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Double photoionization of atomic Na has been investigated by combining the results of photoelectron
and photoion spectroscopies from synchrotron radiation measurements in the photon energy range be-
tween 50 and 135 eV. Distinction with regard to the double-photoionization mechanism (one-step or
two-step processes) and to final-state configuration allowed an accurate determination of the relative
cross section for one-step direct double photoionization. Above 71 eV photon energy double photoion-
ization is dominated by 2s photoionization followed by Auger decay (two-step process) whereas direct
double photoionization accounts for only =20% of double photoionization.

PACS number(s): 32.80.Hd, 32.80.Fb

I. INTRODUCTION

Double photoionization in the outer shell of an atom is
a process of particular theoretical interest because it must
be interpreted as a pure many-electron effect [1]. The rel-
ative intensity of direct double photoionization as com-
pared to the total photoionization strength can be regard-
ed as a measure of electron correlation within the atomic
subshells. In particular, the threshold behavior of the
double-photoionization cross section is considered to be
of special importance, since the fundamental work by
Wannier [2]. Direct double photoionization is often
called shakeoff. This designation will not be used in the
following part of this paper, because it is somewhat
confusing. In the many-body diagrams describing double
photoionization, the diagram actually corresponding to
shakeoff, i.e., to core relaxation, is only one among oth-
ers.

After the early work of Carlson [3] using laboratory x-
ray sources, several experiments using radiation emitted
by the first synchrotron radiation sources have measured
the energy dependence of the branching ratio between
double- and single-photoionization cross sections in the
outer shell of the rare gases [4,5] and of some atomic va-
pors [6-9]. They found that double photoionization
sometimes contributes significantly to the total photoab-
sorption cross section, and provides the material for a
critical test of atomic calculations. Many-body perturba-
tion theory was used at that time to calculate double-
photoionization cross sections [1,10]. Agreement with
the first experimental data available was reasonably good
for the simplest rare gases, in particular for helium [11].

Over the past ten years the study of double-
photoionization processes in atomic outer shells has been
developed extensively [12-27] owing to the dramatic im-
provements achieved in the intensity of monochromatic
beams of synchrotron radiation (SR) available with newly
built dedicated storage rings. In particular, special atten-
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tion was paid to the threshold [15-23] and high-energy
[24-27] behavior of the double-photoionization cross sec-
tion. Particular emphasis was put on helium, which is
still the favorite candidate for such studies, because it
provides the simplest model system to investigate the
breakup of a three-body system into two free electrons
and a positive ion. The energy dependence of the branch-
ing ratio o(He)?" /o(He)" was carefully measured in a
number of accurate experiments [24—27], up to very high
photon energies (12 keV). Double and triple photoioniza-
tion in oxygen [28] and nitrogen [29] were also studied to
determine the threshold behavior of the cross sections for
the yield of doubly and triply charged ions. Using coin-
cidence experimental setups, the relative intensities for
production of different final states of doubly charged ions
have been measured in neon and argon [20,22,23]. More
recently, the energy distribution of both electrons emitted
in the double-photoionization process has been measured
at various excess energies above the double-
photoionization threshold in helium [19]. The results of
these measurements confirm the prediction of an early
calculation made in the case of double photoionization in
the outer 2p subshell of neon, using many-body perturba-
tion theory [1]. At high excess energy above the double-
photoionization threshold, the intensity of low and fast
electrons is strongly enhanced, producing a characteristic
U-shape distribution. When approaching the double-
ionization threshold, this distribution turns out to be flat.
Ultimately, some results have been obtained in the study
of energy- and angle-resolved double photoionization,
measuring coincidences between both electrons ejected in
the double-photoionization processes in krypton and in
xenon [30-33] using the He Il line as the source of pho-
tons, and in helium [34,35] using synchrotron radiation.
Following this intense experimental activity, considerable
progress has also been made in the theoretical description
of the process, in particular for helium [36-41].

When a vacancy occurs in the inner shell of an atom by
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photoabsorption of a single photon, doubly charged ions
can be produced as the result of two different mecha-
nisms. In the one-step double-photoionization process, a
second electron can be ejected simultaneously from the
outer shell, again via correlation effects [1]. In the two-
step process [13-15,42], the ejection of the first electron
is followed by Auger decay of the singly charged ion, pro-
ducing, in the simplest case, doubly charged ions. Dou-
ble Auger decay can also occur, the excess energy being
distributed between two electrons that are simultaneously
ejected from the singly charged ion, leading to triply
charged ions. Experimental evidence for direct double-
photoionization processes [43] and for double Auger de-
cay [44,45) was found many years ago.

Since 1984, a large number of experimental studies
have been performed, dealing mostly with multiple pho-
toionization following inner-shell photoexcitation or ion-
ization in the rare gases [46—60] and in some atomic va-
pors [61-71]. Electron and mass specrometries have
both been used. In a photoelectron spectrum, a one-step
double-photoionization process shows up as a continuum
without any discrete structure, because the energy avail-
able is shared continuously between the two ejected elec-
trons, and a two-step double photoionization process is
identified by the observation of discrete Auger lines cor-
responding to the ejection of electrons with characteristic
energy in each step. In addition, it is possible to discrim-
inate electrons ejected in direct double photoionization
from electrons emitted in the double Auger processes, be-
cause of their different energy distribution. In an ion
spectrum, both one- and two-step process produce doubly
charged ions Thus it is usually not possible to distinguish
between one- and two-step processes in measuring only
the relative abundance of singly and doubly charged ions.

When double photoionization occurs as the conse-
quence of the excitation of an inner electron onto an ex-
cited orbital, the analysis is made more complicated be-
cause the excited electron can act either as an actor or as
a spectator in the relaxation of the core-excited state [72].
When it behaves as an actor, it can be shaken up to a
higher excited orbital or shaken off into the double-
photoionization continuum in the so-called resonant dou-
ble Auger process. The competition between these two
categories of transitions has been qualitatively observed
and quantitatively measured in the rare gases, using both
electron and ion spectrometries [53,55,58,72]. The latest
results obtained for the rare gases [53,55] establish that
shake-up processes gain in intensity with increasing quan-
tum numbers of the excited electron orbital, and that the
most important route to doubly charged ions is via a
two-step Auger decay. Since the one-step direct double-
photoionization cross section was found to be negligible
as compared to the resonant double-photoionization
cross section, no interference effect has been observed,
and only Lorentzian profiles have been measured in the
double-photoionization channel [53]. Direct evidence has
been found recently for such an interference effect from
the observation of a Fano profile in the double-
photoionization continuum of core-excited sodium atoms
[73], as will be briefly explained in Sec. II of this paper.
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II. DIRECT DOUBLE PHOTOIONIZATION
INVOLVING ELECTRONS
OF TWO DIFFERENT SUBSHELLS:
THE SODIUM CASE

Alkali-metal atoms are unique candidates to study
multiple-ionization processes following inner-shell excita-
tion or ionization, because of their specific electronic
structure, with only one outer electron outside of a closed
core. Among them, sodium has been extensively studied
during the past few years. For several specific reasons,
atomic sodium in the 1522522p®3s ground state has been
chosen and investigated.

(a) The energy-level diagrams Na, Na™*, and Na?* are
schematically shown in Fig. 1. Single photoionization of
neutral sodium in the 3s, 2p, and 2s subshells requires
5.14, 38.0, and 71.0 eV, respectively. The first double-
ionization threshold [74], involving simultaneous removal
of the outer shell 3s and first inner-shell 2p electrons,
occurs at 52.4 eV, according to

Na:2s22p®3s 23S +hv—Na?*:2s22p3 2P +el+€'l’ . (1)

This means that, between 52.4- and 71.0-eV energy, the
two-step Auger route cannot occur. Thus only one-step
double photoionization involving the simultaneous ion-
ization of a 2p inner electron and of the outer electron
can produce doubly charged ions in this energy range.

(b) In the energy range above the 2s photoionization
threshold, Na?" ions can be formed by a one-step (direct
double-photoionization process) as well as two-step pro-
cess via 2s single photoionization followed by Auger de-
cay, and the relative strengths of these different double-
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FIG. 1. Energy-level diagram of Na, Na™*, and Na*. The en-
ergy scale refers to the ground state of neutral sodium. The
three different double-ionization mechanisms discussed in the
text (1, 2, and 3) are indicated in the figure. Energy levels are
taken from Refs. [74] and [82].
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photoionization mechanism can be compared, combining
electron and ion spectrometries.

(c) Below 85.2-eV photon energy (energy of the second
252p°2S double-ionization threshold), only one Na?*
final-state configuration (2s522p>) can be reached, and a
further distinction with regard to final-state
configurations is not necessary. This implies that only
one direct double-photoionization channel here contrib-
utes, which simplifies evaluation and interpretation of the
data.

(d) At 66.6 eV and above, there are discrete core-
excited states [75] forming Rydberg series converging to
the 2s ionization thresholds (252p®3s 1S at 71.0 eV and >S
at 71.3 eV). These autoionization states are accessible by
photoexcitation of a 2s electron according to

Na:2522p®3s 2§ + hv—Na*:252p3snp 2P . @)

Earlier photoabsorption measurements [75,76] observed
and identified the first members of the series. These ex-
cited states lie above the first 2s22p32P, s2,3,2 double-
ionization thresholds, but below the next inner-shell
single-ionization and the second double-ionization
(2s22p°>, at 85.2 eV) thresholds. At 66.6 eV, the excited
252p®35(3S)3p 2P state decays preferentially by autoioni-
zation. One of the possible decay routes is to the
25%2p32P doubly ionized states. At this photon energy,
the direct one-step double photoionization can interfere
on resonance with the resonant double Auger process
(also called resonant double autoionization). All other re-
laxation schemes lead to singly charged final states of
Na™* ions [73].

(e) Direct 2p-subshell photoionization into the continu-
um leaves the core-ionized ion in its state of lowest ener-
gy, 2s%2p33s 3P, with only one 2p electron being re-
moved (corresponding to the so-called main line in a pho-
toelectron spectrum), according to

Na:2522p®3s %S, , +hv
—Na*:2s22p%3s"3P, 55, +el ,  (3)

or, in a higher excited sate, corresponding to the correla-
tion satellite lines: () 2s?2p°3p"L,,;, and
25%2p4p V3L, ,, 5, states, with the outer 3s electron be-
ing simultaneously excited onto a 3p or 4p orbital via
continuum state interaction (the excited electron has
changed its orbital quantum number by one unit), accord-
ng to

Na:2s%2p®3s 2§, , +hv
—Na®:2s?2p°np "L, 53 ,,tel , (4)

giving rise to what has been called the “conjugate shake-
up” satellites (CSU); (i) 2s22p34s 3P and 25%2p35s 3P
states, with the 3s outer electron being simultaneously ex-
cited onto a 4s or Ss orbital via a monopole transition (the
excited electron does not change its orbital quantum
number), according to, e.g.,

Na:2s2p®3s %S, ,, +hv
—->Na+:2s22p5ns 1’3P1/2,3/2+EI s (5)
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producing the shake-up (SU) satellites, or onto a 3d orbit-
al via second-order correlation effects. In previous work
[77,78], the study of photoelectron spectra of sodium has
demonstrated that the relative intensity of the SU and
CSU satellites accompanying photoionization in the 2p
subshell was high, about 20% and 10% when referred to
the intensity of single photoionization, respectively.
Since the relative intensities of correlation satellites and
double photoionization, respectively, are roughly compa-
rable, within a factor of 3, in photoionization of the outer
shell of neon [4,79], the adjacent rare gas, it was impor-
tant to determine if this behavior was also true when the
double-photoionization process involves two different
subshells. Such a comparison would give valuable infor-
mation about the relative importance of the different
correlation effects. Similar processes also occur following
photoionization into the 2s subshell.

(f) From the theoretical point of view, sodium is an
ideal case for testing the intensity of the direct double-
photoionization process involving electrons from two
different subshells, since there is only one electron outside
of a closed electronic core. Then, in the many-body
theory, the contribution of the various diagrams describ-
ing the various interactions leading to a doubly charged
ions, i.e., mainly core relaxation, inelastic scattering, and
ground-state correlations, can be more easily disentan-
gled. Progress in this way has recently been made [80].

III. EXPERIMENT

In the work presented here, we have measured the rela-
tive abundance of Nat and Na?" ions produced between
52.4- and 135-eV photon energy, and we have combined
these results with some additional data we have recently
obtained using electron spectroscopy.

Synchrotron radiation from the BESSY storage ring
was used between 50 and 135 eV to analyze the ratio of
Na’t to Na® ions produced by photoionization. A
schematic view of the experimental setup is shown in Fig.
2. The light emitted from a bending magnet of BESSY
was monochromatized by a toroidal grating monochro-
mator (TGM) with a resolution hv/Ahv=250. Using a
950 lines/mm grating, the photon flux was =4X10'
photons/sec in a band pass of 0.3 eV at 65-eV photon en-

FIG. 2. Scheme of the experimental setup used for photoion
spectrometry as described in the text. TOF, time-of-flight ion
tube; PG, pulse generator; MCP, multiarray channel plate;
TAC, time-to-amplitude converter; GG, gate generator; D,
discriminator; Ct, counter; MCA, multichannel analyzer.
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ergy, and for 100-mA electron current in the ring. To
suppress higher-order contributions to the monochroma-
tized light below 72 eV, we mounted an aluminum foil of
1000-A thickness into the beam. The monochromatized
light was focused into the interaction zone of a time-of-
flight (TOF) ion-mass analyzer, where it crossed a beam
of Na atoms generated by a resistively heated furnace.
Ions produced by photoionization were extracted and ac-
celerated into the drift section of the TOF by electrostat-
ic pulses of 100-V amplitude, a pulse length of typically 2
us, and a pulse frequency of 25 kHz. Measuring the time
of flight of the ions between interaction zone and detec-
tor, a separation with regard to the ratio of mass and
charge was possible.

Synchrotron radiation from the Super ACO storage
ring in the photon energy range between 70 and 125 eV
was used to obtain series of photoelectron spectra of
atomic sodium. The light was monochromatized by a
TGM (hv/Ahv ranging from 100 up to 250) and focused
into the interaction zone of a cylindrical-mirror electron
analyzer where it crossed a beam of Na atoms. Electrons
produced by photoionization were analyzed with an ener-
gy resolution power of =100. Accepting the electrons
emitted under the main angle 0 of 54.7° to the direction
of the synchrotron radiation beam allows to suppress any
angular distribution effects in the electron signal, provid-
ed the cylindrical-mirror analyzer (CMA) axis is colinear
to the direction of the SR. It has been demonstrated [77]
that, for an isotropic initial state, the signal produced by
electrons ejected at this angle is independent of the ellip-
tical polarization of the radiation, since integration in the
(0,27) angular range over the ¢ angle between the direc-
tion of propagation of the photoelectrons and polariza-
tion axes of SR cancels any ¢ dependence. Under these
conditions, the electron signal detected by the channel-
tron located on the axis of the CMA is strictly propor-
tional to the absolute cross section (in the dipole approxi-
mation valid here). A detailed description of the experi-
mental setup and procedure can be found elsewhere [78].
Relative intensities could be deduced for all important
photoionization process in this energy range, including a
qualitative estimation of the double-photoionization in-
tensity at 116-eV photon energy.

Two examples of TOF ion spectra, one measured at
80-eV photon energy, the other one at 132 eV, are shown
in Fig. 3, in the upper and lower parts, respectively.
Numerous ionic lines appear, partly due to photoioniza-
tion of the residual molecular gases by synchrotron radia-
tion. At 80-eV photon energy, i.e., a few eV above the 2s
ionization threshold, the most intense signal is the Na™
ion line around channel number 2500. Near channel
number 1700, one observes also a very small signal that
can be identified as a Na2" ion line produced by one- and
two-step double photoionization of Na atoms. At 132-eV
photon energy, the relative intensity of the ion line
measuring the quantity of Na2* doubly charged ions has
increased significantly, as compared to the Na* ion sig-
nal, because more channels are open into the double-
ionization continuum, reflecting an increase of the rela-
tive double-photoionization cross section. For a large
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FIG. 3. Two time-of-flight (TOF) ion spectra measured at 80-
(upper part) and 132-eV (lower part) photon energies. Ionic
lines due to single and double photoionization of atomic sodium
are marked by multiplicative factor.

number of photon energies, the ratio of Na?* and Na*
intensities was measured from spectra similar to the ones
shown in Fig. 3. A significant Na3" signal expected only
above 124-eV photon energy [74] was not detected in the
energy range up to 135 eV.

An example of a photoelectron spectrum, taken at
116-eV photon energy, is shown in Fig. 4. The photoelec-
tron lines between 63.6- and 77-eV Kkinetic energy corre-
spond to photoionization of the 2p subshell, which is
dominated by the single-photoionization process, accord-
ing to (3), at 38-eV binding energy, accompanied by
correlation satellites, processes (4) and (5), between 42-
and 60-eV binding energy. Besides the weak 3s photoion-
ization, these are the processes which form a Na™ jon in
the final state. The series of 2s22p>nle’l’ satellites con-
verges toward the threshold for 2s%2pel€’l’ double pho-
toionization. In the spectrum of Fig. 4, this threshold is
located at 63.6-eV kinetic energy, and the double-
photoionization continuum manifests itself as an unstruc-
tured background between 0- and 63.6-eV kinetic energy
(hatched and black areas in the figure). At low electron
kinetic energies, i.e., below 5-eV kinetic energy, the
transmission of the CMA is poor, which explains why we
do not observe the enhancement of the low-energy part of
the U-shape distribution.

The photoelectron lines between 31- and 44-eV kinetic
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energy correspond to photoionization of the 2s shell,
which again is dominated by the single photoionization of
a 2s electron at 71-eV binding energy (2s2p®3s »3$ final
ionic states), accompanied by correlation satellites be-
tween 75- and 85-eV binding energy (2s2p®nl °L). As
mentioned above a vacancy produced in the 2s subshell is
able to decay by an Auger process into the Na?* ground
state, according to

Na*:15%252p°n’l' > Na " :15225°2p° + (€] ) g ger - (6)

The corresponding Auger lines arise between 18- and 30-
eV kinetic energy as a direct mirror image of the 2s pho-
tolines, overlapped by molecular emission [81,82]. Corre-
lation satellite lines due to transitions

Na:1s2252p®3s +hv—Na':1522s2p*3s3p +el , (7

are located between 20- and 30-eV kinetic energy. At 116
eV, they overlap with the 252p°n’l’'—25*2p°+(el) 5 yger
Auger lines, as do the corresponding
2s2p*3s3p —2522p°+ (el )auger Auger lines with the
252p°n’l’ photolines. However, these latter processes are
responsible for a Na2" ion in the final state reached by a
two-step process. Their relative strength was obtained by
a number of photoelectron spectra taken at different pho-
ton energies.

Finally, the residual background blackened in Fig. 4
between 32- and 64-eV kinetic energy after background
subtraction corresponds to the high-energy part of the
continuous energy distribution of the two outgoing elec-
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FIG. 4. Photoelectron spectrum of atomic Na taken at 116-
eV photon energy. The half-high-energy part of the electron
distribution due to direct double photoionization is indicated in
black between 64- and 32-eV kinetic energies, the half-low-
energy part is shown as hatched area. The strength of the
25%2p°3s main line (single 2p photoionization) at ~38-eV bind-
ing energy exceeds the range of the y axis.
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trons emitted in double photoionization of sodium by
116-eV photons, i.e., to the high-energy half of the U-
shape distribution predicted by Chang and Poe [1]. It is
interesting to note that the shape of this continuous dis-
tribution does not show any apparent change at the 2s2p°
Na?* double-ionization threshold (85.2-eV binding ener-
gy). This observation demonstrates that double photoion-
ization into the 2s2p® continuum of the Na’* ion is weak
compared to the 2522p° continuum. An electron spec-
trum such as the one shown in Fig. 4 illustrates the po-
tentiality of electron spectroscopy to discriminate against
the different electrons ejected in various double-
photoionization continua. Thus one can estimate that
the integral intensity of the continuous distribution in the
31.8-63.6-eV kinetic-energy region (blackened area in
Fig. 4) is equal to the value of the (2p,3s) double-
ionization cross section. Since all features due to single
ionization are also observed in the spectrum, it is possible
to evaluate the double-to-single photoionization ratio.
The result is about 3% within some large error bars, be-
cause it is difficult to correct with accuracy for the back-
ground due to other sources. Thus, although this number
cannot be considered a quantitative measurement of the
relative intensity of the direct double-photoionization
process, it suggested that the direct double-
photoionization process producing simultaneous ejection
of one 2p electron and one 3s electron has a relative in-
tensity smaller by far than the relative intensity (more
than 30%) of the correlation satellites involving electrons
from the same subshells.

After proper instrumental corrections, mainly for the
ion detector efficiency, have been applied to the data
measured by photoion spectrometry, the total (one- and
two-step processes) relative cross section for formation of
Na’* ions was obtained as a function of photon energy.

IV. RESULTS AND DISCUSSION

Figure 5 shows the relative cross section for double
photoionization of atomic Na as a function of photon en-
ergy. The overall accuracy on these measurements is
+5%, except very near threshold, where the double-
photoionization cross section is very low, starting from a
zero value at threshold. As expected, below 52.4 eV,
which is the first threshold for double photoionization
[74], no Na?* signal is observed. Between 52.4 and 71.0
eV only direct double photoionization of Na atoms, ac-
cording to (1), contributes to the formation of Na?" ions,
since the other open channels following inner-shell pho-
toionization, i.e., production of a single hole in the 2p
subshell, with possible excitation of the 3s outer electron,
do not allow any following Auger decay and end up in
Na™ states [74]. Therefore the cross section between 52.4
and 71.0 eV for (2p,3s) direct double-photoionization
processes into the 2s522p°ele’l’ continuum can be read off
directly from Fig. 5 to increase from O to ~ 1% of the to-
tal photoionization cross section. The Fano-type struc-
ture at ~66.6 eV indicates coupling of the double-
photoionization process to the corresponding 2s — 3p res-
onance of Na via the sequence
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FIG. 5. Variation, as a function of photon energy, of the
double-photoionization cross section (+ + +, above 71 eV) and
the direct double-photoionization cross section (xxx, below 71
eV). The black circles are the values of the direct double photo-
ionization cross section above 71 and 110 eV, respectively.
They have been determined as explained in the text. All data
are normalized to the total photoionization cross section. The
thresholds for single and double ionization are indicated by
vertical bars [65].

Na:2522p%3s %S, ,, +hv
—>Na':2s2p 635 3p 2Pl/2,3/2
-—*Na2+:2s22P52P1/2’3/2+EI+€’I’ . (8)

Details on this direct observation of a Fano profile into a
double-photoionization continuum have already been
published [73]. Here let us mention only that a recent
R-matrix calculation [83] of the natural width ' and
profile index g of the 2s —3p resonance line in the total
photoabsorption cross section gives a value of 0.24 eV
and —1.81, respectively, in excellent agreement with the
experimentally measured values (0.23 eV and —1.73)
[73].

At 71.0-eV photon energy, photoionization of the 2s
shell starts, now leading via Auger decay to the same
Na?* final ionic state, according to

Na*:252p%3s —Na?*:2522p +el y ey )

which is manifested by a sudden increase in the Na?™ sig-
nal. The experimental results are shown as crosses in the
figure. Above 71 eV, there is a large number of addition-
al thresholds for photoionization in the 2s and 2p sub-
shells. The main ones are the 252p °nl series converging to
the 2s2p® direct double-ionization threshold at 85.2 eV
(252pSele’l’ final states) and the 2s22p*nin’l’ series begin-
ning at about 90 eV and converging to the
25s22p*nle'l’e” 1" double-ionization threshold at 97.8 eV.
All these Na* singly charged ionic states decay to Na?*
doubly charged ion via Auger decay [6]. The opening of
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these satellite channels ending up in the Na?* ground
state also gives reason for the gradual increase of o2
with respect to o, above 71 eV. These single-ionization
thresholds and the different double-ionization thresholds
are indicated in Fig. 5 by vertical bars [74,82].

Summarizing the situation, the ratio o /o, was ac-
curately measured by photoion spectroscopy and the ra-
tio 02" (two-step)/o,, by photoelectron spectroscopy.
Then, for photon energy values above 71 eV, the relative
intensity of the direct double-photoionization process
o3t is obtained by

2+ — 2+ 2+
Ogic /010t =0" " /O Utwo—step/atot ’

using photoelectron spectroscopy data whose a part was
already published [68,69,74]. The values of the relative
direct (2p,3s) double-photoionization cross section (leav-
ing the doubly charged ion into the 2s22p° %P final ionic
states) deduced in this way are shown in Fig. 5 as black
circles below 90- and above 116-eV photon energy. The
accuracy on these results is estimated to be =10%. Be-
tween 90 and 116 eV, overlaps between photoelectron
and Auger lines prevent this determination from the ex-
perimental measurements.

The results show that this relative intensity seems to
reach a plateau value of ~1.5% below 90-eV photon en-
ergy, whereas at ~ 120 eV the values obtained are higher
(~3.5%, in close agreement with the estimation made
from the spectrum shown in Fig. 4). These measurements
confirm that direct (2s,3s) double photoionization to the
2s52p°® final ionic states which starts at 85.2 eV does not
make any important contribution, as was already clear
from Fig. 4. Thus, up to 90-eV photon energy, our re-
sults are a measurement of the direct (2p,3s) double-
photoionization cross section (2s22p> final ionic states).
In Fig. 5, the upper energy scale shows the value of the
reduced parameter €/E; [79], where e=hv—E?* is the
excess energy of the photon hv over the energy necessary
to produce double photoionization, i.e., to remove the 3s
electron in the presence of the core hole in the 2p sub-
shell. One notes that the plateau value for (2p,3s) double
photoionization is reached for low values of this reduced
parameter, as was already measured for the probability of
producing 2s*2p3nl correlation satellites [77,78]. In the
adjacent rare gas neon, the plateau is reached for much
higher values (10-12) [79] of the reduced parameter.
This different behavior suggests that, in the case of dou-
ble photoionization involving one inner electron and one
outer electron, the most important correlation effects are
core relaxation and inelastic scattering, while ground-
state correlations play a role more important than core
relaxation in explaining the intensity of double photoion-
ization when both electrons belong to the same outer
shell [3,4,79,85]. At higher photon energies, the large in-
crease observed in the direct double-photoionization
cross section is explained by the opening, at 97.8 eV, of
the additional (2p,2p) double-photoionization channel
(2522p*3s final ionic states), which obviously contributes
significantly to the double-photoionization intensity.

Interesting details of the 0% /o, curve in Fig. 5 are
resonance structures at ~73- and ~77-eV photon energy
which can be ascribed to
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Na:15225%2p%3s + hv —Na*:1s22s2p ®3p4s (10)
and

Na:1522522p3s +hv —Na*:152252p %4s4p (11)

J

Na*:15%252p%4s(3p,4p)—Na ™" :15252p 35 + (€] ) 5 yger

—Na?*:1522522p >+ (e'l")

This implies that the 2s inner hole is not affected by the
first of these Auger processes, and remains as sort of
‘“spectator,” and decays only during the second one.

Going back to the energy level diagram in Fig. 1, we
can illustrate this situation at these photon energies in the
following way. Three different processes can contribute
here at 73 or 77 eV to a Na?" final state, as indicated in
the figure by three arrows: (1) a one-step process, i.e.,
direct double photoionization (~20% at 73 eV); (2) a
two-step process via 2s photoionization and Auger decay
(~55% at 73 eV); and (3) a three-step process via double
excitation and two-step Auger decay (~25% at 73 eV).
The three-step process is resonant and only possible at
fixed photon energies (~73 eV, ~77 eV). The one- and
two-step processes are nonresonant and therefore con-
tribute the main part to the Na—Na’* oscillator
strength. Moreover, it is obvious that the two-step pro-
cess via 2s photoionization and Auger decay dominates
by far the Na?" formation (55-80 % ).

Finally, in Table I we show a summary of the data
comparing the relative intensity of correlation satellites
and direct double-photoionization processes following
photoionization in the 2p subshell of sodium (data
presented here) with the values measured in the adjacent
rare gas neon, photoionized in the 2p subshell [27,79,86-
88]. The data are shown for the same values of the re-
duced parameter €/E [79], and refer to the total 2p pho-
toionization cross sections. At 85-eV photon energy for
the 2p subshell of sodium, i.e., below the second double-
ionization threshold, e /E;=2.35. In neon, this parame-
ter has the same value at about 160-eV photon energy, al-
though this energy does not yet correspond to the plateau
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double excitations. They were also observed in absorp-
tion [84] and obviously coupled to Na?* final states. The
most probable route for that is a first Auger decay into
the 2s continuum followed by a second one into the Na’™*
final state, according to

Auger * (12)

[

value of the probability of multiple-photoionization tran-
sitions. Whereas the total probability of multiple transi-
tions (transitions producing correlation satellites and
double photoionization) is roughly comparable in neon
and sodium, the distribution of the oscillator strength be-
tween the two series of final-state channels is dramatically
different in both cases. The relative intensity of the vari-
ous correlation satellites and the double-photoionization
process involving two electrons belonging to the same
outer subshell are actually comparable in neon, although
double photoionization is favored as compared to transi-
tions producing correlation satellites. The double-
photoionization channel involving the simultaneous ejec-
tion of one 2p electron and one 3s electron is very weak in
sodium, with a plateau value of about 1%, as compared
to the sum of the intensities of the various correlation sa-
tellites (more than 20%) at about the same relative excess
photon energy above the threshold. An explanation of
this different behavior in sodium can be found in the fact
that, in single photoionization of the 3s electron, discrete
excitations of the 3s electron to np orbitals take most of
the oscillator strength, more than 0.8, and that such exci-
tations of the 3s electron are still favored when they ac-
company inner-shell photoionization. Detailed calcula-
tions are in progress to check if theory is able to repro-
duce these results.

V. CONCLUSION

Data for direct double-photoionization strength involv-
ing inner-shell electrons are very rare in the literature,
since in most of the publications absolute or relative

TABLE 1. Branching ratios for 2p photoionization of Na (this work and Refs. [77] and [78]) and Ne
(Refs. [27], [79], and [86-88]) into the various final-state channels at € /Eo =2.35 (85-eV photon energy
in sodium, 160 eV in neon). The data are normalized to the total 2p photoionization cross section taken

equal to 100.
Na Ne
Final-state Branching Final-state Branching

Process configuration ratio configuration ratio
2p single
photoionization Na*:2522p33sel 76 Ne*:2522p el 83
2p correlation
satellites Na**:2s2p°nie'l’ 23 Ne**:2522p*nle'l’ 5
Double photoionization Na?*:2522p3ele’'l’ 1 Ne?*:2s22pele’l’ 12
Correlation satellites/
double ionization 23 0.4
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double-photoionization cross sections are given without
any distinction with regard to the double-photoionization
mechanism (one- or two-step process) or to the final-state
configuration. Moreover, for a valuable test of the
theoretical models taking into account electron correla-
tions, the cross sections must be given on an absolute
scale. For the present data the latter could be performed
by using absolute absorption cross-section values [76] for
0 to calculate the cross section for direct double photo-
ionization with the help of the measured ratio o /o,
in Fig. 5. At 85-eV photon energy, where only the
2s%2p°ele’l’ channel contributes, 02 is found to account
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for ~0.12 Mb. This value is comparable to double-
photoionization intensity in the outer shells of neon and
argon, where np® subshells are also involved in the direct
double-photoionization processes [4,27]. On the other
hand, double photoionization of helium is more than ten
times weaker in the same energy range [4,11,16,27]. For
a deeper understanding of these results, many-body elec-
tron calculations are needed. Such calculations are in
progress and will be presented elsewhere together with a
complete experimental determination of the absolute
partial-photoionization cross sections [89].
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