For photoionization from the ground state wave func-
that have been included in the CC expansion and they ar, ) P onizati grou wave

. . ~ ons are required only for the lowest bound state of e
coupled to the angular and spin coordinates of the addition eries and for three states of thB° series. The latter differ
electron. The ®; in the second sum representN (

) . only formally from bound states by their asymptotic behav-
+1)-e;|ectrc;n stzztes mage u%entwely of :]arget orbitals. ghe?%r. Our calculated effective quantum numbers for the lowest
are also referred to as bound states in this paper. In order Members of the 42252206n5(2S9) and — no(2P°) Rvdber
the CC expansion to be consistent the sum obermust S°2p NS(°S) P('P") Ry 9

includ I +1)-elect tat that h " series compare well with experimental determinatip2.
include all (N-+1)-electron states that have exactly Similarly, our calculated ionization potentiai$able Il) for

N-electron parent terms included in the first summand. Th(?he first and second subshell ionization thresholds are in ex-

energy range covered by the selected target states spans WQent agreement with experiment

subshell ionization thresholds. We chose not to include target We used three different methods for selecting the

states °nl with pri_ncipa_l quantum numben;>4, aIthqugh_ (N+1)-electron configurations in the second sum of Eq.
we had target configurations that included orbitals with prln-(lo), i.e., (i) omit all (N+1)-electron configurations that in-

cipal quantum numben=5. The omission of target terms lude any correlation orbitall5 (i) omit all configurations
belonging to configurations included in the ClI expansion and y — contig

lying within the energy range of the close-coupling expan-f‘hat include two correllatlon .orbltal_sl Fand 3', and (iii) .
sion necessitated a matching selection of configurations fdfclude correlation configurations with two nonspectroscopic
the (N+1)-electron system in the sum ovdr;. The selec- Orbitals 3 and 3’ up to §2. Only the third method gives
tion must achieve consistency between the first and secord@sults that match the experiment for the energies and effec-
sums in Eq(10). Various selection methods affect the ener-tive quantum numbers of the terms of the?2s°2p°np 2P°

gies of bound states of configuratiors?2p®np 2P°. The Rydberg series. This last choice is the only correct choice
autoionizing resonances in the photoionization cross sectiorénce, during the optimization procedure in thies code, we
would be similarly affected. For the simpler case of inner-used different combinations of Brbitals in order to improve
shell photoionization of beryllium one could carry out the the ground state of Na Therefore, we have to account for
selection of the necessary bound-state configurations manthis also in the K+ 1)-electron system, even though these
ally [24]. For the case of sodium more than 1500 configuraconfigurations are not spectroscopic configurations. Such
tions are involved. Automatic selection procedures for thegood agreement with experiment for the bound-state energies
bound-state configurations that used Racah algebra and frafor the series $22s?2p®np 2P° is a necessary condition for
tional parentage techniques were introduced into two earligpredicting satisfactorily the energies of the autoionizing reso-
versions of theR-matrix codes by Berringtoet al. [21,41]. nances $22s2p®3snp(?P°) converging to the thresholds
However, these codes do not carry out this particular seledor ejection of a 2 electron because we used the same ClI
tion process correctly. An elaborate piece of coding was thend CC expansions for both. Good agreement with experi-
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ment is also obtained for these quasibound states, although

they have inner-shell vacancies and excited outer electrons TlLtiLLJf:Z (—DHLIM
and thus are very difficult to obtain in amp initio calcula- L
tion. L, L
The present theoretical setup can equally well produce ST ](\Ifi||M||\Iff).
oscillator strengths for neutral sodium as photoionization L
cross sections. The consistency of the close-coupling expan- i
sion as given by the two sums)i/n Ed.0) has beenpz:he?ckeg C=w or ™! andM =3[l or Z{T''9/4r; in the length

by calculating the oscillator strengths in the length and ve@nd velocity formulations, respectively. The usual notation
locity formulations and by comparing them with previously for the Clebsch-Gordan coefficients and &ymbols applies
determined experimental and theoretical data. Our result@nd theo, in the exponential are the Coulomb phases. Indi-
agree well with other compilations: RPAE results by Amusiavidual cross sections(L;S—L:S;) are not observed be-
and Cherepkoy12], multiconfiguration Hartree-Fock results cause of limited experimental resolution. For comparison
by Froese-Fischef42], Hartree-Fock results by Biemont with experiment, we have to use a weighted average as given
[43], and close-coupling results using polarized pseudostatés Sec. IV B.
by Butler and Mendoz§44]. The close agreement between
our results obtained in the length and velocity formulations is
satisfactory throughoutyhich is no mean achievemertn-
sidering the extent of the present CC expansion. The differ- Before presenting our experimental and theoretical results
ences arise from inconsistencies in the two sums of(B®).  for the relative values of the partial subshell photoionization
and, especially for weak processes, from loss of numericadross sections and the asymmetry paramgtewe would
accuracy due to cancellation effects. &b initio close-  |ike to emphasize that the ultimate test of theory by experi-
coupling ancdR-matrix calculations, the length form gives the ment is indeed the comparison of the absolute values of all
most reliable results because the velocity form depends mofgartial subshell photoionization cross sections. Comparing
on the potential in the inner region that is less well knownexperimental and theoretical values for a total subshell cross
than that in the outer region. As a result of these checkssection is also of interest. The results of this comparison
there is no obvious shortcoming in the target representatioshould, however, be taken with great caution because there
or the CC expansion, so they should form a sound basis fahight be some unexpected cancellations in the theoretical
photoionization calculations. calculations. From the experimental point of view, measur-
ing relative partial cross sections, i.e., branching ratios, pro-
vides the most accurate quantities that can be obtained by
The relation between the asymmetry param@tand the  electron spectrometry. For atomic sodium, a comparison of
differential cross sectiomlo(L;S—L:S;)/d() to the inte- the absolute values of cross sections experimentally deter-
grated cross sectiom,; has been given in Eql). In contrast mined and theoretically calculated cannot be made with an
to the integrated cross section, the angular anisotropy pararmancertainty better than 25-30%. Only in the rare gases
eter depends on the total phase difference. A comparison afhere the total photoabsorption cross section has been mea-
calculatedB parameters with experiment is a sensitive testsured within 2—3% can such a comparison be made to a
for the accuracy of the atomic potential. To calculate thesimilar uncertainty.
parameter, one has to sum over products of transition ampli- We will present our results in the following way. Al-
tudes multiplied by algebraic coefficients. For better physicathough we have not made new measurements of the total
insight we write the expression in terms of the transferredbhotoabsorption cross section, we will first discuss the
angular momenturh, defined ag45,46 present status of the experimental and theoretical data for
e e e . this cross section. Then we will present the relative values of
li=L¢i—Li=1-1y, the partial cross sections, normalizing the experimental val-
ues to single p photoionization and comparing them with
the theoretical data obtained from the ratio of the calculated
Na(L;)+hv=Na(L;)+e (Iy), partial cross sections. Finally, the absolute values of each
partial cross section resulting experimentally from the parti-
C=L+1;=L+1. tion and normalization procedures will be compared with the
theoretical results resulting directly from the calculations.
We obtain forp;s Taking into account the uncertainty of 25% in the photoab-
BLS—LS) sorption data, this last comparison alone will not allow us to
™ = distinguish several correlated calculations. Only by consider-
8772 aaSC [{ ' i ing both relative and absolute partial Cross sectipns we will
=————— > exg—i(o,—0)+—= (i) be able to draw some conclusion about the validity of the
o(2Li+1) \{Ty ' ! 2 various theories. Finally, the values of tBgparameter, mea-
1/2 sured for the main line and for two classes of satellites, will
X (Ll D) 71101¢,0[20(1019.20) be presented and discussed.
| _ L, . In the following figures, the data shown for the branching
XIE (=112l +1)W(Ll 1l ’ItZ)TLil,Lfo,) » (1) ratios are the experimentally measured values. For the abso-
‘ lute values of the partial cross sections, the experimental data
with the notation 1]=(21+1), where are the results of a fitting procedure smoothly averaging in

IV. RESULTS

4. Angular distribution parameter

where
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12 T T T culations. Our theoretical values of the photoabsorption cross
section(R matrix, L, andV) are the sum of all partial cross
sections that would leave the ion in any of the 39 target
states of N4 that are energetically accessilgsze the list in
Table 1l). The double photoionization cross section has not
been calculated in the present work, but it is known to be
only about 1% of the total cross sectipdB8,49. Earlier cal-
culations shown also in Fig. 6 are the HS res{i4], two
series of Hartree-Fock calculatiotdF1[13] and HF2[14]),
and the RPAH11-13. We selected only the results intro-
3 ducing the theoretical values of the Bnization thresholds
R-Matrix HF,V in the calculations. For the HS and KHFesults (only the
0% 70 e 1o 13 Iength formh 0;‘] thﬁlfHE c?lgulﬁtion isI ;?owg gsere for com-
parison with the HIFresults, the total 2 an Cross sec-
Photon energy (eV) tions have been both calculated; the curves shown in the
FIG. 6. Total photoabsorption cross section of atomic sodiumfigure are the total @ cross section below and the sum of
Experimental results: closed circles, from R]. Theoretical re- 2P+ 2s total cross sections above the Bnization thresh-
sults: presenR-matrix calculations, full lineglength and velocity — olds, respectively. The RPAE, HE and HLV curves show
forms); RPAE results, closed triangles; Fesults, dotted lines, the sum of the total @+ 3s cross sectionfhe 3s and the 3
from Ref.[13]; HS results, dash-dotted line; KFesults, crosses, photoionization cross section are less than 1% and 10% of
from Ref.[14]. The error bar for the experimental values is shownthe 2p cross section in this energy range, respectively
only at two photon energies. One observation is that most of the theoretically calcu-
lated values of the ionization thresholds'(S) are in great
the continuum range through all measured values of theisagreement with the experimental values of 70.9 and 71.3
branching ratios. They are shown as closed circles. The err@sv for 2s2p®3s 3S°® and *S?, respectively. Only the results
bar resulting from the partition proceduiie general 5% or a  of our R-matrix calculations(70.97 and 71.38 eV, respec-
little less is indicated for every data point in the figures. Thetively) are in excellent agreement with experiment. Also evi-
overall resulting error including the uncertainty on the mea-ent is that the highly correlated calculatiof@PAE) [11—
surements of the total photoabsorption cross sec®h-  13] performed more than 20 years ago and the most recent
25%) is shown as dashed vertical bars, at only one or tWaynes, ourR-matrix L calculations, are in good agreement
photon energies for better clarity. The resulting uncertaintyyith each other, even when one considers that the RPAE
of the absolute values of the partial cross sections is typicallyesults do not include the totakZross sectiorfwe will see
25-30%. later that the & to 2p branching ratio is close to 10% over
In addition to our theoretical results obtained USing both[he energy range involved her$ third observation is that
length (L) and velocity ) formulations, we show also, in the large experimental uncertainty does not allow us to dis-
the resonant energy range below trei@nization threshold, criminate between most of the theoretical calculations of the
the curves(labeledL-C) resulting from the convolution of total cross section. Over most of the photon energy range,
our L results with the spectral resolution. They differ from aimost all theoretical results, within two exceptiofthe
the ab initio calculations because the finite experimentalHF,Vv and ourV calculations, lie within the error bars of the
resolution decreases the value of the cross sections at tR&perimental measurements. Interestingly enough, the sim-
resonance energy and broadens the resonance structure.pl@st HS calculations give agreement with experiment that is
order to achieve a better comparison with the experiment ogpparently as good as that of the highly correlated RPAE
a relative scale, our-C curves have been also normalized to calculations. This means that either correlations have a weak
the measured experimental cross sections in the continuugffect for the 2 subshell of sodium or, and most likely when
region. In the figures presenting the variation of the crossne considers the large relative intensity of the correlation
sections over the whole energy range, the resonant structurgstellites, neglecting correlations introduces an artificial
are shown as gray curves only, the other figures showing iagreement with experiment because of cancellations. This

Absorption cross section (Mb)

detail the resonant energy behavior. conclusion confirms our earlier statement that a meaningful
comparison of theory with experiment requires also measure-
A. Photoionization cross sections ments and calculations of the partial subshell cross sections.

In the 64—72 eV photon energy range, shown over an
extended scale in Fig. 7, one finds Rydberg series of reso-
Measurements of the photoabsorption spectrum of Na imances due to excited states with & \acancy. Numerical
the vacuum ultraviolet region were performed by Welffal. ~ values of the resonant energies and associated quantum num-
[6] on a relative scale. The measured spectrum was adjustdxrs are given in Table IV. These resonances are differen-
to be close to the cross section calculated by McGifd  tially analyzed in the partial cross sections for ionization plus
using a one-electron model and the Herman-Skillman poterexcitation, but one is concerned here with their overall effect.

tial [47]. Later on, Codling, Hamley, and Weg] measured The series due to parent configuratiosf2s2p®3s 3S is by

the absolute cross section. They estimated their averaged dar the strongest. The enhancement is entirely due to con-
ror to be 20—25%. In Fig. 6 we show the results of Codling,structive interference of the two Rydberg series
Hamley, and West together with those of the theoretical cal2s2p®3s(3S)np and 22p®3s(S)n’p with resonances pil-

1. The total photoabsorption cross section
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FIG. 7. Total photoabsorption cross section of atomic sodium in Photon energy (eV)

the resonance region. Present theoretiReahatrix results, full line
length form and dotted lingvelocity form); calculations by Tayal . ) VR . :
(et alg dashne)d linglength fordrr) fromyRef [;0], present exp)(lerim)én- ellite following 2p photoionization in sodium. Theoretical results

tal results, closed circles. The small error bars results from the erro‘almla thte [z\r;asgrftﬁt-n;alt_rlg ?alculattlr?nsngéhe Ilenglgu?., fu'g“?g) ahndd
introduced by the addition of the partial cross sections. The tota) '0C1Y [V, dotied Ting forms, the calculations 8] (dashe

error, including the error due to the photoabsorption measuremen Qe), _and the MBPT-3 calculationf22] (dash-dotted line The

of Ref.[2], is indicated at two photon energies as vertical dashe(JEXpe”mental _results are partly from R¢€] (large error bagsand

lines. TheL-C curve results from convolution of owb initio L partly from this work(small error bark

results with the spectral resolution; it is also normalized to the ex-

perimental value of the singlep2cross section in the continuum Only calculations such as those by McGUii#] that do not

energy regior(near 64 eV. include coupling between lower channels and those for ion-
ization of the 3 electron obtain a marked step at this thresh-

ing up as the®S threshold is reached at 70.97. Beyond thatold.

threshold, one sees the smaller resonances of 18 (p We have also calculated the resonant structure of the pho-

series that converge on tHé threshold at 71.38 eV. Com- toabsorption cross section near the twwignization thresh-

paring with experiment, one finds that the resonance struclds 1s°2s?2p°3s 3P and 'P at 38.04 and 38.46 eV, respec-

ture near 66 eV is well reproduced by the present calculatively. Our R-matrix results for the energy position of 16

tions. The calculations by Tayal, Msezane, and Marj@8h  members of the £2p°3s— 2s?2p®3s(>*P°)nl Rydberg se-

show the structure shifted to higher energies. Our calculateties agree very well with the experimentally measured pho-

(length form) and measured values disagree by 15% in magtoabsorption spectrurf6,50,51.

nitude around the broad maximum. Earlier calculatiphg

agree in this respect with our results, but the calculated cross 2. Branching ratios and relative cross sections

section(length form by Tayal, Msezane, and Mans$20]

reaches only two-thirds of the measured magnitude. The on- Figures 8 and 9 present experimental and theoret.ical val-
set of the photoionization of the s2 electron at the ues of the branching ratios for CSU and SU correlation sat-

2 6ae 3 1 . ellites following 2p subshell photoionization over the photon
157252p"3s “S and °S thresholds is masked by resonances.energy extending from 50 to 140 eV. The results over the
resonant energy region are shown in more detail in Figs.
10-12.

The branching ratio for the first CSU satellite, i.e.,
the ratio between the intensity of peaks 2 and 1 in Fig.
3 (2s?2p®3s+hv—2s?2p°3p+e” to 2s?2p®3s+hy
2s2p®3s(®S)  3p 66.46 66.37 66.6 66,5 1713 —2s5?2p°3s+e”), is shown in Fig. 8 in the continuum en-

FIG. 8. Branching ratio @°3p to 2p®3s for the first CSU sat-

TABLE IV. Rydberg series of resonancess?2p®3s ?S
—2s2p®3snl 2P° and the associated effective quantum numbers.

Parentterm nl Calc. Ob£ Obs? Obs® n* (Calc)

252p®3s(3S) 4p 695 69.4 69.6 2.866 ergy region. The experimental results with the smallest error
2s2p%3s(®S)  5p 70.25 4.023 bars are the most recent ones. In addition to our experimental
2s2p®3s(®S)  6p 70.52 5.045 and theoretical results, two other sets of theoretical results
252p°3s(19) 3p 67.8 67.8 68. 1.882 can be seen in Fig. 9: the RHF resultsg], using relaxed
252p53s(19) 4p 69.9 2.780 wave functions for the ionic state, and the results of the
252p®3s(!S)  5p 70.8 3.817 MBPT-3 calculationd22]. In this figure as well as in Fig.
252p83s(ls)  6p 71.1 4.845 10, the top scale represents the values of the redsqeat
252p53p(3P°) 4s 72.9 727 2318 rameter, wheres is defined[4] as the ratio betwee_n the ex-
252p%3p(1P°) 4s 735 73.3 2 559 cess energy of the shake elect_ron and the additional energy
necessary to produce the satellite state. The CSU experimen-
®Referencd50]. tal branching ratio decreases slowly with increasing photon
bReference6]. energy, from about 12% at 60 eV to about 7% at 130 eV.

‘Present work. This behavior reflects the mechanism of production of these
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FIG. 9. Branching ratio p%(4s+ 3d) to 2p°3s for the first SU
satellite following 2» photoionization in sodium. Theoretical results
are the preserR-matrix calculations in the lengttt., full line) and
velocity (V, dotted ling forms, the RHF calculationgl8] (dashed
line), the MBPT-3 calculation§22] (dash-dotted ling and the
MCHF calculationg 23] (dash—double-dotted lineThe experimen-
tal results are partly from Reff7] (large error bansand partly from
this work (small error bars

FIG. 11. Branching ratio g°4p to 2p®3s for the second CSU
satellite of sodium in the resonance region. Theoretical results are
the presenR-matrix calculations in the lengttL, full line) and
velocity (V, dotted ling forms. The experimental results are from
Ref.[13]. TheL-C curve results from convolution of owb initio
L results with the spectral resolution and normalization to the ex-
perimental value of the singlep2cross section in the continuum
energy regior(at 64 e\j.

satellites(mainly inelastic scattering of the outgoing pho-
toelectron by the polarized ionic cordhe experimental val- +hv—2s2p°4s  (and ) +e” to 2s’2p®3s+hv
ue of the branching ratio has not yet reached a constant limit—2s°2p®3s+e~]. Here the branching ratio increases
for values ofe close to 20. The RHF results are shown hereslowly with increasing photon energy and reaches a plateau
as calculated in the form (theV results are close to them value for values of the parameter higher than 5, i.e., much
They are a little high at all photon energies. QRematrix ~ sooner than in the case of the CSU satellite. Such a behavior
results present the same behavior, but are the only onds expected in the sudden approximation thef@®]| for the
showing a small maximum at about 80 eV. The MBPT-3intensity of the »°4s shake-up satellites. The small increase
results are in excellent agreement with the experimental dat@ the experimental values near 100 eV is due to the exis-
over most of the photon energy range. They deviate onlyence of doubly excited @nin’l’ resonances that are not
below 60 eV. introduced in the theoretical model. The details of our
Presented in Fig. 9 is the branching ratio for the first SUR-matrix calculations show that the overall predicted inten-
satellite, including the unresolvedp23d, i.e., the ratio be- sty of the transitions to all g°3d satellite states is about
tween the intensity of peaks 3 and 1 in Fig][&?2p°®3s
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FIG. 10. Branching ratio g°3p to 2p®3s for the first CSU FIG. 12. Branching ratio g°(4s,3d) to 2p°3s for the first SU
satellite in the resonance region. Theoretical results are the presesdtellite of sodium in the resonance region. Theoretical results are
R-matrix calculations in the lengtfL, full line) and velocity(V, the presenR-matrix calculations in the lengttL, full line) and

dotted ling forms. The experimental results are partly from Ref. velocity (V, dotted ling forms. The experimental results are from
[8]. In this figure as well as in Figs. 11 and 12, theC curve  Ref.[8]. TheL-C curve results from convolution of oab initio L
results from convolution of ouab initio L results with the spectral results with the spectral resolution and normalization to the experi-
resolution; it is also normalized to the experimental value of themental value of the singlefcross section in the continuum energy
single 2p cross section in the continuum energy regiah64 e\. region (at 64 eV.
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50% of the intensity of the transitions to th@2s shake-up 0.20 T T . T T . .
states. The results shown in Fig. 9 suggest that the energ
dependence of the relative intensity for the®3d satellites o RHF -7
has the same behavior as for the main line and shake-ufg 015
satellites, even though they cannot be explained by the sudg
den approximation. OuR-matrix and the MBPT-322] re- =
sults reproduce well the experimental behavior, while the & o.10
RHF calculationg18] give higher values. The recent MCHF g
calculation[23] produces results that are even higher, by &
30-40%. 0 0.05 -

The branching ratios for the firé2p°3p ionic statey and
the second2p®4p ionic statey series of CSU satellites vary
rapidly in the vicinity of the first 2—3p resonances, as it 0 ! ! ! .
can be seen in Figs. 10 and 11, but not for the SU satellites 8o Ph 100 \1120
presented in Fig. 12. Until recently, only odrmatrix results oton energy (eV)
could be used for a meaningful comparison with experiment £ 13, Branching ratio €p®3s to 2s22p®3s following 2s
[13]. We have already seen that our energy calculations givgng 2 photoionization in sodium. Theoretical results are the
results that are in excellent agreement with experimentgresentR-matrix calculations in the lengtfL, full line) and veloc-
whereas the resonance energies calculated by other auth@gs (v, dotted line forms, the RHF calculationsl8] (dashed ling
are in poor agreement with the experimental data. The Sigand the MBPT-3 calculationg22] (dash-dotted ling The experi-
nificant differences between our experimental and theoreticahental results are from this work.
values at the resonances is due to the fact that the spectral
resolution is considerably larger than the natural width of thegence of our experimental and theoretical results is quite
autoionizing resonances. This difference lowers the experisatisfactory. Below 80 eV photon energy, one observes the
mental values at resonance. Otherwise, our calculations giveffect of several resonances corresponding to double excita-
results in excellent agreement with the experimental dataions of the Z and 3 electrons. In particular, resonances are
They reproduce well the position of the first maximum in observed at about 73 and 77 eV, which can be attributed to
both first and second CSU satellite chann@ligs. 10 and the existence of the neutras2p®3p4s and 22p®4s4p ex-

11) that are due to the 2p®3s(3S)3p and (S)3p reso- cited stateg15]. Experimentally, we did not explore this
nances at 66.46 and 67.8 eV, respectively, as it can be seessonant energy region in detail. In fact, the influence of
in Table 1V, where theoretical and experimental energy valthese resonances on the  2p branching ratio is predicted
ues are compared. The increase of the branching ratio a be relatively small and it would have been difficult to
these resonances shows the importance of the CSU procesisserve experimentally any effect because of the large in-
(effect of selective autoionizatipnOne can note the good strumental window and small counting rates.

agreement between our and V results obtained for all Finally, we show in Fig. 14 the branching ratio for photo-
branching ratios. Theoretical results obtained using théonization of a 3 electron. (the process &€2pf3s+hwv
many-body perturbation theofp3] also show good agree- —2s22p®+e™). The value of the 8to 2p branching ratio is
ment with the experimental data. A second maximum is exiower than 1% and decreases with increasing photon energy.
perimentally observed at 69.5 eV in all channels. It is rela-Our theoretical resultéonly the mean value of odr andV
tively strong in the second CSU satellite chanfiag. 11). It results is shown, both results being very close to each pther
is due to the 82p®3s(3S)4p “P° excited state. This reso-

nance could be easily identified in the calculations, but there . . . r
it is a relatively small feature in the experimental measure-
ments for the instrumental reasons previously explained. The
maximum observed at 65.2 g¥ig. 10 is due to the excited
state 22p®3s(3S)3p “P°. Transitions to these quartet sym-
metry states are forbidden InS coupling and are not ob-
tained by the present calculation. In the SU satellite channel,
the branching ratio remains fairly flat, as it should be, except
for weak structures near thé)3p and (S)3p resonances
and for the quartet state resonance near 65 eV.

Figure 13 shows the branching ratio for photoionization
of the 2s electron (the process &2p®3s+hv—2s2p®3s
+e7). Our experimental and theoretical results and a num- 0 0 30 100 120
ber of other theoretical results are shown. The experimental
value of the branching ratio increases slowly with increasing
photon energy. The RHF results8] are definitely too high, FIG. 14. Branching ratio £2p® to 25?2p®3s following 3s and
whereas the MBPT-3 resulf22] agree rather well with the  2p photoionization in sodium. Theoretical results: durand V
experimental data. Ouv results are generally in excellent R-matrix results are identical and are shown as the full line and the
agreement with the experimental observations. This is th&HF results from Ref[18] are shown as the dashed line. Experi-
only case where they are above thaesults. This conver- mental resultgclosed circlesare from this work.
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FIG. 15. Partial cross sections for singlp photoionization of FIG. 16. Partial cross section for photoionization of sodium

sodium leaving the ion in any one state of the configurationleaving the ion in any one state of the configuratiai2is®2p®3p.
1s%2s?2p°3s. Theoretical results are the pres&amatrix calcula- Theoretical results presented in the length form are the present
tions in the length(L, full line) form, the RHF calculation§18] ~ R-matrix calculations(L, full line), the RHF calculationg18]
(dashed ling the MBPT-2 calculationd17] (dotted ling, the  (dashed ling and the MBPT-3 calculatior{22] (dash-dotted ling
MBPT-3 calculation$22] (dash-dotted ling and the MCHF calcu- The experimental resultclosed circles are from this work. The
lations [23] (dash—double-dotted lie The experimental results total error, including the error due to the photoabsorption measure-
(closed circles are from this work. The total error, including the ments of Ref[2], is indicated at three photon energies as vertical
error due to the photoabsorption measurements of [Rgfis indi- ~ dashed lines.
cated at two photon energies as vertical dashed lines.
tions into the continu@Figs. 15—17, only theL results of all

are the only ones to reproduce correctly the experimentalljheoretical calculations are shown for comparison with ex-
observed behavior. The RHF resufts8] are too low by a  periment.
factor 2 at low photon energy and agree with our experimen- Five theoretical calculations are available for the single
tal results only at the high-energy side of the photon range2p cross section seen in Fig. 15. The RHE] and MCHF

Because of a lack of resolution and beam time, we did not23] calculations agree rather well with ours. At low photon
study in detail the p*nin’l’ satellites. We estimated their €nergy, the RHFE5], the MCHF[10], and one of the three
relative intensity at a few photon energies and found it to benany-body perturbation theori€sIBPT-2[17]) calculations
on the order of 2% of the 2 single photoionization, which is are all in agreement with our experimental data, as well as
similar to the values measured in neph5]. The fact that our L R-matrix results. Thev form of our calculations is
these satellites have about the same relative intensity in negignificantly lower by about 20%. At high photon energy,
and in sodium confirms that the existence of ttseeBectron
has little influence on the |2 subshell photoionization pro- " ' ' '
cesses. In other words, correlation effects other than core & e
relaxation are very weak between the outer and the first inner £ 1.2
subshell. The relatively high intensity of the| satellites
is mainly due to core relaxation and inelastic scattering, i.e.,
to final-state interactions in the core-ionized ‘Nin, and
also to the high oscillator strength of the opticad-33p
transition.

0.8

. . 0.4
3. Absolute values of the partial cross sections

R-matrix L

SU 2p cross section

In Figs. 15-20 the absolute values of the partial photo-
ionization cross sections are presented. Figures 15—-17 show 0 ! . ! !
the variation of the single 2 cross sectio(ML) and the 60 80 100 120
cross sections for 2 photoionization with simultaneous ex- Photon Energy (eV)

- . 2 5 . . .
C'tg‘“o[.] to the 3 _2p. 3p lonic Ste.ltes(ﬂrSt .CSU) and to '.[he FIG. 17. Partial cross sections for photoionization of sodium
25°2p°(4s+ 3d) ionic states(mainly the first SU satellite leaving the ion in any one state of tha’2p®4s and %%2p°3d
over the whole photon energy range, respectively. For better

. ) > . onfigurations. Theoretical results are, in the length form, the
reading, the cross sections in the resonant energy region bgresentr-matrix calculations(L, full line), the RHF calculations

tween 64 and 72 eV are represented in full detail in Figsy1g) (dashed ling the MBPT-3 calculationf22] (dash-dotted ling
18-20, respectively. The theoretical results are presented @84 the MCHF calculation§23] (dash—double-dotted line The

the sums over partial cross sections that leave the ion in anyperimental resultéclosed circles are from this work. The total
one state of configurationst2s?2p°nl since the present error, including the error due to the photoabsorption measurements
photoelectron experiments cannot resolve the fine structuref Ref. [2] is indicated at one photon energy as a vertical dashed
of the final ionic states. For direct photoionization cross sectine.
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FIG. 18. Partial cross section for single photoionization of so-
d|uzm zleavmg_ the ion in any one state of the configuration piG. 19. Partial cross section for photoionization of sodium
1s5?2s?2p®3s in the resonant region. Theoretical results are theleaving the ion in any one state of the configuratia?2s?2p53p
presenR-matrix Ca|9“|ati°”5 in the Iength_., full line) and veloc- iy the resonant region. Theoretical results are the preRenatrix
ity (V, thin dotted ling forms. The experimental resultslosed  ca|culations in the lengttL, full line) and velocity(V, thin dotted
circles are from this work. They have been obtained by measuringine) forms. The experimental resultglosed circles have been
the variation of the ML signal over the resonance region. The smalpptained by measuring the variation of the CSU satellite signal over
error bars include only the errors introduced by the partition of theyhe resonance region. The small error bars include only the error
total cross section. The total error including the error in the photojntroduced by the partition of the total cross section. The total error

absorption measurements is shown at two photon energies as a V@iz|uding the error in the photoabsorption measurements is shown
tical dashed line. The-C curve results from convolution of o@b 4t two photon energies as a vertical dashed line. THe curve

initio L results with the spectral resolution; it is also normalized toggits from convolution of ouab initio L results with the spectral
the experimental value of the singlep Zross section in the con- regolution; it is also normalized to the experimental value of the

tinuum energy regiortat 64 e\). single 2 cross section in the continuum energy regiah64 e\j.

most of the calculations, including ours, provide cross-

section values that are lower than the experiment. Only thencertainty. The fact that both singleo2and first shake-up
MBPT-2 results[22] stay in good agreement with experi- calculated cross sections seem to be a little too low explains
ment over the whole photon energy range. However, all calthat our calculated SU branching ratio is in good agreement
culations lie within the experimental error bars, but the figurewith experiment. It is clear that the discrepancy between our
indicates that there are still unsolved differences betweeR-matrix calculation and experiment is mainly due to a
theory and experiment for the singlep Zphotoionization  ghortfall of the cross section for the main line.

cross section. The conclusions are similar for the singlp 2ross section

The conclusions are a little different for the first CSU in the resonant energy region. In Fig. @ in Figs. 19 and

Cross sectiqn shown in .Fig. 16. At Iowiphoton energy, th 0), the data have been obtained by scanning each photoelec-
only theoretical results in agreement with the experiment r

. ; on signal through the resonant region and by normalizing
data are out R-matrix calculations. Above 80 eV photon : -
energy, the RHF18] and MBPT-3[22] results are very the data to the photoabsorption cross section at 64 eV. The

. density of atomic sodium in the source volume was checked
close to ours and reproduce well the experimental energ

dependence. The absolute values of the calculated cross s _regular time intervals by measurjng systematically the
tions are in agreement with the experimental data within theame photoelegtrc_m spectrum _at agiven phot_on enesgy
experimental error. For the first SU cross section, shown irg ) For the variation of the @ single cross section over the
Fig. 17, the experimental data present the same energy dE&sonant energy region, ol-matrix and the MBPT53]
pendence as the single@2ross section, as expected. Again, calc_ulatlons are available for comparison Wlt_h experiment.
most calculations give results that are generally lower thaftdain, thel results are barely in agreement with the experi-
the measured values, however, within the error bars. Oumental data, whereas thé results are significantly lower.
calculations include transitions to final states having botHOur L-C curve is in good agreement, on a relative scale,
2p°4s and 20°3d electronic configurations since the instru- with our experimental results. The form of the MBPT
mental resolution does not allow us to distinguish betweemesults, not shown in the figure, is in very good agreement
the two corresponding photoelectron lines. Transitions tawith the experimental data.

states with 2°3d electronic configurations have not been The cross sections for photoionization to the first CSU
taken into account in any other calculations. The situation i€2p®3p final-state configurationand SU[2p°(4s+3d)]

the same as for the singlep2cross section: The MBPT-3 satellites states are shown in Figs. 19 and 20, respectively.
[22], RHF [18], and MCHF[23] results are in good agree- The general shapes of the experimental curves are well re-
ment with experiment, except below 60 eV, while odr produced by our calculations, as it can be seen on our nor-
R-matrix results are again lower than the experimental datamalized curved -C. The absolute values are again a little
OurL results are also low, but within the 30% experimentaltoo low, although thé. forms are always in agreement with
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leaving the ion in any one state of thes?2s?2p®4s and
15°25?2p°3d configurations in the resonant region. Theoretical re- £ 21 partial cross sections for single @hotoionization of
sults are the preseR:-matrix calculations in the lengtth., full line) sodium leaving the ion in any one state of the configuration
and velocity(V, thin dotted ling forms. The experimental results 15?252p®3s. Theoretical results are the presématrix calcula-
(closed circles have been obtained by measuring the variation Oftions in the lengthL, full line) and velocity(V, dotted ling forms,

the satellite signal over the resonance region. The small error baliﬁe RHF calculation§18] (thin dashed ling the MBPT-1 calcula-
include only the error introduced by the partition of the total Crossijons[16] (dash-dotted ling the HS calculationéhick dashed ling
section. The total error including the error in the photoabsorptionand the HF calculationgdash—double-dotted lipecalculations
measurements is shown at two photon energies as a vertical dashgdy The experimental resultglosed circlesare from this work.
line. TheL-C curve results from convolution of owb initio L 1he tota] error, including the error due to the photoabsorption mea-
results with the spectral resolution; it is also normalized to the & surements of Ref2], is indicated at one photon energy as a vertical
perimental value of the singlep2cross section in the continuum 4o chad Jine.

energy regionat 64 e\j.

. . than our experimental data up to about 100 eV photon en-
the experimental data when one takes into account the tOt%lrgy The results of the RHF calculatiiis8] are even lower

uncertainty. o .
Co . L than ours at low photon energy, but join them at higher en-
The variation of the single 2 photoionization cross sec- ergies P 9y J 9

tion over the whole photon energy range is shown in Fig. 21.
The energy dependence of this cross section is remarkably

flat. Both theoretical MBPT-217] and RHF[18] results are B. Asymmetry parameters

in good agreement with experiment. The theories that do not ) , )

include any correlation effects, such as the HS and the HF Like for thg partial cross sections, the fine structure coqld
calculations[13,14], do not agree with our experimental not be experimentally resolved except at very low energies
data. They predict too high values of the 2ross section.

This effect was predicted by the RPAE calculatidiag], 0.08 I . . . . . .
soon followed by the measuremefn&s], in the case of the

2s photoionization cross section of neon more than 20 years
ago. It was also shown at this time that the results of Hartree-
Slater[56] and Hartree-Fock57] calculations for neon were
30% higher than the experimental valugs53]. This was
confirmed later by additional measuremef@8]. The results

of the R-matrix calculationd59] were still higher than the
experimental data, suggesting that electron correlations were
not fully accounted for. Here, in the case of sodium, our
R-matrix results are too low, although theandV forms are

in excellent agreement with each other. This may be ex-
plained by the fact that ionic states with a 2acancy are at ol ' ' ' '
the high-energy end of our CC target representatieee
Table Ill) and it may well be that some higher configurations
should be explicitly included in the basis to fully describe the £ 22, 3 photoionization cross section in atomic sodium. Our

2s cross section behavior. length and velocityr-matrix results coincide and are shown as the

Finally, we present in Fig. 22 the variation of thes 3 fyll line; the RHF calculation$18] are shown as the dashed line.
photoionization cross section over the continuum energy refhe experimental result&losed circles are from this work. The
gion. This is a very small cross section and therefore proneotal error, including the error due to the photoabsorption measure-
to loss of numerical accuracy. ORrmatrix results are lower ments of Ref[2], is on the order of 30%.

0.04

3s cross section (in Mb)

! L 1
60 80 100 120

Photon energy (eV)
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FIG. 23. Average asymmetry parameter for atomic sodium leav- FIG. 24. Average asymmetry parameter for atomic sodium leav-
ing the ion in the 2%2p®3s states. Present theoretical results: ing the ion in the first CSU @°3p states. Present theoretical results:
length form(L, full line) and velocity form(V, dotted ling; RHF length form(L, full line) and velocity form(V, dotted ling. Present
calculationsL form (dashed ling from Ref.[18]; MBPT-1 calcu-  experimental results, closed circles.
lations, L form (dash-dotted ling from Ref.[17]. Present experi-

mental results, closed circles. of the partial cross sections, the highly correlated theories

seem to produce results that are less in agreement with the

above the ionization threshold. Thus, for comparison, theneasured values. This would imply that interchannel cou-

individual theoretical results of the individual parameters hadpling effects are weak and might have been overestimated in

to be computed according to

ﬂaveragezz Bio-i/ E i .

the more sophisticated theories. However, one has to exam
ine carefully which ionization threshold energies have been
used in the calculations. The values used in the MBRT6]

and RHF[18] calculations are in error by 1.5 eV and more
than 3 eV, respectively, while the MBPT-2 calculatidi3]

Our calculations and experimental results are compared ilsed the experimental values. TRematrix energy values

Figs. 23—25. The variation of the asymmetry paramgtear are in extremely good agreement with the experimental data,
the photoelectrons ejected in single Photoionization is like for the energies of the 2resonancegsee Table V.

12

shown in Fig. 23. We note a rather strong energy dependendenese small differences, however, cannot be the main reason

of B. There is a pronounced minimuimot shown in the for the apparently better agreement of some of the theoretica
figure) in all calculations around 40 eV photon energy, i.e.,values with experiment dbw photon energy. It should be
very near the P ionization thresholds. This low-kinetic- noted that for single @ photoionization out of the @°3p
energy region could not be explored in our measurementéxcited sodium atom, th&-matrix values are in excellent
because of the too-low transmission of the CMA. Howeveragreement with the experimental d@€2]. In the R-matrix

such a deep minimum has been theoretically predicted margalculations, the core polarization has been neglected. One

years ago in the case ofp2photoelectrons of neofb4,57]  can expect that this effect should be more important when
and has been observed experiment#f9]. This phenom- the outer electron is in thes3orbital than when it is in the
enon results from the interference of the phase shifts due t3p orbital because of the deeper penetration of thedital

the Coulombic and the short-range potenti@4]. For so- into the core region. Thus the better agreement of the
dium, the 8 parameter for the @ main line has been calcu- R-matrix results with experiment for the excited sodium
lated in a number of theoretical approximations: the HS andtom would mean that the core polarization effects are im-
HF approximations by Theodosiou and Field&4], many-  portant and should not be neglected in the calculations. This
body perturbation theor¢gMBPT-1 by Chang and Kinji16],  point was already emphasized in the RPAE calculations of
MBPT-2 by Isenbergt al.[17]), the RHF approximation by the total 2> subshell photoionization cross sectid®].

Craig and Larking 18], and the MCHF approximation by Finally, we show in Figs. 24 and 25 the variation of {he
Saha[23]. The HF results are a little lower than the RHF parameter for photoelectrons corresponding to the first CSU
results and the two MBPT results are very close to eackand SU satellite channels, respectively. For the CSU channel
other. For clarity, we chose to show in Fig. 23, among theour R-matrix results are in good agreement with our experi-
correlated calculations, only the RHIES] and MBPT-1[16]  mental data. The most striking feature is the narrow mini-
results(in the length form to compare with oulR-matrix ~ mum at the 22p%3s(3S)3p ?P° resonance, seen in Fig. 24.
calculations and our experimental data. Since the accuracy dihe theoretically predicted behavior is qualitatively repro-
the experimental values is independent of any normalizationduced by the experiment. OurandV forms are very close
the error bars are smaliypically on the order of 5%and the  to each other. For the SU satellite chanfféh. 25, one can
comparison of the calculated values with the experimentafiraw the same conclusion as for the single @nization
data is a valuable test of the various theoretical approximaehannel, which is not surprising at first sight since the sym-

tions. At first sight, the RHF results give apparently the bestetry of the final states is the same in both cases. One should

agreement with the experiment. Like for the absolute value&eep in mind, however, that the experimental results include
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2 . T . . . though they do not always reproduce the energy depen-
RHF dences correctly. The RHF results are in good agreement
with the experimental data only for the absolute &oss
B s section and for the angular distribution parameter pfabo-
] toelectrons. OuR-matrix results(in the L form) are too low
for the absolute values of the partial cross sections, but show
usually good agreement with the measurements for the
branching ratios as do the MBPT-3 calculations. Over the
o - autoionization resonance region, only deamatrix and the
recent MBPT calculations reproduce correctly the behavior
- - of the partial cross sections.
The presentb initio close-coupling andR-matrix calcu-
-1 ' ' ' ! ' lations start from a CI description of the target involving 39
60 80 100 ; .
Photon energy (eV) states whose energies are well reproduced. Our calculations
reproduce correctly the energy dependence of most of the
FIG. 25. Average asymmetry parameter for atomic sodium leaviartial cross sections, particularly over the resonance region.
ing the ion in the p5(3d+4s) states. Present theoretical results: The absolute values of our theoretical results are below the
length form(L, full line) and velocity form(V, dotted ling; RHF  experimental values, but olr results lie usually within the
calculations(dashed ling from Ref.[18]. Present experimental re- experimental error bars. This agreement confirms that results
sults, closed circles. obtained using the length formulation are more reliablabn
initio R-matrix calculations. Differences between our length
also the angular dependence of th@?2d satellites and that and velocity forms indicate some inconsistencies in their
our R-matrix calculations predict the 3d to 2p°4s  contribution to the generdt-matrix equation10) and a loss
branching ratio to be on the order of 50%. The experimentabf numerical accuracy. The present calculations include core
accuracy does not allow us to discriminate between botlpolarization via a Cl withns, np, andnd (n<4) orbitals
groups of satellites; as for the branching ratio res(ése  and could be improved by including the remaining core po-
Fig. 9), they could also show a similar energy dependencelarization via a Cl polarized orbitdb3].
The RHF results again give the best agreement with experi- On the experimental side, our results demonstrate that
ment. there is an urgent need to measure again, with better accu-
racy, the total photoabsorption cross section. Interferometry
V. CONCLUSIONS techniques could be applied successfully to this aim. In ad-
dition, experiments with better resolution are also needed in
This paper summarizes the results obtained during severgkder to determine the values of telividual partial photo-

years of experimentalists and theorists investigating togethgpnization cross sections and to study with improved photon
the photoionization processes in atomic sodium. The detefjyx the 2p*nin’l’ and 22p®nl correlation satellites.
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