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Inner-shell photoionization of sodium: Experiment and theory
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Recent measurements of the photoionization of Na by ejection of a 3s, 2p, or 2s electron give branching
ratios,b 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 theR-matrix code, together with extensive configuration and close-coupling expansions,
make it possible to calculate the relevant quantities over the continuum energy range~40–140 eV! as well as
in the resonant energy region corresponding to the excitation of a 2p or 2s 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 25%.@S1050-2947~98!06306-9#

PACS number~s!: 32.80.Fb
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I. INTRODUCTION

Characterization of the dynamics of the photon-atom
teraction occurs through different parameters, which are
marily the partial photoionization cross sections and the
gular distribution asymmetry parameters for all subsh
involved in the photoionization process. The simplest s
tems, i.e., the closed-shell atoms, are now well understo
Many qualitative and quantitative results have been obtai
for the rare gases and the agreement is good between
retical calculations including electron correlation effects a
the experimental data. The situation is more complex
open-shell atoms: The number of states resulting from m
tiplet splitting makes wave functions of high accuracy mo
difficult to obtain. On the experimental side, there are ma
fewer data available for metallic vapors than for the ra
gases. In particular, absolute photoabsorption cross sec
have been measured only for lithium@1#, sodium @2#, and
barium @3# atoms.

Among all open-shell systems, the sodium atom with
1s22s22p63s electronic configuration occupies a spec
place in the Periodic Table. It is the first alkali-metal ato
having a completep subshell. Thus, with one excited ele
tron outside of a closed core, it is possible to test cert
classes of correlation effects that are not significant in
case of the rare gases. The sodium atom is light enough
extensiveab initio calculations to still be performed an
heavy enough to have the binding energy of several in
subshells included in the photon energy range available
our synchrotron radiation facility, for electron spectrome
studies. Thus absolute values of partial photoionization cr
sections can be theoretically calculated and experimen
determined, providing a valuable test of the various theo
ical approximations.

The experimental determination of accurate absolute
571050-2947/98/57~6!/4432~20!/$15.00
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ues of partial photoionization cross sections is a difficult p
cedure. Using electron and ion spectrometries, it is poss
to accurately measurerelative intensities of the different
photoionization processes. However,absolutevalues of the
various cross sections cannot be measured with accu
from the intensities of photoelectron lines because of
high uncertainties on the absolute values of some of the
rameters involved in the experiments: The size of the in
action volume, the absolute density of the sample, the s
angle, and the efficiency of the detector. When one aims
10–20 % accuracy one has to follow another method. O
branching ratios for all processes contributing to the to
photoabsorption cross section are known, the absolute va
of the partial cross sections can be determined by norma
tion to the measured photoabsorption cross section. Unfo
nately, while absolute values of the total photoabsorpt
cross section are known within 2–3 % for the rare gases,
quantity has been measured to only 25% for the alkali-m
atoms@1,2# and recently to 15% for barium@3#. For all other
atoms, absolute partial cross sections are determined by
malization to a theoretical calculation or by use of some s
rules that are not always accurate enough because one h
know all relative oscillator strengths and partial cross s
tions for resonant and continuum transitions over the wh
photon energy range, respectively. Thus one is usually a
experimentally to test only theenergy dependenceof theo-
retical calculations and not the absolute values of their
sults. Extensive tables for absolute values of partial cr
sections exist only for helium and neon@4,5#. In the present
work we have obtained the data to establish a similar ta
for atomic sodium.

In the case of sodium, the photoabsorption cross sec
has been measured in the 40–250 eV photon energy ran
an accuracy of 20–25 %@2#. The previous work of Wolff
et al. @6# did not involve determination of the absolute valu
4432 © 1998 The American Physical Society
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57 4433INNER-SHELL PHOTOIONIZATION OF SODIUM: . . .
of the total photoabsorption cross section. Some branch
ratios for single@7,8# and double@9# photoionization pro-
cesses have already been determined for up to 140 eV
ton energy. More accurate measurements are presente
this paper. Combining all experimental data, it was poss
to determine theabsolute values of each partial photoioniz
tion cross sectionand to compare them directly with theor

Measurements of the angular distribution of photoel
trons do not require the knowledge of any absolute cr
section. However, accurate measurements of the relative
tensity of photoelectrons ejected at various azimuthal an
must be performed in exactly the same experimental co
tions. In the work presented here, we used a multichan
detection device to measure the angular distribution par
eterb of the photoelectrons ejected from the 2p subshell of
atomic sodium for the single photoionization process~2p
main line! and for simultaneous excitation and ionizatio
processes~correlation satellites!.

On the theoretical side, the total 2p cross section, exclud
ing the resonance structure, was calculated with a v
simple theoretical one-electron model many years ago@10#.
Soon after, a highly correlated model, the random-phase
proximation with exchange~RPAE! that includes intra- and
intershell correlations, was used by Amusiaet al. @11–13# to
calculate the 2p and 3s total cross sections; in the sam
work, a comparison was also made with the results
Hartree-Fock calculations~these results are labeled HF1L
and HF1V in the following!. Some years later, calculation
for the 2p and 2s photoionization cross sections were carri
out @14# using both Hartree-Slater~HS! and Hartree-Fock
approximations~HF2L and HF2V). When experimentalists
succeeded in measuring correlation satellites by using p
toelectron spectrometry@15#, calculations that were able t
calculate separately partial subshell photoionization cr
sections and to determine angular distribution parame
were called for. Chang and Kim@16# used many-body per
turbation theory~MBPT! to calculate the partial cross se
tions and the asymmetry parameterb for 2p subshell photo-
ionization ~MBPT-1!. Isenberget al. @17# had some succes
interpreting the observed resonance structure; they also
culated partial cross sections. In their MBPT calculatio
they used a limited close-coupling expansion~MBPT-2!.
Craig and Larkins@18# used a relaxed Hartree-Fock~RHF!
model to calculate partial cross sections and asymmetry
rameters. Msezane, Armstrong-Mensah, and Niles@19# and
Tayal, Msezane, and Manson@20# used theR-matrix method
@21#, but due to shortcomings in their target state expans
their results are in poor agreement with experiment. Th
calculations indicate the sensitivity of the calculated re
nance positions to the target state representation. Mos
cently, two theoretical papers using many-body perturba
theory by Liu and Liu@22# ~MBPT-3! and a multiconfigura-
tion Hartree-Fock~MCHF! approach by Saha@23# have pre-
sented partial cross sections and angular distribution of
photoelectrons.

In our R-matrix calculations covering an extended phot
energy range~26–140 eV!, it is necessary to employ a su
ficiently large close-coupling~CC! expansion to obtain a
complete model of the physical process over a wide rang
energies. The CC development isab initio and it automati-
cally yields complete series of resonance states conver
g
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on all ion terms included in the expansion. In particular, t
full channel coupling describes such processes as shak
~SU!, where the ion is left in an excited state of the sam
parity, and ‘‘conjugate shake-up’’~CSU!, where the excited
ionic state has the opposite parity to that of the ionic st
1s22s22p53s 1,3P0 . The accuracy with which the positio
of these resonances are calculated depends crucially on
criteria. First, the model ion must be such that the exp
mental energies of all target states that are included in
CC expansion match the experimental energies very clos
In the case of the present Na1 target, this meant that all term
lying between 1s22s22p6 1S and 1s22s2p64d 1D, span-
ning 5.6 Ry, had to be accurately represented using the s
orbitals and configurations throughout. Second, the CC
pansion and the complementary expansion overN
11!-electron ‘‘bound states’’ must be consistent. The tar
spans an energy range that includes infinitely many te
converging on the 2s22p5 1,3P and 2s2p63s 1,3S ionization
thresholds of Na1. Consequently, inner-shell photoionizatio
calculations in the CC approximation that include all t
details presented here are only possible by carefully cho
ing a representative set of target terms. The selected
channels must be matched by a corresponding choice
(N11!-electron bound-state configurations@24#.

Our work is presented as follows. The experimental p
cedure and data analysis are described in Sec. II. The ta
calculation and the details of the configuration-interact
~CI! expansion and of the CC problem using theR-matrix
method are described in Sec. III. Theoretical and experim
tal results for the partial cross sections and angular distr
tion parameters are presented and compared in Sec. IV. C
clusions are given in Sec. V.

II. EXPERIMENT

The experimental data determined in this work have b
obtained using electron spectroscopy and the synchrotron
diation ~SR! emitted by a bending magnet of the Super-AC
~Anneau de Collisions d’Orsay! storage ring over the photo
energy range extending from 20 to 140 eV. Previously,
experimental design has been described only briefly@7#.
Here we will give more details about the experimental se
and procedure.

A. Experimental setup

The whole experimental setup is shown in Fig. 1. S
emitted in the bending magnet is focused on the entrance
of the monochromator with a toroidal mirror, after deflectio
in the horizontal plane by a plane mirror. The entrance a
exit slits of the monochromator are adjustable under vacu
Dispersion of the light is achieved by a toroidal holograph
grating under grazing incidence. Two gratings are perm
nently mounted in the grating holder: The first grating
etched to 450 lines/mm and is blazed at a photon energ
35 eV; the second one is etched to 1200 lines/mm and o
mized for photon energies higher than 90 eV. After the e
slit, the beam is refocused onto the source volume of
electron analyzer by a second toroidal mirror. A gold mesh
placed in the photon beam to measure continuously the p
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FIG. 1. Experimental setup: TM1 and TM2 toroidal mirrors; PM, plane mirror; TG, toroidal grating; CMA, cylindrical mirror analyz
The channeltron is located on the axis of the CMA and collects all photoelectrons emitted from the source volume at the mag
u554°448.
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ton flux. Typically, about 1012 photons/sec are available i
the interaction region at 35 eV photon energy with 500-mm
slits ~relative bandwidthDl/l51%! and 400 mA positron
beam current.

The electron spectrometer is a cylindrical mirror analy
~CMA! composed of three cylinders. To be able to vary
size of the source volume as well as the resolution of
analyzer, the CMA was designed with two inner cylinde
and four adjustable entrance and exit slits. With 4 mm
widths, the resolution of the analyzer is 0.85% and 1.25%
the electron pass energy for angle-integrated and an
resolved measurements, respectively. The inner cylinders
grounded and the analyzing voltage is applied to the o
cylinder.

In order to evaporate the atomic sodium, a stainless-s
furnace is mounted on the axis of the CMA. It is resistive
heated by a Ni-Cr thermocoax. A thermocouple is used
monitor the temperature. A liquid-nitrogen-cooled finger
located in the CMA very close to the source volume a
serves to trap the sodium atoms after the interaction reg
The oven can be used for two days before a refilling
needed. It emits an effusive beam of sodium atoms tha
collinear to the photon beam. The maximum atomic den
used in our experiments was limited to 1012– 1013 atoms/cm3

in order to minimize the effect of inelastic scattering of t
photoelectrons.

The experiment was originally designed to measure r
tive partial cross sections in using the photon beams em
from bending magnets@25#. Then the axis of the CMA was
chosen to be collinear with the photon beam because of
elliptical polarization of SR since it is well known that th
radiation emitted from a bending magnet is elliptically pola
ized with a linear polarization rate on the order of 60–70
In the nonrelativistic dipole approximation, which is valid
the low photon energies investigated in this work, the diff
ential photoionization cross sectiondsnl /dV for (n,l )
atomic electrons in thedV solid angle is given, for an ellip-
tically polarized photon beam and a randomly oriented
get, by@26,27#
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dsnl /dV5snl/4p$12bnl/2@P2~cosu!

2 3
2 p sin2u cos 2~w1w0!#%, ~1!

with P2 the Legendre polynomial of second order;p the rate
of linear polarization of the monochromatized radiati
equal to cos 2v, wherev is the ellipticity of the polarization
ellipsev5arctan(b/a), b anda being the length of the smal
and large axes of the ellipse, respectively;u the angle be-
tween the directions of photons and photoelectrons;w1w0
the azimuthal angle of the photoelectrons referred to
main electrical vector of the radiation, i.e., the main axis
the polarization ellipse;w andw0 defined in Fig. 2, where the
setup for the angular distribution measurements~to be de-
scribed later! is schematically illustrated;bnl the asymmetry
parameter characterizing the angular distribution of the p
toelectrons emitted from the (n,l ) subshell; andsnl the par-
tial cross section for photoionization of electrons from t
(n,l ) subshell. Collecting all photoelectrons emitted in t
angular range 0<w<2p and choosingu554°448 ~the
magic angle! makes the differential photoionization cros
section equal to

FIG. 2. Geometry of the experimental setup for angle-resol
experiments in a plane perpendicular to the CMA axis.
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57 4435INNER-SHELL PHOTOIONIZATION OF SODIUM: . . .
dsnl /dV5snl/4p ~2!

since, by integration overw in the angular range~0,2p!, the
term depending onw cancels.

For angle-integrated measurements of partial cross
tions, the electrons emitted from the extended source volu
of the CMA are energy analyzed and counted by one ch
neltron located on the CMA axis, as it is shown in Fig. 1.
this geometry, the electron signal is proportional to the d
ferential cross section and then to the subshell cross se
according to relation~2!.

For angle-resolved experiments several identical chan
trons, six in the work presented here, are mounted alon
ring coinciding with the first-order focus located between
two inner cylinders, as it is illustrated in Fig. 2. The angu
position of each channeltron is determined by the anglw
that is the angle between the direction of the outgoing e
trons on a plane perpendicular to the CMA axis and
horizontal axis. Values ofw chosen for these measuremen
are indicated in Fig. 2. The angular acceptance of each c
neltron is hereDw568°. Since the polarization ellipse, in
tially in the horizontal plane of the positron orbit in the sto
age ring, rotates under reflection on the various opt
elements in the beam line, the rotation anglew0 must be
measured for angular distribution studies. The great adv
tage of this multidetection system is that it is possible
measure the emitted electron intensity simultaneously at
eralw angles. This decreases the acquisition time and can
errors due to possible unstabilities in the atomic beam d
sity or photon beam intensity.

The number of electronsN(«,w)nld« emitted from the
(n,l ) subshell by an incoming photon fluxN(hn)d(hn) in
the energy intervald(hn) and detected in the aperture ang
2Dw by one channeltron located at the anglew and at u
554°448 is given by

Nnl~«,w!d«5GrLh~«!T~«,w!N~hn!snl~hn!

3$110.494bnl~hn!p~hn!

3cos 2@w1w0~hn!#%Dwd~hn!, ~3!

with G the constant value including a geometrical factorr
the atomic density in the source volume,L the length of the
source volume,h ~«! the efficiency of the channeltron fo
electrons with energy«, andT(«,w) the transmission of the
CMA for electrons emitted at the anglew with energy«. The
signal issued from the channeltron~s! enters one~or six!
counters after amplification and discrimination. Two ca
brated Hewlett-Packard voltage sources are used to esta
the analyzing voltage. The whole experiment is driven b
HP-9000 computer. It controls the voltage sources,
counters, and the Keithley ammeter plugged to the g
mesh placed in the photon beam and drives the monoc
mator.

B. Experimental procedure for partial-cross-section
determination

1. Photoelectron spectra

For partial-cross-section measurements on a rela
scale, the experimental setup shown in Fig. 1, i.e., with
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channeltron located on the axis of the CMA, allows us to
the most accurate data. We show in Fig. 3 a typical electron
spectrum produced by photoionization of atomic sodium
the 2p subshell with 75.6-eV photons. On the upper horizo
tal axis, the binding-energy scale has been determined by
simple energy conservation rule, knowing the photon ene
and the contact potentials from calibration measureme
The kinetic energy of the electrons can be determined w
our setup to within 0.01–0.05 eV, depending on the kine
energy range. Each photoelectron peak corresponds to a
cific final state of the Na1 ion that can be reached by photo
ionization: main lines due to single photoionization
sodium atoms in the 2p subshell~at 38.04 and 38.46 eV
binding energies, final states 2s22p53s 1P1 and 3P0,1,2, re-
spectively!, correlation satellites at higher binding energie
e.g., shake-up satellites near 46 eV binding energy~final
ionic states 2s22p54s 1,3P!, and conjugate shake-up o
‘‘knock out’’ @28# satellites around 42 eV binding energ
~final ionic states 2s22p53p 1,3L!. Other correlation satellites
of weaker intensities are observed at higher binding energ
Throughout the following sections, we will use the term
main line ~ML !, shake-up satellites, and conjugate shake
satellites to refer to these various categories of electron lin

The electronic configuration of the various final states
marked by vertical bars in Fig. 3. The experimental bindi
energies are in accordance with the detailed term value
given by Moore@29#.

2. Branching ratios and relative photoionization cross sections

For angle-integrated spectra, i.e., for spectra integra
electrons emitted in the~0,2p! w angular range atu554°448,
such as the one shown in Fig. 3, relation~3! becomes

Nnl~«!5Ch~«!T~«!N~hn!snl~hn!, ~4!

FIG. 3. Photoelectron spectrum of atomic sodium taken athn
575.6 eV. The electron line at 38 eV binding energy is due
single photoionization of the 2p electrons. The other group of line
at higher binding energies are satellite lines: 2p53p and 2p54p
CSU lines, around 42 and 47 eV, respectively; 2p54s and 2p55s
SU lines near 46 and 49 eV, respectively. Peaks correspondin
2p53d and 2p54d final ionic states are not resolved from pea
corresponding to 2p54s and 2p55s, respectively.
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4436 57D. CUBAYNES et al.
with C5GrL/4p. As already mentioned in the Introductio
absolute determinations ofsnl(hn) from relation~4! would
require accurate absolute measurements ofT(«), h~«!, and
the various factors included in the constantC. The main
difficulty in electron spectrometry is to accurately determ
the absolute atomic density and the actual size of the so
volume ‘‘seen’’ by the detector in the electron spectrome
This is not possible when one aims at a 25% accuracy. H
ever, for a comparison of the varioussnl(hn) corresponding
to several final ionic states observed in thesameelectron
spectrum as described above,accurate branching ratios,
typically within 1% and 3–5 % for high-~above 10 eV! and
low- ~3–10 eV! kinetic-energy electron lines, respectivel
can be obtained by comparing theNnl(«) integrated area o
the observed electron peaks. Then, at a givenhn photon
energy, partial cross sections can be compared from the m
sured branching ratios using expression~4!. For all electron
lines in an electron spectrum,C and N(hn) keep the same
values.h ~«! is also the same, provided a high-enough po
acceleration voltage~60–80 V! is applied to the grid placed
in front of the channeltron. Thus, comparing two cross s
tions sn1l 1

and sn2l 2
from the integrated area of the corr

sponding electron lines with kinetic energies«1 and «2 re-
quires the knowledge, on arelative scale, of theT(«) CMA
transmission function, according to the relation

sn1l 1
~hn!/sn2l 2

~hn!5@N1~«1!/N2~«2!#@T~«2!/T~«1!#.
~5!

In the constant resolution mode of the CMA us
throughout these experiments, i.e., with variable transm
sion energies, the transmission of the analyzer is proportio
to the kinetic energy of the electrons at sufficiently hi
kinetic energy, above typically 10–15 eV, but not at low
kinetic energies. So we used two different procedures to
termineT(«). First, the intensity ratio between the electr
line produced by photoionization of a core electron and o
of the Auger lines due to relaxation of this core hole must
constant when one varies the photon energies~but, possibly,
over some specific and narrow energy ranges@30#!. Thus, by
varying systematically the photon energy and then the
netic energy of the photoelectrons,T(«) was determined on
a relative scale by measuring the integrated area unde
photoelectron and Auger lines, respectively. In applying t
procedure, one has to be sure that only photons diffracte
the first order by the monochromator contribute to the f
mation of the core holes. This condition was easily fulfill
by choosing the Auger lines emitted in the relaxation of ad
hole in krypton. The binding energy of these 3d electrons,
and thus the lowest photon energy needed in this calibra
procedure, is 93 eV. Since the cutoff energy of the beam
is 160 eV, we had no contribution from photons diffracted
higher orders.

A second method was to follow the variation of the re
tive intensity of the Ne 2p photoelectron line as a function o
the kinetic energy of the electrons, using the relative va
tion of the photon flux as measured by the gold mesh and
nanoammeter. Since the binding energy of these electro
21.59 eV, higher-order photons contribute to the reading
the nanoammeter and their relative contribution should
removed. Photoelectrons emitted from the 2p subshell of
ce
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neon by the photons diffracted in various orders, up to
sixth order, were measured and the known 2p photoioniza-
tion cross section@4,5# was used to correct the relative vari
tion of the photon flux. The energy dependence of the p
toyield of gold was taken from the measurements of Ede
@31#. This second method was an iterative method and
procedure was applied several times at each photon ene

Results obtained in both methods were in good agr
ment. Alternatively, once the transmission curve of the CM
was well known, measuring the energy variation of the ne
2p photoelectron line produced by first-order photons
fered often a more accurate way to determine the rela
variation of the photon flux than to correct the current fro
the gold mesh. This possibility has been used especiall
normalize the relative data obtained in the resonant ene
region of the spectrum. Let us mention also that the meas
ment of the neon 2p photoelectron line diffracted in severa
orders by the monochromator serves to check accura
within 0.02 eV usually, the energy of the monochromator.
any case, since the transmission of the CMA in the cons
resolution mode is continuously decreasing with decreas
kinetic energies~down to zero at about 3 eV!, the accuracy is
lower ~3–5 %! in our determinations of branching ratios in
volving electron lines with kinetic energies below 10 eV~in
the 3–10 eV energy range! than in the range of higher kineti
energies~2–3 %!.

3. Absolute values of the partial cross sections

Branching ratios for photoionization into the various co
tinuum channels were determined over the whole photon
ergy range as described in the preceding paragraph. To
tain the absolute values of the partial cross sections,
methods can be used. First, once all branching ratios h
been measured using electron and ion spectrometries,
can normalize the data at one photon energy to the meas
absolute photoabsorption cross section and measure, wit
electron analyzer, the relative variation of one photoelect
line as a function of the photon energy. Second, one
normalize the relative values of the partial cross secti
resulting, at each photon energy, from the previous partiti
ing of the total cross section to the absolute value of
measured total cross section. We have chosen the se
solution to obtain the absolute values of the partial cr
sections presented in the following sections, except in
scanning of the 64–72 eV resonance region where the
solution has been adopted.

C. Angular distribution measurements

For angular distribution measurements, the six chann
trons record simultaneously electrons emitted at thew angles
indicated in Fig. 2. An example of the six angle-resolv
photoelectron spectra measured at 105 eV photon energ
shown in Fig. 4. The angle-resolved integrated area un
each photoelectron line measured by each channeltroni at
the anglew i is proportional to the angle-resolved cross se
tion s(w i), which is obtained from a double integration ov
u andw of the differential equation~1!, according to
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s~w i !5s/4pE
w i2Dw

w i1Dw

dwE
umin

umax
sin u du$12bnl/2

3@P2~cosu!2 3
2 p sin2 u cos 2~w i1w0!#%, ~6!

wherew i is the azimuthal angle corresponding to the me
position of each channeltroni and Dw is half the angular
aperture of them.

The cylindrical symmetry of the CMA makes easy t
integration overw if one considers in the first approximatio
the source volume as a point source and neglects a pos
spiraling of the electrons around the CMA axis~this effect
would lead to detecting electrons emitted at other values
the w angle, but it is negligible in our cases@32#!. The inte-
gration overu is more complicated. Taking into account th
effective size of the source volume and the influence of
finite acceptance angle of the spectrometer as describe
Ref. @32#, one obtains the final expression fors(w i) to be
used in analyzing the angle resolved data:

s~w i !5Cs@110.494bp cos 2~w i1w0!#. ~7!

Replacing in Eqs.~3! and ~7! CGrLh(«)N(hn) by a con-
stantC8, the angle-resolved number of counts in the angu
aperture 2Dw can be expressed as

Nnl~«,w i !5C8snl~hn!@110.494bnl~hn!p~hn!

3cos 2@w i1w0~hn!#T~«,w i !. ~8!

Calibration of the relative transmissionsT(«,w), the rate
of linear polarizationp of SR, and the rotation anglew0
was achieved by measuring the well-known angular distri
tion of the photoelectrons emitted from rare-gas ato
~He 1s and Ar 3p photolines!. The 4d95s25p6 2D5/2
→4d105s25p4 1S01e2 Auger line of xenon was also used
Internal calibration in every photoelectron spectrum of
dium was also checked by using the 2s or 3s photoelectron
lines of sodium whose asymmetry parametersb were calcu-
lated in a Dirac-Fock approximation to be equal to 2 w
above the threshold@33,34#. In order to obtainb, we evalu-

FIG. 4. Angle-resolved electron spectra taken athn5105 eV
for six different values of the anglew.
n

ble

of

e
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l

ated the integrated area under each photoelectron
Nnl(«,w i) and fitted formula~8! to the data by usingb as a
free parameter. As an example, we show in Fig. 5 the m
sured angular distribution~at 105 eV! of the CSU photoelec-
tron line. The solid line represents the fit with ab value of
0.72 using the measured values ofp and w0 ~p50.62
60.02 andw055.7°60.3°!. The uncertainty on this value o
b is 60.13.

III. THEORY

A. Na1 target wave functions

In recent calculations of wave functions, energies, a
oscillator strengths for the neon isoelectronic sequence@35#,
the energies forn53 levels were optimized. In the prese
work it was necessary to optimize all targets states 2s22p5nl
and 2s2p6nl, with n53 and 4. Starting with the radial func
tions as obtained in the paper on the neon sequence
using the codeCIV3 by Hibbert@36#, a set of optimized radia
functions was calculated.

1. Target orbitals

The radial functions are expressed as Slater-type orbi

Pnl~r !5(
j 51

k

CjnlF ~2z jnl !
2I jnl11

~2I jnl !!
G1/2

r I jnlexp~2z jnl r !. ~9!

The parameters for the 1s and 2s orbitals were taken from
the compilation of Clementi and Roetti@37# for the
1s22s22p5 2Po state of Na21. The parameters for all othe
target orbitals were optimized as shown in Table I. Then
53 and 4 orbitals were chosen to be spectroscopic so
they describe the outermost electrons in each state, while
5̄s, 5̄p, and 5̄d functions are ‘‘correlation’’ orbitals, chosen
to improve the ground-state representation. In particular,
2p function of the Na21 ion is somewhat different from tha
for the 2p6 Na1 ground state; the 5p̄ function acts as a
correcting function. The 5s̄ orbital plays the same role with
respect to the 2s orbital, although the difference between th
2s functions for the different states is not so great. In o
earlier work@38# it was found that the major correlation e

FIG. 5. Angle-resolved measurements for the intensity of
first CSU line measured at variousw angles athn562 eV. The
solid line is the result of the fitting procedure according to Eq.~8!.
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fect in the 2s2p6nl states can be included by means of t
configuration 2s22p45̄dnl and the present 5d̄ function is op-
timized to account for this. The optimized parameters can
given upon request.

2. Wave functions and energies

The 29 basic configurations used for building the 39 t
get states are listed in Table II. The configurations mar
with an asterisk were included only for states of1S symme-
try where they serve to correct for the differences betw
the 2s and 2p orbitals of the ground state and those of t
higher states. In addition, they serve to add sufficient co
lation effects to bring the energy separations between
ground state and the core excited states into close agree
with experiment. The remaining 23 configurations give r

TABLE I. Method of optimization for the Na1 orbitals.

Orbital Energy functional optimized

1s,2s 1s,2s of Na21: 1s22s22p5Po a

2p 2p53s 3Po

3s average~equally weighted! of 2p53s 1,3Po

4s average~equally weighted! of 2p54s 1,3Po

with configurations 2p53s, 2p54s
3p average~equally weighted! of 2p53p 3S,1,3P,1,3D
4p average~equally weighted! of 2p54p 3S,1,3P,1,3D

with configurations 2p53p, 2p54p
3d average~equally weighted! of 2p53d 1,3Po,1,3Do,1,3Fo

4d average~equally weighted! of 2p54d,1,3Po,1,3Do,1,3Fo

with configurations 2p53d, 2p54d
4 f average~equally weighted! of 2p54 f ,1,3F

5̄s 2p6 1S with configurations 2p6,2p5np,2s2p6ns
(n53,4,5̄)

5̄p 2p6 1S with configurations 2p6, 2p5np (n53,4,5̄)

5̄d 2s22p63s 1S with configurations
2p6,2p5np,2s2p6ns,2s22p43snd (n53,4,5̄)

aFrom Ref.@37#.

TABLE II. Configurations used in Na1 target states. An asteris
denotes for1S symmetry only.

14 basic spectroscopic configurations
1s22s22p6

2p injection
@1s2#2s22p53s,2s22p53p,2s22p53d,2s22p54s,
2s22p54p,2s22p54d,2s22p54 f
2s injection
@1s2#2s2p63s,2s2p63p,2s2p63d,
2s2p64s,2s2p64p,2s2p64d

15 correlation configurations
2p injection

@1s2#2s22p55̄p* ,2s22p43s5̄d,2s22p43p5̄d,

2s22p43d5̄d,2s22p44s5̄d,2s22p44p5̄d,

2s22p44d5̄d,2s22p44 f 5̄d,2p65̄s2* , 2p65p2* ,2p65̄d2*
2s injection

@1s2#2s2p65̄s,2s2p65̄p,

2s2p55̄s5̄p* ,2s2p55̄p5̄d*
e

-
d

n

-
e

ent
e

to 258 symmetries when all angular momentum couplin
are accounted for. All 264 configurations were employed
build the 39 target states that were retained in the CC exp
sion.

The list of these 39 target states is given in Table III
which our theoretical separations are compared with exis
experimental values. In general, the agreement between

TABLE III. Target state energies relative to the 1s22s22p6 1S
ground state of Na (E52161.730 306 a.u.). The first threshold
are for 2p53s 1,3Po, 38.46 and 38.06 eV~calc.! and 38.46 and
38.04 eV~expt.!. The second thresholds for 2s2p63s 1,3Se, 70.38
and 70.97 eV~calc.! and 71.3 and 70.9 eV~expt.!.

Term State
This work

(cm21) Expt.a,b (cm21)

1 2p6 1S 0 0
2 2p53s 3Po 265 490 265 377
3 2p53s 1Po 268 795 268 623
4 2p53p 3S 293 290 293 220
5 2p53p 3D 297 478 297 615
6 2p53p 1D 299 110 299 027
7 2p53p 1P 299 790 300 100
8 2p53p 3P 299 825 300 200
9 2p53p 1S 309 433 308 861

10 2p53d 3Po 330 056 330 713
11 2p54s 3Po 331 004 331 904
12 2p53d 1Po 331 133 331 745
13 2p53d 1Do 331 531 332 800
14 2p53d 3Do 331 531 332 900
15 2p54s 1Po 331 764 332 691
16 2p54p 3S 339 596
17 2p54p 3D 340 732
18 2p54p 1D 341 265
19 2p54p 1P 341 426
20 2p54p 3P 341 439
21 2p54p 1S 345 915
22 2p54d 3Po 352 329
23 2p54d 1Po 352 832
24 2p54d 1Do 352 862
25 2p54d 3Do 352 862
26 2p54 f 3Do 352 862
27 2p54 f 1D 352 913
28 2s2p63s 3S 531 047 530 690b,c

29 2s2p63s 1S 534 387 533 872b,c

30 2s2p63p 3Po 562 430 562 800
31 2s2p63p 1Po 564 132 564 210
32 2s2p63d 3D 594 744
33 2s2p64s 3S 594 810
34 2s2p63d 1D 594 916
35 2s2p64s 1S 595 525
36 2s2p64p 3Po 604 724
37 2s2p64p 1Po 605 304
38 2s2p64d 3D 616 342
39 2s2p64d 1D 616 440

aReference@39#, quoting from Ref.@40#.
bWeighted average ofJ levels, with an estimate of the effect o
mixing of LS levels for a particularJ removed.
cPresent work.
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calculation and experiment is good; most differences are
than 1000 cm21 ~i.e., 0.1 eV or about 0.5%!. For a meaning-
ful comparison the ‘‘experimental’’ term energies inLS cou-
pling are obtained from theJ-dependent experimental leve
energies by taking the weighted mean and also accoun
for coupling between differentLS terms sharing a commo
J. Note in particular the good agreement for states with c
figuration 2s2p63s.

B. The scattering calculation

1. The wave function for the (N11)-electron system

A detailed discussion of theR-matrix method as used fo
the calculation of inner-shell photoionization processes
already been given elsewhere@24#. Wave functions for the
target plus electron system@the (N11)-electron state# are
required for the ground state of sodium and for the c
tinuum states. The wave function for the (N11)-electron
system of total symmetrySLp is given by

CSLp5A(
i

NF

F i~SiLi ;x1 ,...,xN ,x̂N11!

3F~ki l i ;r N11!r n11
21 1(

j

NB

cjF j
Slp , ~10!

where theF i are the CI wave functions of the target term
that have been included in the CC expansion and they
coupled to the angular and spin coordinates of the additio
electron. The F j in the second sum represent (N
11!-electron states made up entirely of target orbitals. Th
are also referred to as bound states in this paper. In orde
the CC expansion to be consistent the sum overF j must
include all (N11)-electron states that have exac
N-electron parent terms included in the first summand. T
energy range covered by the selected target states span
subshell ionization thresholds. We chose not to include ta
states 2p5nl with principal quantum numbersn.4, although
we had target configurations that included orbitals with pr
cipal quantum numbern55. The omission of target term
belonging to configurations included in the CI expansion a
lying within the energy range of the close-coupling expa
sion necessitated a matching selection of configurations
the (N11)-electron system in the sum overF j . The selec-
tion must achieve consistency between the first and sec
sums in Eq.~10!. Various selection methods affect the ene
gies of bound states of configuration 2s22p6np 2Po. The
autoionizing resonances in the photoionization cross sect
would be similarly affected. For the simpler case of inn
shell photoionization of beryllium one could carry out th
selection of the necessary bound-state configurations m
ally @24#. For the case of sodium more than 1500 configu
tions are involved. Automatic selection procedures for
bound-state configurations that used Racah algebra and
tional parentage techniques were introduced into two ea
versions of theR-matrix codes by Berringtonet al. @21,41#.
However, these codes do not carry out this particular se
tion process correctly. An elaborate piece of coding was
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key development that made inner-shell photoionization c
culations that achieved a high degree of accuracy. This c
is still unpublished.

2. The numerical solution

The numberNF of ‘‘free’’ channels andNB of bound
states included in the CC expansion as given by the
sums of Eq.~10! were 35 and 626 for2Se and 65 and 1586
for the 2Po states, respectively, when the first 39 target sta
listed in Table III were included. The free wave function
had to extend over an energy range of 10 Ry, which in t
required a large number of basis states~39!. We used for the
internal region anR-matrix radiusa529.2a0 , automatically
computed from the requirement that the radial functions h
to have decayed to relative magnitude 1023 at the boundary.
We included all channels with scattered electron angular m
mental<3. In the asymptotic region the solutionsF had to
be obtained at a sufficiently fine energy mesh so as to de
eate the resonance structures. Immediately below thres
results were averaged over the resonances converging on
threshold using a method@41# originally formulated by
Gailitis.

3. Consistency checks

With such an elaborate close-coupling expansion it w
necessary to test the setup rigorously. The agreement
tween calculated bound-state energies and experimental
ues provides a good test for the accuracy of the mathema
model and for the consistency of the CC expansion in
~10!. For photoionization from the ground state wave fun
tions are required only for the lowest bound state of the2S
series and for three states of the2Po series. The latter differ
only formally from bound states by their asymptotic beha
ior. Our calculated effective quantum numbers for the low
members of the 1s22s22p6ns(2Se) and2np(2Po) Rydberg
series compare well with experimental determinations@29#.
Similarly, our calculated ionization potentials~Table II! for
the first and second subshell ionization thresholds are in
cellent agreement with experiment.

We used three different methods for selecting t
(N11!-electron configurations in the second sum of E
~10!, i.e., ~i! omit all (N11)-electron configurations that in
clude any correlation orbital 5l̄ , ~ii ! omit all configurations
that include two correlation orbitals 5l̄ and 5̄l 8, and ~iii !
include correlation configurations with two nonspectrosco
orbitals 5̄l and 5̄l 8 up to 5̄l 2. Only the third method gives
results that match the experiment for the energies and ef
tive quantum numbers of the terms of the 1s22s22p6np 2Po

Rydberg series. This last choice is the only correct cho
since, during the optimization procedure in theCIV3 code, we
used different combinations of 5l̄ orbitals in order to improve
the ground state of Na1. Therefore, we have to account fo
this also in the (N11)-electron system, even though the
configurations are not spectroscopic configurations. S
good agreement with experiment for the bound-state ener
for the series 1s22s22p6np 2Po is a necessary condition fo
predicting satisfactorily the energies of the autoionizing re
nances 1s22s2p63snp(2Po) converging to the threshold
for ejection of a 2s electron because we used the same
and CC expansions for both. Good agreement with exp
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ment is also obtained for these quasibound states, altho
they have inner-shell vacancies and excited outer elect
and thus are very difficult to obtain in anyab initio calcula-
tion.

The present theoretical setup can equally well prod
oscillator strengths for neutral sodium as photoionizat
cross sections. The consistency of the close-coupling ex
sion as given by the two sums in Eq.~10! has been checke
by calculating the oscillator strengths in the length and
locity formulations and by comparing them with previous
determined experimental and theoretical data. Our res
agree well with other compilations: RPAE results by Amu
and Cherepkov@12#, multiconfiguration Hartree-Fock result
by Froese-Fischer@42#, Hartree-Fock results by Biemon
@43#, and close-coupling results using polarized pseudost
by Butler and Mendoza@44#. The close agreement betwee
our results obtained in the length and velocity formulations
satisfactory throughout,which is no mean achievementcon-
sidering the extent of the present CC expansion. The dif
ences arise from inconsistencies in the two sums of Eq.~10!
and, especially for weak processes, from loss of numer
accuracy due to cancellation effects. Inab initio close-
coupling andR-matrix calculations, the length form gives th
most reliable results because the velocity form depends m
on the potential in the inner region that is less well kno
than that in the outer region. As a result of these chec
there is no obvious shortcoming in the target representa
or the CC expansion, so they should form a sound basis
photoionization calculations.

4. Angular distribution parameter

The relation between the asymmetry parameterb and the
differential cross sectionds(LiSi→L fSf)/dV to the inte-
grated cross sections tot has been given in Eq.~1!. In contrast
to the integrated cross section, the angular anisotropy pa
eter depends on the total phase difference. A compariso
calculatedb parameters with experiment is a sensitive t
for the accuracy of the atomic potential. To calculate
parameter, one has to sum over products of transition am
tudes multiplied by algebraic coefficients. For better physi
insight we write the expression in terms of the transfer
angular momentuml t defined as@45,46#

lW t5LW f2LW i51W 2 lW f ,

where

Na~LW i !1hy5Na~LW f !1e2~ lW f !,

LW 5LW f1 lW f5LW i11W .

We obtain forb i f

b~LiSi→L fSf !

5
8p2aa0

2C

s~2Li11! (
l f ,l f 8

expF2 i ~s l f
2s l f 8

!1
ip

2
~ l f2 l f 8!G

3~@ l f #@ l f 8# !1/2^ l f0l f 80u20&^1010u20&

3(
l t

~21! l t~2l t11!W~1l f1l f 8 ; l t2!TLi1,L fL f 8

Lt )* , ~11!

with the notation@ l #5(2l 11), where
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TLi1,Ltl f

l t 5(
L

~21!L@L#1/2

3 H 1
L f

Li

l f

L
l t
J ^C i iM iC f

2&.

C5v or v21 and M5( j 51
N11r j or ( j 51

N11]/]r j in the length
and velocity formulations, respectively. The usual notat
for the Clebsch-Gordan coefficients and 6-j symbols applies
and thes l in the exponential are the Coulomb phases. In
vidual cross sectionss(LiSi→L fSf) are not observed be
cause of limited experimental resolution. For comparis
with experiment, we have to use a weighted average as g
in Sec. IV B.

IV. RESULTS

Before presenting our experimental and theoretical res
for the relative values of the partial subshell photoionizat
cross sections and the asymmetry parameterb, we would
like to emphasize that the ultimate test of theory by expe
ment is indeed the comparison of the absolute values o
partial subshell photoionization cross sections. Compar
experimental and theoretical values for a total subshell cr
section is also of interest. The results of this comparis
should, however, be taken with great caution because t
might be some unexpected cancellations in the theore
calculations. From the experimental point of view, meas
ing relative partial cross sections, i.e., branching ratios, p
vides the most accurate quantities that can be obtained
electron spectrometry. For atomic sodium, a comparison
the absolute values of cross sections experimentally de
mined and theoretically calculated cannot be made with
uncertainty better than 25–30 %. Only in the rare ga
where the total photoabsorption cross section has been m
sured within 2–3 % can such a comparison be made t
similar uncertainty.

We will present our results in the following way. Al
though we have not made new measurements of the
photoabsorption cross section, we will first discuss
present status of the experimental and theoretical data
this cross section. Then we will present the relative values
the partial cross sections, normalizing the experimental v
ues to single 2p photoionization and comparing them wit
the theoretical data obtained from the ratio of the calcula
partial cross sections. Finally, the absolute values of e
partial cross section resulting experimentally from the pa
tion and normalization procedures will be compared with
theoretical results resulting directly from the calculation
Taking into account the uncertainty of 25% in the photoa
sorption data, this last comparison alone will not allow us
distinguish several correlated calculations. Only by consid
ing both relative and absolute partial cross sections we
be able to draw some conclusion about the validity of
various theories. Finally, the values of theb parameter, mea-
sured for the main line and for two classes of satellites, w
be presented and discussed.

In the following figures, the data shown for the branchi
ratios are the experimentally measured values. For the a
lute values of the partial cross sections, the experimental
are the results of a fitting procedure smoothly averaging
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the continuum range through all measured values of
branching ratios. They are shown as closed circles. The e
bar resulting from the partition procedure~in general 5% or a
little less! is indicated for every data point in the figures. T
overall resulting error including the uncertainty on the me
surements of the total photoabsorption cross section~20–
25 %! is shown as dashed vertical bars, at only one or t
photon energies for better clarity. The resulting uncertai
of the absolute values of the partial cross sections is typic
25–30 %.

In addition to our theoretical results obtained using b
length (L) and velocity (V) formulations, we show also, in
the resonant energy range below the 2s ionization threshold,
the curves~labeledL-C! resulting from the convolution o
our L results with the spectral resolution. They differ fro
the ab initio calculations because the finite experimen
resolution decreases the value of the cross sections a
resonance energy and broadens the resonance structu
order to achieve a better comparison with the experimen
a relative scale, ourL-C curves have been also normalized
the measured experimental cross sections in the contin
region. In the figures presenting the variation of the cr
sections over the whole energy range, the resonant struc
are shown as gray curves only, the other figures showin
detail the resonant energy behavior.

A. Photoionization cross sections

1. The total photoabsorption cross section

Measurements of the photoabsorption spectrum of Na
the vacuum ultraviolet region were performed by Wolffet al.
@6# on a relative scale. The measured spectrum was adju
to be close to the cross section calculated by McGuire@10#
using a one-electron model and the Herman-Skillman po
tial @47#. Later on, Codling, Hamley, and West@2# measured
the absolute cross section. They estimated their average
ror to be 20–25 %. In Fig. 6 we show the results of Codlin
Hamley, and West together with those of the theoretical c

FIG. 6. Total photoabsorption cross section of atomic sodiu
Experimental results: closed circles, from Ref.@2#. Theoretical re-
sults: presentR-matrix calculations, full lines~length and velocity
forms!; RPAE results, closed triangles; HF1 results, dotted lines
from Ref. @13#; HS results, dash-dotted line; HF2 results, crosses
from Ref. @14#. The error bar for the experimental values is sho
only at two photon energies.
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culations. Our theoretical values of the photoabsorption cr
section~R matrix, L, andV! are the sum of all partial cros
sections that would leave the ion in any of the 39 tar
states of Na1 that are energetically accessible~see the list in
Table II!. The double photoionization cross section has
been calculated in the present work, but it is known to
only about 1% of the total cross section@48,49#. Earlier cal-
culations shown also in Fig. 6 are the HS results@14#, two
series of Hartree-Fock calculations~HF1 @13# and HF2@14#!,
and the RPAE@11–13#. We selected only the results intro
ducing the theoretical values of the 2s ionization thresholds
in the calculations. For the HS and HF2 results ~only the
length form of the HF2 calculation is shown here for com
parison with the HF1 results!, the total 2p and 2s cross sec-
tions have been both calculated; the curves shown in
figure are the total 2p cross section below and the sum
2p12s total cross sections above the 2s ionization thresh-
olds, respectively. The RPAE, HF1L and HL1V curves show
the sum of the total 2p13s cross sections~the 3s and the 2s
photoionization cross section are less than 1% and 10%
the 2p cross section in this energy range, respectively!.

One observation is that most of the theoretically calc
lated values of the 2s ionization thresholds (1,3S) are in great
disagreement with the experimental values of 70.9 and 7
eV for 2s2p63s 3Se and 1Se, respectively. Only the result
of our R-matrix calculations~70.97 and 71.38 eV, respec
tively! are in excellent agreement with experiment. Also e
dent is that the highly correlated calculations~RPAE! @11–
13# performed more than 20 years ago and the most re
ones, ourR-matrix L calculations, are in good agreeme
with each other, even when one considers that the RP
results do not include the total 2s cross section~we will see
later that the 2s to 2p branching ratio is close to 10% ove
the energy range involved here!. A third observation is that
the large experimental uncertainty does not allow us to d
criminate between most of the theoretical calculations of
total cross section. Over most of the photon energy ran
almost all theoretical results, within two exceptions~the
HF1V and ourV calculations!, lie within the error bars of the
experimental measurements. Interestingly enough, the
plest HS calculations give agreement with experiment tha
apparently as good as that of the highly correlated RP
calculations. This means that either correlations have a w
effect for the 2p subshell of sodium or, and most likely whe
one considers the large relative intensity of the correlat
satellites, neglecting correlations introduces an artific
agreement with experiment because of cancellations. T
conclusion confirms our earlier statement that a meanin
comparison of theory with experiment requires also meas
ments and calculations of the partial subshell cross secti

In the 64–72 eV photon energy range, shown over
extended scale in Fig. 7, one finds Rydberg series of re
nances due to excited states with a 2s vacancy. Numerical
values of the resonant energies and associated quantum
bers are given in Table IV. These resonances are diffe
tially analyzed in the partial cross sections for ionization p
excitation, but one is concerned here with their overall effe
The series due to parent configuration 1s22s2p63s 3S is by
far the strongest. The enhancement is entirely due to c
structive interference of the two Rydberg seri
2s2p63s(3S)np and 2s2p63s(1S)n8p with resonances pil-

.
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4442 57D. CUBAYNES et al.
ing up as the3S threshold is reached at 70.97. Beyond th
threshold, one sees the smaller resonances of the (1S)n8p
series that converge on the1S threshold at 71.38 eV. Com
paring with experiment, one finds that the resonance st
ture near 66 eV is well reproduced by the present calc
tions. The calculations by Tayal, Msezane, and Manson@20#
show the structure shifted to higher energies. Our calcula
~length form! and measured values disagree by 15% in m
nitude around the broad maximum. Earlier calculations@17#
agree in this respect with our results, but the calculated c
section~length form! by Tayal, Msezane, and Manson@20#
reaches only two-thirds of the measured magnitude. The
set of the photoionization of the 2s electron at the
1s22s2p63s 3S and 1S thresholds is masked by resonanc

FIG. 7. Total photoabsorption cross section of atomic sodium
the resonance region. Present theoreticalR-matrix results, full line
~length form! and dotted line~velocity form!; calculations by Tayal
et al., dashed line~length form! from Ref.@20#; present experimen
tal results, closed circles. The small error bars results from the e
introduced by the addition of the partial cross sections. The t
error, including the error due to the photoabsorption measurem
of Ref. @2#, is indicated at two photon energies as vertical das
lines. TheL-C curve results from convolution of ourab initio L
results with the spectral resolution; it is also normalized to the
perimental value of the single 2p cross section in the continuum
energy region~near 64 eV!.

TABLE IV. Rydberg series of resonances 2s22p63s 2S
→2s2p63snl 2Po and the associated effective quantum numbe

Parent term nl Calc. Obs.a Obs.b Obs.c n* ~Calc.!

2s2p63s(3S) 3p 66.46 66.37 66.6 66.5 1.713
2s2p63s(3S) 4p 69.5 69.4 69.6 2.866
2s2p63s(3S) 5p 70.25 4.023
2s2p63s(3S) 6p 70.52 5.045
2s2p63s(1S) 3p 67.8 67.8 68. 1.882
2s2p63s(1S) 4p 69.9 2.780
2s2p63s(1S) 5p 70.8 3.817
2s2p63s(1S) 6p 71.1 4.845
2s2p63p(3Po) 4s 72.9 72.7 2.318
2s2p63p(1Po) 4s 73.5 73.3 2.559

aReference@50#.
bReference@6#.
cPresent work.
t

c-
a-

d
-

ss

n-
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Only calculations such as those by McGuire@10# that do not
include coupling between lower channels and those for i
ization of the 2s electron obtain a marked step at this thres
old.

We have also calculated the resonant structure of the p
toabsorption cross section near the two 2p ionization thresh-
olds 1s22s22p53s 3P and 1P at 38.04 and 38.46 eV, respec
tively. Our R-matrix results for the energy position of 1
members of the 2s22p63s→2s22p53s(1,3Po)nl Rydberg se-
ries agree very well with the experimentally measured p
toabsorption spectrum@6,50,51#.

2. Branching ratios and relative cross sections

Figures 8 and 9 present experimental and theoretical
ues of the branching ratios for CSU and SU correlation s
ellites following 2p subshell photoionization over the photo
energy extending from 50 to 140 eV. The results over
resonant energy region are shown in more detail in F
10–12.

The branching ratio for the first CSU satellite, i.e
the ratio between the intensity of peaks 2 and 1 in F
3 (2s22p63s1hn→2s22p53p1e2 to 2s22p63s1hn
→2s22p53s1e2!, is shown in Fig. 8 in the continuum en
ergy region. The experimental results with the smallest e
bars are the most recent ones. In addition to our experime
and theoretical results, two other sets of theoretical res
can be seen in Fig. 9: the RHF results@18#, using relaxed
wave functions for the ionic state, and the results of
MBPT-3 calculations@22#. In this figure as well as in Fig
10, the top scale represents the values of the reduced« pa-
rameter, where« is defined@4# as the ratio between the ex
cess energy of the shake electron and the additional en
necessary to produce the satellite state. The CSU experim
tal branching ratio decreases slowly with increasing pho
energy, from about 12% at 60 eV to about 7% at 130 e
This behavior reflects the mechanism of production of th
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d
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FIG. 8. Branching ratio 2p53p to 2p53s for the first CSU sat-
ellite following 2p photoionization in sodium. Theoretical resul
are the presentR-matrix calculations in the length~L, full line! and
velocity ~V, dotted line! forms, the RHF calculations@18# ~dashed
line!, and the MBPT-3 calculations@22# ~dash-dotted line!. The
experimental results are partly from Ref.@8# ~large error bars! and
partly from this work~small error bars!.
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satellites~mainly inelastic scattering of the outgoing 2p pho-
toelectron by the polarized ionic core!. The experimental val-
ue of the branching ratio has not yet reached a constant li
for values of« close to 20. The RHF results are shown he
as calculated in theL form ~theV results are close to them!.
They are a little high at all photon energies. OurR-matrix
results present the same behavior, but are the only o
showing a small maximum at about 80 eV. The MBPT
results are in excellent agreement with the experimental
over most of the photon energy range. They deviate o
below 60 eV.

Presented in Fig. 9 is the branching ratio for the first S
satellite, including the unresolved 2p53d, i.e., the ratio be-
tween the intensity of peaks 3 and 1 in Fig. 3@2s22p63s

FIG. 9. Branching ratio 2p5(4s13d) to 2p53s for the first SU
satellite following 2p photoionization in sodium. Theoretical resul
are the presentR-matrix calculations in the length~L, full line! and
velocity ~V, dotted line! forms, the RHF calculations@18# ~dashed
line!, the MBPT-3 calculations@22# ~dash-dotted line!, and the
MCHF calculations@23# ~dash–double-dotted line!. The experimen-
tal results are partly from Ref.@7# ~large error bars! and partly from
this work ~small error bars!.

FIG. 10. Branching ratio 2p53p to 2p53s for the first CSU
satellite in the resonance region. Theoretical results are the pre
R-matrix calculations in the length~L, full line! and velocity~V,
dotted line! forms. The experimental results are partly from R
@8#. In this figure as well as in Figs. 11 and 12, theL-C curve
results from convolution of ourab initio L results with the spectra
resolution; it is also normalized to the experimental value of
single 2p cross section in the continuum energy region~at 64 eV!.
it
e

es

ta
ly

1hn→2s22p54s ~and 3d! 1e2 to 2s22p63s1hn
→2s22p53s1e2#. Here the branching ratio increase
slowly with increasing photon energy and reaches a plat
value for values of the« parameter higher than 5, i.e., muc
sooner than in the case of the CSU satellite. Such a beha
is expected in the sudden approximation theory@52# for the
intensity of the 2p54s shake-up satellites. The small increa
in the experimental values near 100 eV is due to the e
tence of doubly excited 2p4nln8l 8 resonances that are no
introduced in the theoretical model. The details of o
R-matrix calculations show that the overall predicted inte
sity of the transitions to all 2p53d satellite states is abou

ent

.

e

FIG. 11. Branching ratio 2p54p to 2p53s for the second CSU
satellite of sodium in the resonance region. Theoretical results
the presentR-matrix calculations in the length~L, full line! and
velocity ~V, dotted line! forms. The experimental results are fro
Ref. @13#. TheL-C curve results from convolution of ourab initio
L results with the spectral resolution and normalization to the
perimental value of the single 2p cross section in the continuum
energy region~at 64 eV!.

FIG. 12. Branching ratio 2p5(4s,3d) to 2p53s for the first SU
satellite of sodium in the resonance region. Theoretical results
the presentR-matrix calculations in the length~L, full line! and
velocity ~V, dotted line! forms. The experimental results are fro
Ref. @8#. TheL-C curve results from convolution of ourab initio L
results with the spectral resolution and normalization to the exp
mental value of the single 2p cross section in the continuum energ
region ~at 64 eV!.
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4444 57D. CUBAYNES et al.
50% of the intensity of the transitions to the 2p54s shake-up
states. The results shown in Fig. 9 suggest that the en
dependence of the relative intensity for the 2p53d satellites
has the same behavior as for the main line and shak
satellites, even though they cannot be explained by the
den approximation. OurR-matrix and the MBPT-3@22# re-
sults reproduce well the experimental behavior, while
RHF calculations@18# give higher values. The recent MCH
calculation @23# produces results that are even higher,
30–40 %.

The branching ratios for the first~2p53p ionic states! and
the second~2p54p ionic states! series of CSU satellites var
rapidly in the vicinity of the first 2s→3p resonances, as i
can be seen in Figs. 10 and 11, but not for the SU satel
presented in Fig. 12. Until recently, only ourR-matrix results
could be used for a meaningful comparison with experim
@13#. We have already seen that our energy calculations g
results that are in excellent agreement with experime
whereas the resonance energies calculated by other au
are in poor agreement with the experimental data. The
nificant differences between our experimental and theore
values at the resonances is due to the fact that the spe
resolution is considerably larger than the natural width of
autoionizing resonances. This difference lowers the exp
mental values at resonance. Otherwise, our calculations
results in excellent agreement with the experimental d
They reproduce well the position of the first maximum
both first and second CSU satellite channels~Figs. 10 and
11! that are due to the 2s2p63s(3S)3p and (1S)3p reso-
nances at 66.46 and 67.8 eV, respectively, as it can be
in Table IV, where theoretical and experimental energy v
ues are compared. The increase of the branching rati
these resonances shows the importance of the CSU pro
~effect of selective autoionization!. One can note the goo
agreement between ourL and V results obtained for al
branching ratios. Theoretical results obtained using
many-body perturbation theory@53# also show good agree
ment with the experimental data. A second maximum is
perimentally observed at 69.5 eV in all channels. It is re
tively strong in the second CSU satellite channel~Fig. 11!. It
is due to the 2s2p63s(3S)4p 4Po excited state. This reso
nance could be easily identified in the calculations, but th
it is a relatively small feature in the experimental measu
ments for the instrumental reasons previously explained.
maximum observed at 65.2 eV~Fig. 10! is due to the excited
state 2s2p63s(3S)3p 4Po. Transitions to these quartet sym
metry states are forbidden inLS coupling and are not ob
tained by the present calculation. In the SU satellite chan
the branching ratio remains fairly flat, as it should be, exc
for weak structures near the (3S)3p and (1S)3p resonances
and for the quartet state resonance near 65 eV.

Figure 13 shows the branching ratio for photoionizati
of the 2s electron ~the process 2s22p63s1hn→2s2p63s
1e2!. Our experimental and theoretical results and a nu
ber of other theoretical results are shown. The experime
value of the branching ratio increases slowly with increas
photon energy. The RHF results@18# are definitely too high,
whereas the MBPT-3 results@22# agree rather well with the
experimental data. OurV results are generally in excellen
agreement with the experimental observations. This is
only case where they are above theL results. This conver-
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gence of our experimental and theoretical results is q
satisfactory. Below 80 eV photon energy, one observes
effect of several resonances corresponding to double ex
tions of the 2s and 3s electrons. In particular, resonances a
observed at about 73 and 77 eV, which can be attribute
the existence of the neutral 2s2p63p4s and 2s2p64s4p ex-
cited states@15#. Experimentally, we did not explore thi
resonant energy region in detail. In fact, the influence
these resonances on the 2s to 2p branching ratio is predicted
to be relatively small and it would have been difficult
observe experimentally any effect because of the large
strumental window and small counting rates.

Finally, we show in Fig. 14 the branching ratio for phot
ionization of a 3s electron. ~the process 2s22p63s1hn
→2s22p61e2!. The value of the 3s to 2p branching ratio is
lower than 1% and decreases with increasing photon ene
Our theoretical results~only the mean value of ourL andV
results is shown, both results being very close to each ot!

FIG. 13. Branching ratio 2s2p63s to 2s22p53s following 2s
and 2p photoionization in sodium. Theoretical results are t
presentR-matrix calculations in the length~L, full line! and veloc-
ity ~V, dotted line! forms, the RHF calculations@18# ~dashed line!,
and the MBPT-3 calculations@22# ~dash-dotted line!. The experi-
mental results are from this work.

FIG. 14. Branching ratio 2s22p6 to 2s22p53s following 3s and
2p photoionization in sodium. Theoretical results: ourL and V
R-matrix results are identical and are shown as the full line and
RHF results from Ref.@18# are shown as the dashed line. Expe
mental results~closed circles! are from this work.
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57 4445INNER-SHELL PHOTOIONIZATION OF SODIUM: . . .
are the only ones to reproduce correctly the experiment
observed behavior. The RHF results@18# are too low by a
factor 2 at low photon energy and agree with our experim
tal results only at the high-energy side of the photon ran

Because of a lack of resolution and beam time, we did
study in detail the 2p4nln8l 8 satellites. We estimated the
relative intensity at a few photon energies and found it to
on the order of 2% of the 2p single photoionization, which is
similar to the values measured in neon@4,5#. The fact that
these satellites have about the same relative intensity in n
and in sodium confirms that the existence of the 3s electron
has little influence on the 2p subshell photoionization pro
cesses. In other words, correlation effects other than c
relaxation are very weak between the outer and the first in
subshell. The relatively high intensity of the 2p5nl satellites
is mainly due to core relaxation and inelastic scattering,
to final-state interactions in the core-ionized Na1 ion, and
also to the high oscillator strength of the optical 3s→3p
transition.

3. Absolute values of the partial cross sections

In Figs. 15–20 the absolute values of the partial pho
ionization cross sections are presented. Figures 15–17 s
the variation of the single 2p cross section~ML ! and the
cross sections for 2p photoionization with simultaneous ex
citation to the 2s22p53p ionic states~first CSU! and to the
2s22p5(4s13d) ionic states~mainly the first SU satellite!,
over the whole photon energy range, respectively. For be
reading, the cross sections in the resonant energy region
tween 64 and 72 eV are represented in full detail in Fi
18–20, respectively. The theoretical results are presente
the sums over partial cross sections that leave the ion in
one state of configuration 1s22s22p5nl since the presen
photoelectron experiments cannot resolve the fine struc
of the final ionic states. For direct photoionization cross s

FIG. 15. Partial cross sections for single 2p photoionization of
sodium leaving the ion in any one state of the configurat
1s22s22p53s. Theoretical results are the presentR-matrix calcula-
tions in the length~L, full line! form, the RHF calculations@18#
~dashed line!, the MBPT-2 calculations@17# ~dotted line!, the
MBPT-3 calculations@22# ~dash-dotted line!, and the MCHF calcu-
lations @23# ~dash–double-dotted line!. The experimental results
~closed circles! are from this work. The total error, including th
error due to the photoabsorption measurements of Ref.@2#, is indi-
cated at two photon energies as vertical dashed lines.
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tions into the continua~Figs. 15–17!, only theL results of all
theoretical calculations are shown for comparison with
periment.

Five theoretical calculations are available for the sin
2p cross section seen in Fig. 15. The RHF@18# and MCHF
@23# calculations agree rather well with ours. At low photo
energy, the RHF@5#, the MCHF @10#, and one of the three
many-body perturbation theories~MBPT-2 @17#! calculations
are all in agreement with our experimental data, as well
our L R-matrix results. TheV form of our calculations is
significantly lower by about 20%. At high photon energ

n

FIG. 16. Partial cross section for photoionization of sodiu
leaving the ion in any one state of the configuration 1s22s22p53p.
Theoretical results presented in the length form are the pre
R-matrix calculations~L, full line!, the RHF calculations@18#
~dashed line!, and the MBPT-3 calculations@22# ~dash-dotted line!.
The experimental results~closed circles! are from this work. The
total error, including the error due to the photoabsorption meas
ments of Ref.@2#, is indicated at three photon energies as verti
dashed lines.

FIG. 17. Partial cross sections for photoionization of sodiu
leaving the ion in any one state of the 2s22p54s and 2s22p53d
configurations. Theoretical results are, in the length form,
presentR-matrix calculations~L, full line!, the RHF calculations
@18# ~dashed line!, the MBPT-3 calculations@22# ~dash-dotted line!,
and the MCHF calculations@23# ~dash–double-dotted line!. The
experimental results~closed circles! are from this work. The total
error, including the error due to the photoabsorption measurem
of Ref. @2# is indicated at one photon energy as a vertical das
line.
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4446 57D. CUBAYNES et al.
most of the calculations, including ours, provide cro
section values that are lower than the experiment. Only
MBPT-2 results@22# stay in good agreement with exper
ment over the whole photon energy range. However, all
culations lie within the experimental error bars, but the figu
indicates that there are still unsolved differences betw
theory and experiment for the single 2p photoionization
cross section.

The conclusions are a little different for the first CS
cross section shown in Fig. 16. At low photon energy,
only theoretical results in agreement with the experimen
data are ourL R-matrix calculations. Above 80 eV photo
energy, the RHF@18# and MBPT-3 @22# results are very
close to ours and reproduce well the experimental ene
dependence. The absolute values of the calculated cross
tions are in agreement with the experimental data within
experimental error. For the first SU cross section, shown
Fig. 17, the experimental data present the same energy
pendence as the single 2p cross section, as expected. Aga
most calculations give results that are generally lower t
the measured values, however, within the error bars.
calculations include transitions to final states having b
2p54s and 2p53d electronic configurations since the instr
mental resolution does not allow us to distinguish betwe
the two corresponding photoelectron lines. Transitions
states with 2p53d electronic configurations have not bee
taken into account in any other calculations. The situatio
the same as for the single 2p cross section: The MBPT-3
@22#, RHF @18#, and MCHF@23# results are in good agree
ment with experiment, except below 60 eV, while ourV
R-matrix results are again lower than the experimental d
Our L results are also low, but within the 30% experimen

FIG. 18. Partial cross section for single photoionization of
dium leaving the ion in any one state of the configurati
1s22s22p53s in the resonant region. Theoretical results are
presentR-matrix calculations in the length~L, full line! and veloc-
ity ~V, thin dotted line! forms. The experimental results~closed
circles! are from this work. They have been obtained by measur
the variation of the ML signal over the resonance region. The sm
error bars include only the errors introduced by the partition of
total cross section. The total error including the error in the pho
absorption measurements is shown at two photon energies as a
tical dashed line. TheL-C curve results from convolution of ourab
initio L results with the spectral resolution; it is also normalized
the experimental value of the single 2p cross section in the con
tinuum energy region~at 64 eV!.
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uncertainty. The fact that both single 2p and first shake-up
calculated cross sections seem to be a little too low expla
that our calculated SU branching ratio is in good agreem
with experiment. It is clear that the discrepancy between
R-matrix calculation and experiment is mainly due to
shortfall of the cross section for the main line.

The conclusions are similar for the single 2p cross section
in the resonant energy region. In Fig. 18~as in Figs. 19 and
20!, the data have been obtained by scanning each photo
tron signal through the resonant region and by normaliz
the data to the photoabsorption cross section at 64 eV.
density of atomic sodium in the source volume was chec
at regular time intervals by measuring systematically
same photoelectron spectrum at a given photon energy~64
eV!. For the variation of the 2p single cross section over th
resonant energy region, ourR-matrix and the MBPT@53#
calculations are available for comparison with experime
Again, theL results are barely in agreement with the expe
mental data, whereas theV results are significantly lower
Our L-C curve is in good agreement, on a relative sca
with our experimental results. TheV form of the MBPT
results, not shown in the figure, is in very good agreem
with the experimental data.

The cross sections for photoionization to the first CS
(2p53p final-state configuration! and SU @2p5(4s13d)#
satellites states are shown in Figs. 19 and 20, respectiv
The general shapes of the experimental curves are wel
produced by our calculations, as it can be seen on our
malized curvesL-C. The absolute values are again a litt
too low, although theL forms are always in agreement wit

FIG. 19. Partial cross section for photoionization of sodiu
leaving the ion in any one state of the configuration 1s22s22p53p
in the resonant region. Theoretical results are the presentR-matrix
calculations in the length~L, full line! and velocity~V, thin dotted
line! forms. The experimental results~closed circles! have been
obtained by measuring the variation of the CSU satellite signal o
the resonance region. The small error bars include only the e
introduced by the partition of the total cross section. The total e
including the error in the photoabsorption measurements is sh
at two photon energies as a vertical dashed line. TheL-C curve
results from convolution of ourab initio L results with the spectra
resolution; it is also normalized to the experimental value of
single 2p cross section in the continuum energy region~at 64 eV!.
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57 4447INNER-SHELL PHOTOIONIZATION OF SODIUM: . . .
the experimental data when one takes into account the
uncertainty.

The variation of the single 2s photoionization cross sec
tion over the whole photon energy range is shown in Fig.
The energy dependence of this cross section is remark
flat. Both theoretical MBPT-2@17# and RHF@18# results are
in good agreement with experiment. The theories that do
include any correlation effects, such as the HS and the
calculations @13,14#, do not agree with our experimenta
data. They predict too high values of the 2s cross section.
This effect was predicted by the RPAE calculations@54#,
soon followed by the measurements@55#, in the case of the
2s photoionization cross section of neon more than 20 ye
ago. It was also shown at this time that the results of Hartr
Slater@56# and Hartree-Fock@57# calculations for neon were
30% higher than the experimental values@4,53#. This was
confirmed later by additional measurements@58#. The results
of the R-matrix calculations@59# were still higher than the
experimental data, suggesting that electron correlations w
not fully accounted for. Here, in the case of sodium, o
R-matrix results are too low, although theL andV forms are
in excellent agreement with each other. This may be
plained by the fact that ionic states with a 2s vacancy are at
the high-energy end of our CC target representation~see
Table III! and it may well be that some higher configuratio
should be explicitly included in the basis to fully describe t
2s cross section behavior.

Finally, we present in Fig. 22 the variation of the 3s
photoionization cross section over the continuum energy
gion. This is a very small cross section and therefore pr
to loss of numerical accuracy. OurR-matrix results are lower

FIG. 20. Partial cross section for photoionization of sodiu
leaving the ion in any one state of the 1s22s22p54s and
1s22s22p53d configurations in the resonant region. Theoretical
sults are the presentR-matrix calculations in the length~L, full line!
and velocity~V, thin dotted line! forms. The experimental result
~closed circles! have been obtained by measuring the variation
the satellite signal over the resonance region. The small error
include only the error introduced by the partition of the total cro
section. The total error including the error in the photoabsorpt
measurements is shown at two photon energies as a vertical da
line. The L-C curve results from convolution of ourab initio L
results with the spectral resolution; it is also normalized to the
perimental value of the single 2p cross section in the continuum
energy region~at 64 eV!.
tal

.
ly

ot
F

rs
e-

re
r

-

e-
e

than our experimental data up to about 100 eV photon
ergy. The results of the RHF calculations@18# are even lower
than ours at low photon energy, but join them at higher
ergies.

B. Asymmetry parameters

Like for the partial cross sections, the fine structure co
not be experimentally resolved except at very low energ
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FIG. 21. Partial cross sections for single 2s photoionization of
sodium leaving the ion in any one state of the configurat
1s22s2p63s. Theoretical results are the presentR-matrix calcula-
tions in the length~L, full line! and velocity~V, dotted line! forms,
the RHF calculations@18# ~thin dashed line!, the MBPT-1 calcula-
tions @16# ~dash-dotted line!, the HS calculations~thick dashed line!
and the HF calculations~dash–double-dotted line! calculations
@14#. The experimental results~closed circles! are from this work.
The total error, including the error due to the photoabsorption m
surements of Ref.@2#, is indicated at one photon energy as a vertic
dashed line.

FIG. 22. 3s photoionization cross section in atomic sodium. O
length and velocityR-matrix results coincide and are shown as t
full line; the RHF calculations@18# are shown as the dashed lin
The experimental results~closed circles! are from this work. The
total error, including the error due to the photoabsorption meas
ments of Ref.@2#, is on the order of 30%.
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above the ionization threshold. Thus, for comparison,
individual theoretical results of the individual parameters h
to be computed according to

baverage5( b is iY ( s i . ~12!

Our calculations and experimental results are compare
Figs. 23–25. The variation of the asymmetry parameterb for
the photoelectrons ejected in single 2p photoionization is
shown in Fig. 23. We note a rather strong energy depende
of b. There is a pronounced minimum~not shown in the
figure! in all calculations around 40 eV photon energy, i.
very near the 2p ionization thresholds. This low-kinetic
energy region could not be explored in our measureme
because of the too-low transmission of the CMA. Howev
such a deep minimum has been theoretically predicted m
years ago in the case of 2p photoelectrons of neon@54,57#
and has been observed experimentally@60#. This phenom-
enon results from the interference of the phase shifts du
the Coulombic and the short-range potentials@61#. For so-
dium, theb parameter for the 2p main line has been calcu
lated in a number of theoretical approximations: the HS a
HF approximations by Theodosiou and Fielder@14#, many-
body perturbation theory~MBPT-1 by Chang and Kim@16#,
MBPT-2 by Isenberget al. @17#!, the RHF approximation by
Craig and Larkins@18#, and the MCHF approximation by
Saha@23#. The HF results are a little lower than the RH
results and the two MBPT results are very close to e
other. For clarity, we chose to show in Fig. 23, among
correlated calculations, only the RHF@18# and MBPT-1@16#
results ~in the length form! to compare with ourR-matrix
calculations and our experimental data. Since the accurac
the experimental values is independent of any normalizat
the error bars are small~typically on the order of 5%! and the
comparison of the calculated values with the experime
data is a valuable test of the various theoretical approxi
tions. At first sight, the RHF results give apparently the b
agreement with the experiment. Like for the absolute val

FIG. 23. Average asymmetry parameter for atomic sodium le
ing the ion in the 2s22p53s states. Present theoretical resul
length form~L, full line! and velocity form~V, dotted line!; RHF
calculations,L form ~dashed line!, from Ref. @18#; MBPT-1 calcu-
lations,L form ~dash-dotted line!, from Ref. @17#. Present experi-
mental results, closed circles.
e
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of the partial cross sections, the highly correlated theo
seem to produce results that are less in agreement with
measured values. This would imply that interchannel c
pling effects are weak and might have been overestimate
the more sophisticated theories. However, one has to ex
ine carefully which ionization threshold energies have be
used in the calculations. The values used in the MBPT-1@16#
and RHF@18# calculations are in error by 1.5 eV and mo
than 3 eV, respectively, while the MBPT-2 calculations@17#
used the experimental values. TheR-matrix energy values
are in extremely good agreement with the experimental d
like for the energies of the 2s resonances~see Table IV!.
These small differences, however, cannot be the main rea
for the apparently better agreement of some of the theore
values with experiment atlow photon energy. It should be
noted that for single 2p photoionization out of the 2p53p
excited sodium atom, theR-matrix values are in excellen
agreement with the experimental data@62#. In the R-matrix
calculations, the core polarization has been neglected.
can expect that this effect should be more important wh
the outer electron is in the 3s orbital than when it is in the
3p orbital because of the deeper penetration of the 3s orbital
into the core region. Thus the better agreement of
R-matrix results with experiment for the excited sodiu
atom would mean that the core polarization effects are
portant and should not be neglected in the calculations. T
point was already emphasized in the RPAE calculations
the total 2p subshell photoionization cross section@12#.

Finally, we show in Figs. 24 and 25 the variation of theb
parameter for photoelectrons corresponding to the first C
and SU satellite channels, respectively. For the CSU chan
our R-matrix results are in good agreement with our expe
mental data. The most striking feature is the narrow mi
mum at the 2s2p63s(3S)3p 2Po resonance, seen in Fig. 24
The theoretically predicted behavior is qualitatively repr
duced by the experiment. OurL andV forms are very close
to each other. For the SU satellite channel~Fig. 25!, one can
draw the same conclusion as for the single 2p ionization
channel, which is not surprising at first sight since the sy
metry of the final states is the same in both cases. One sh
keep in mind, however, that the experimental results inclu

- FIG. 24. Average asymmetry parameter for atomic sodium le
ing the ion in the first CSU 2p53p states. Present theoretical resul
length form~L, full line! and velocity form~V, dotted line!. Present
experimental results, closed circles.
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also the angular dependence of the 2p53d satellites and tha
our R-matrix calculations predict the 2p53d to 2p54s
branching ratio to be on the order of 50%. The experimen
accuracy does not allow us to discriminate between b
groups of satellites; as for the branching ratio results~see
Fig. 9!, they could also show a similar energy dependen
The RHF results again give the best agreement with exp
ment.

V. CONCLUSIONS

This paper summarizes the results obtained during sev
years of experimentalists and theorists investigating toge
the photoionization processes in atomic sodium. The de
mination of branching ratios, i.e., of the partial cross secti
on a relative scale, has been achieved over a photon en
range covering the inner-shell 2p and 2s resonant excita-
tions as well as a wide continuum energy region above.
solute values of the partial cross sections were also de
mined experimentally by normalizing the sum of the part
cross sections to the previously measured photoabsorp
cross section. An inherent inaccuracy of 25% in these p
toabsorption measurements is the main limitation in comp
ing theoretical and experimental values of the absolute c
sections. Nevertheless, the use of the photoelectron spec
copy provided a full partition of a total photoabsorption cro
section into its partial components for the sodium atom.

Theoretically, the comparison of the total 2p subshell
cross section with the experiment does not allow us to
criminate between one-electron results and highly correla
calculations. Comparing the partial cross sections and as
metry parameters demonstrates the need of correlated c
lations. Among the previous calculations in this category,
MBPT approximation is the generally rather successful
reproducing the general trend of the subshell photoioniza
features over the continuum energy range and the reso
excitation regions: The MBPT results come fairly close
the continuum values of the partial cross sections, e

FIG. 25. Average asymmetry parameter for atomic sodium le
ing the ion in the 2p5(3d14s) states. Present theoretical resul
length form~L, full line! and velocity form~V, dotted line!; RHF
calculations~dashed line!, from Ref.@18#. Present experimental re
sults, closed circles.
al
th

e.
ri-

ral
er
r-
s
rgy

-
r-

l
on
o-
r-
ss
os-
s

-
d

m-
cu-
e
n
n
nt

n

though they do not always reproduce the energy dep
dences correctly. The RHF results are in good agreem
with the experimental data only for the absolute 2s cross
section and for the angular distribution parameter of 2p pho-
toelectrons. OurR-matrix results~in theL form! are too low
for the absolute values of the partial cross sections, but s
usually good agreement with the measurements for
branching ratios as do the MBPT-3 calculations. Over
autoionization resonance region, only ourR-matrix and the
recent MBPT calculations reproduce correctly the behav
of the partial cross sections.

The presentab initio close-coupling andR-matrix calcu-
lations start from a CI description of the target involving 3
states whose energies are well reproduced. Our calculat
reproduce correctly the energy dependence of most of
partial cross sections, particularly over the resonance reg
The absolute values of our theoretical results are below
experimental values, but ourL results lie usually within the
experimental error bars. This agreement confirms that res
obtained using the length formulation are more reliable inab
initio R-matrix calculations. Differences between our leng
and velocity forms indicate some inconsistencies in th
contribution to the generalR-matrix equation~10! and a loss
of numerical accuracy. The present calculations include c
polarization via a CI withns, np, and nd (n,4) orbitals
and could be improved by including the remaining core p
larization via a CI polarized orbital@63#.

On the experimental side, our results demonstrate
there is an urgent need to measure again, with better a
racy, the total photoabsorption cross section. Interferom
techniques could be applied successfully to this aim. In
dition, experiments with better resolution are also needed
order to determine the values of theindividual partial photo-
ionization cross sections and to study with improved pho
flux the 2p4nln8l 8 and 2s2p6nl correlation satellites.
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