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Abstract

We describe a joint experimental and theoretical investigation on oxygen double photoionization—the
emission of two electrons from atomic oxygen following single photon absorption. High-resolution
experimental measurements were performed at the Advanced Light Source, revealing sharp resonance
structure superimposed on the more familiar Wannier-like, nearly-linear background. These resonance
features are attributed to ionization-plus-excitation Feshbach-resonances embedded in the double
ionization continuum, doubly-excited states that lie above the double;-ionization threshold. Such
features are absent in the double photoionization cross section of He, or other quasi-two-electron
systems, for which the doubly-ionized atomic core remains cannot inert. For a corresponding theoretical
analysis, the R-matrix with pseudostates (RMPS) method was invoked by calculating final-state, two-
electron resonances-plus-continua wavefunctions and corresponding single-photon absorption cross
sections. Overall agreement is found in the direct, background double photoionization cross section.
However, the RMPS method, using a small basis due to practical computational limitations, was unable
to reproduce quantitatively the smooth background or the sharper resonance features observed in the
measurements, showing instead large-scale oscillations about the experimental background, and
characteristic pseudoresonancejitter, associated with an insufficient convergence of the pseudostate
representation to the true two-electron infinite series of Feshbach resonances embedded in the two-
electron continuum. The prominent resonance structure observed highlights the need to consider
multiple excitation processes in atoms more complex than He or quasi-two-electron systems.

1. Introduction

Double photoionization of an atom (the ejection of two electrons via the absorption of a single photon) is
interesting for a number of reasons. In particular, this process is forbidden by any direct absorption pathway due
to the one-body nature of the electron-photon interaction. The existence of a two-electron transition such as
double ionization is, thus, only possible owing to multi-body electron-electron correlation effects and serves as a
probe of these correlations.. From a more fundamental atomic physics perspective, this process constitutes the
quantum-mechanical three-body problem for the final state of a doubly-ionized core ion with two outgoing
photoelectrons and, therefore, no analytical solution exists even for He, necessitating a numerical approach for
computing the final-state three-body wavefunction.

Helium has been the obvious candidate for most of the double photoionization studies to date—see an

earlier comprehensive review [1], and the more recent update [2], for the flavor of the various theoretical and
experimental approaches, and the latest status of the helium (+, 2e) (double photoionization) process. Included
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Table 1. RMPS and NIST energies for O, 0", and O**.

Atomic State K* (Ryd) hv (eV)
RMPS NIST RMPS NIST
0 (25°2p*[°P]) —1.062 -1.001 0.000 0.000
Ot @25%2p°[*S]) 0.000 0.000 13.618 13.618
o (252p°[°D]) 0.270 0.244 17.288 16.943
o (252p°[*P]) 0.421 0.369 19.343 18.636
ot @2s2p[*P]) 1.121 1.093 28.866 28.488
O™ (252p*[*D]) 1.565 1.513 34.911 34.198
O*" (252p°[’P]) 2.583 48.721
O** (252p°['D]) 2.7661 51.253
o> (252p°['S]) 2.975 54.093
0** (252p°[°S]) 3.131 56.219
0** (252p°[’D)) 3.676 63.623
O*" (2s2p°[’P]) 4.972 67.642

in the list of theoretical approaches for treating helium double photoionization is the R-matrix with
pseudostates (RMPS) method [3], the most recent calculation [4] showing a cross section in excellent agreement
with experiment and other converged calculations. RMPS calculations were also carried out for the quasi-two-
electron systems, Be and Mg [5], consisting of two valence electrons outside of a ‘frozen’ closed shell core, and
also achieved converged results. Calculations for Li [6] were also performed in which the remaining 1s electron
only gives rise to a *° core. However, to our knowledge, the only calculations carried out for the double
photoionization of a more complex atom including resonances has been for the case of Ne [7], in which
convergence was not achieved due to an increased computational demand for the open-shell nature of the Ne**
core compared to the inert He*™ (or Be*™ or Mg”") core. We note that simpler calculations have been carried
out with the resonances omitted, e.g., [8, 9].

Oxygen double photoionization presents an even more formidable task than Ne. Furthermore, oxygen is an
important element in astrophysical plasma modeling for a variety of reasons, most notably that it is the third
most abundant element in the Universe, with only the structurally simple hydrogen and helium atoms being
more abundant. Although oxygen is found predominantly as a diatomic molecular gas in the Earth’s
atmosphere, it is instead found primarily as a diffuse atomic (as opposed to molecular) gas in the interstellar
medium [10]. Atomic oxygen gas has also been experimentally isolated for photoionization measurements
[11, 12]. Being a weaker process, double photoionization of atomic oxygen has not been considered as important
as single photoionization for astrophysical and atmospheric data, and the only experimental data for double
photoionization of oxygen, to our knowledge, consists of the low-resolution results of Angel and Samson [13],
and the slightly higher resolution results of He, Moberg, and Samson [14].

The purpose of the present paper is to present recent high-resolution synchrotron measurements for the
double photoionization of atomic oxygen, carried out at the Advanced Light Source (ALS), and also present
accompanying theoretical calculations using the RMPS method. The rest of the paper is organized as follows. In the
next section, we consider in deeper detail the process of double ionization of oxygen leaving a non-inert core. The

additional double ionization mechanisms available via the open-shell O** final-state structure are highlighted,
introducing additional resonance mechanisms not possible in He and other quasi-two-electron systems. The

specific processes addressed here are first introduced next in section 2. Section 3 presents the experimental analysis
from the ALS measurements. Section 4 then describes the RMPS particulars of the present computations, and

section 5 compares experimental and theoretical results, followed by a brief summary in section 6.

2. General considerations

The specific mechanisms involved in the double photoionization of oxygen, in a minimal configuration
description, involve the processes



hv + O(1s22s22p*) — O**(1s*2s22p?) + 2e7, (1)
—02*(1s2252p%) + 2¢7, )
—0**(1s22p*) + 2¢™. (3)

We use a minimum basis here so that the calculation does not become intractable. Note that there are twelve
2p2(3P, 'D,s), 252p3(5’3S, >1p >!D) and 2p4(3P, 'D, 'S) ionization thresholds of 0*"in LS-coupling, as listed in
table 1 for the lower-energy states. Those O*" states lying energetically above the 2p*(’P) ground-state give rise
to photoionized-excited Rydberg resonances, such as the 2s2p>nle I’ or the 252p>nin’l’ resonance series that is
degenerate with, and autoionizes to, the 2s2p* (°P) € le’l’ double ionization continuum.

As an example of such resonances, consider the double photoionization process

hv + O(1s22s%2p*) — O *(1s22s22p%(!D)) nin’l’ 4)
N
02+ (1s22s22p*(*P)) + e~ + e (5)

Here a double-excitation resonant pathway is degenerate with, and can autoionize to, the direct double
photoionization pathway, leading to a coherent sum of the two transition amplitudes, and a resulting Rydberg
series of Feshbach resonances [15] superimposed coherently on the structureless background cross section. This
is to be contrasted with the case of double photoionization of helium, for which there 1s no core of atomic
electrons left behind and therefore no such Feshbach resonance mechanism. Note also that related processes
have been seen in other systems [16—18].

3. Experimental measurements

The experimental technique is identical to that previously described for our measurements on atomic oxygen
[11], those of Samson et al. [19], and our studies of the photofragmentation of HCI [20] and atomic Cl [21]. The
present experimental results were obtained on undulator beamline 10.0.1 at the Advanced Light Source
(Lawrence Berkeley National Laboratory, Berkeley, CA, USA), and were an average of several photon energy
scans.

The experimental apparatus consists of a mass spectrometer, an interaction cell with suitable lensing for
ions, and a detector. The 180° magnetic mass spectrometer has pole faces inclined by 11°, which forces ions to be
measured in a cycloidal orbit, and allows the approximately 1 mm wide entrance and exit apertures, which are
separated by 152 mm, to be located outside the magnetic field. The electromagnet provides a maximum field of
approximately 4000 G at the center of the analyzer gap. The analyzer has a mass resolution of approximately
M/AM = 65, with a theoretical half-width resolution of 1 mass in 130 amu. The transit time for ions to pass
through the mass spectrometer is a few microseconds. Photons from the beamline enter the gas cell through an
entrance collimator which minimizes scattered electrons, possibly created at the gas-cell entrance aperture, from
entering the interaction region. The gas cell has a curved extraction plate which increases the solid angle of
acceptance by focusing the ions into the lens system. The Einzel lens system and steering plates focus and direct
the ions onto the mass spectrometer entrance slit. In this instance the analyzer and lensing was optimized for
mass 16 amu. Ions are detected at the exit slit of the spectrometer with a Dr. Sjuts channel electron multiplier
(type KBL-15RS). An analog signal from a convectron vacuum-pressure gauge is recorded simultaneously with
the ion signal to monitor target gas pressure. Finally the photon flux after the gas cell, I, is monitored with a Si
photodiode.

Calibration of the photon energy is performed by comparison to EELS measurements or known absolute
photoabsorption measurements found in the literature. In this case the photon energy was adjusted by
correction of the monochromator s grating equation using both the helium He(sp,2 2+) 'P?at60.147 eV [22],
and krypton 3d 5} 72 5pat 91.200 eV [23] transitions. These resonance peaks were measured from first up to third
spectral order for the helium transition and up to the fifth spectral order for the krypton transition. This resulted
in eight different calibration energies measured over the region of interest. The resulting error in energy
calibration on the low energy grating was found to be from +10 meV at45.6 eV to +42 meV at 60 eV, with a
resolution of 15 meV. The photon flux was measured at the back of the experimental system by using a
AXUV100 silicon photodiode, with its signal subsequently being corrected for its variation in quantum yield
[24] prior to being used for normalization.

Atomic oxygen was produced by passing molecular oxygen through a microwave-driven discharge. A
mixture of 20% molecular nitrogen and 80% molecular oxygen, was passed through a glass flow assembly [21] .
The flow assembly consisted of a short (12 cm long, 1 cm outer diameter) quartz tube, in which the microwave-
driven discharge takes place, and along (30 cm, 1 cm outer diameter) Pyrex tube, which transports the atoms to
the interaction region. To minimize losses due to collisions with the flow tube walls, the quartz tube was coated
with phosphorus pentoxide (P,0Os), and the Pyrex tube was coated with Teflon. An increase of 30% in the
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Figure 1. Oxygen double photoionization cross sections, showing present ALS experimental results (black), the earlier Angel and
Samson experimental results [13] (blue), and He, Moberg and Samson (green) [14]. The NIST o*t energies [27], as given by vertical
black lines and also listed in table 1, each comprising a threshold for a Rydberg series of photoionized-excited Feshbach resonances in
the double ionization continuum. A Wannier-like threshold fit 6 = CE"™ (red) is also shown with C = 0.0.014Mb/eV and

m = 1.056.
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Figure 2. Present experimental results and those of He, Moberg, and Samson [14], showing the autoionization features from doubly
excited states converging to the 2s2p>(>S°)4p(°P°) state.

amount of atomic oxygen transported to the interaction region was seen when using the coated flow tubes rather
than clean flow tubes. At the end of the Pyrex flow tube, an additional Pyrex tube (10 cm long, 2.5 cm outer
diameter) with a 1.5 mm orifice on one end was used to separate the high pressure discharge region, which was
approximately 0.1 Torr, from the low pressure photoionization interaction region (coated with Aerodag G on



Table 2. Present experimental results for the two identified Rydberg series resulting from doubly excited states converging to
the 252p°(*S°)4p(°P°) state. N is principal quantum number /1 is the quantum defect and n* = n - .

Present results Heetal[14]

Identification n n* I Photon Energy n* 1% Photon Energy

(eV) (eV)
252p°CS*)4paps 4 2.836 1.164 51.041 4 0.014
252p°(CS")4pap, 4 2.942 1.058 51.161 4 0.014 2.939 1.061 51.15
252p°(CS°)4p5ps 2 5 3.823 1.177 51.803 & 0.015
252p°CS*)4p5p1 /2 5 3.973 1.026 51.857 4 0.015 3.933 1.067 51.85
252p°(S")4p6ps 6 4.849 1.151 52.155 + 0.015
252p°CS°)4p6p /2 6 5.007 0.993 52.191 + 0.015 4.941 1.059 52.17
252p°(CS*)ap7p 7 5.970 1.030 52.352 + 0.015 (5.940) (1.060) (52.34)
252p>(>S°)4p8p 8 7.000 1.000 52.456 + 0.015 (6.940) (1.060) (62.44)
252p°(°S")4p9p 9 7.998 1.002 52.521 + 0.015
252p°(°S")4p10p 10 9.089 0.911 52.569 4 0.015
252p°(’S%)4p11p 11 10.126 0.874 52.601 + 0.015
252p°(S")4p(°P%) 0 series limit 52.734 4 0.015 52.72 £ 0.03

the high vacuum side to prevent charging). A small mechanical roughing pump is connected between the two

Pyrex tubes to allow for a high gas flow rate through the discharge region while maintaining a reasonable
chamber pressure, approximately 2 x 10> Torr.

The partial-ion yields measured with the discharge on as described above include contributions from both
ground-state atomic oxygen and molecular O,, differing as a function of photon energy. Whereas, with the
discharge off the gas target is composed solely of molecular O,. Similar to the measurements of He, Moberg, and

Samson [14], the present 0" cross sections, shown in figure 1, were normalized to the absolute values of Angel
and Samson [13]. These values were chosen because of the careful analysis of all available photoionization and

partial photoionization measurements of atomic oxygen by Berkowitz [25, 26]. The previous results of He,
Moberg, and Samson were calibrated at 60eV, but the present data, due to our increased resolution shows
resonance structure in this area. Therefore, due to the relatively smooth variation in cross section in a region just
slightly higher in photon energy, we chose to calibrate at 64 eV. Although these in-between data values were not
listed in table 2 of the 1988 publication, we had access to the original data set.

The energy region between 51 and 53 eV is shown in figure 2. It is compared with the results of He, Moberg,
and Samson. The most striking difference is the observation of two, overlapping Rydberg series, where one was
previously identified. We attribute this to our increased resolution, 15 meV verses 60 meV. The two series,
summarized in table 2, are a result from autoionization of doubly excited Rydberg states. The resonances were fit
with WinXAS® [28] (Thorsten Ressler, Hamburg, Germany) and its near-edge x-ray-absorption fitting routines.

The spectral lines were fit with Voigt functions, with the Gaussian contribution to each peak held at a constant
width equal to the measured monochromator resolution, while the Lorentzian portion of the function, which

represents the lifetime of the particular state, was allowed to vary. An arctan function was used to represent the
ionization threshold, its slope was set to the beamline resolution and its position was allowed to vary after
initially setting it to our previous values. All errors in table 2 include standard deviations and beamline
calibration errors.

4. Theoretical RMPS methodology

The RMPS method (see [3] for a fairly comprehensive review) has been used for double photoionization of
helium dating back to 1995 with the first successful applications by Meyer and Greene [29], followed by further
independent developments and applications [30, 31], including the latest converged calculations [4, 31]. The
approach has also been used for the quasi-two-electron cases of Be and Mg [5], for the relatively simpler three-
electron case of Li [6], and an even more complicated Ne calculation [7]. The latest application of the RMPS

method for double photoionization of He was for the case of endohedrally-confined He@Cg [4]. In that study,
prior to computing the effect of the C¢ cage, a double photoionization R-matrix calculation for an isolated He

atom was performed, using a sufficiently large pseudoorbital basis, and a cross section was produced that
showed excellent agreement with experimental and other theoretical results. In the present study, however, due
to the orders of magnitude increase in the number of double-continuum basis functions used and the practical
computational limitations, only a much smaller basis per double continuum could be used, resulting in an
unconverged pseudostate representation for each second continuum orbital, and a noisy cross section.
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Fi§ure 3. Computed energy positions of the numerous O™ *(15°2s“2pnl, a + b = 4 target states and pseudostates in the vicinity of the
O*" double ionization thresholds, superimposed on the RMPS double photoionization cross section.

From a theoretical standpoint, there is a huge increase in computational requirements for oxygen double
photoionization compared to helium. This is because the many-state, structured-core, doubly-ionized states of
oxygen that are left behind in the DPI process lead to a much larger atomic basis needed to represent all outgoing
channels. An entire basis of two-electron continuum functions is required for each of the many O** doubly-
ionized cores, whereas only one such basis is needed for the two-electrons emitted from the inert He** core, for
instance. The non-inert core also leads to multiple couplings. In He, only an inert He*" core remains after
double ionization, and only one LS7 symmetry is possible for each coupled pair of outgoing electrons—e.g., the
outgoing two-electron wave Iy, L, L15, s, = 1/2,5, = 1/2, 815, with parity m; = (—1)""%, can only couple to a
total symmetry L = Ly,, S = S1,, ™ = m1,. Double photoionization of oxygen, on the other hand, can leave
behind several open-shell ionic states, such as the 2p2(1D) state, for instance, that allows final angular momenta
|Li> — 2| < L < |Ly, + 2|, adding five additional LS7 symmetries. The " coreleads to three L symmetries per L,
value and three S symmetries per S;, value, adding another nine possible couplings. These two multiplicative
factors of the basis size, arising from both the many core doubly-ionized states and also the many couplings of
the two-electron continuum to each of the many cores, are then cubed when determining the increased RMPS
computational time, leading to a calculation for oxygen that is orders of magnitude larger than the simpler
helium case. Clearly, a massively parallel infrastructure is needed, and we have used the Michigan State
University High-Performance Computer Center for the RMPS calculations [32].

The particular basis for the RMPS calculations is the following. Physical orbitals, P,,; = {1s, 2s, 2p}, were first
generated from a single-configuration Hartree—Fock calculation [33] optimized on the O™ [15%2s%2 p3(45)]
ground state. Next, additional Laguerre pseudoorbitals P,; were generated, using the atomic
AUTOSTRUCTURE code [34], only for 3 < n < 10and 0 < I < 5, a severely limited size for representing each
particular double-electron continuum, of which there are many, hence the small basis (in the recent, converged
He calculations [4], pseudoorbitals could be included up through # < 30 to represent the sole double-electron
continuum required, and a converged cross section was obtained); the present # < 10 pseudoorbital basis is thus
expected to yield unconverged results and therefore exhibit the characteristic, unphysical pseudoresonance
jitter, as will be further addressed below.

The physical orbitals P,;and pseudoorbitals P,; were then used to construct the so-called N-electron O™
target configurations describing the 15°2s*2p?, a + b = 5 physical states and 1s°2s2p? nl,c + d = 4
pseudostates, thereby providing a discrete representation of the second-electron continuum €, ’. The first-
electron continuum orbitals €,/ are spanned, for each channel energy €, and angular momentum I, as
el = Xt c;u; (r), where the number of R-matrix continuum orbitals in the present case was chosen to be
eont = 25. The usual R-matrix orbital basis, u;/(r), is generated for a representative model potential, using
Lagrange multipliers to ensure orthogonality between orbitals: (P,|u;) = (By|ug) = (P|Py) = 0.Such
orthogonality constraints simplify the atomic structure calculations since there are no overlap terms to consider
in the evaluation of the Hamiltonian matrix [3].

The resulting energies are listed in table 1 for the lower-energy states where it is evident that the use of a small
basis leads to reasonable, but not excellent, agreement between theory and experiment [27]. The experimental
values for the states of O>* are included in the table without theoretical values because these states appear as
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Figure 4. Double photoionization of He, showing the convergence of the RMPS cross section, as the number of pseudoorbitals is
increased from n < 10 (green) to n < 30 (red), to the experimental data (blue triangles, [35]).

resonances in the RMPS cross section and are not included in the expansion of the initial and final state wave
functions of the photoionization process in the RMPS methodology, as detailed below.

Each continuum orbital is coupled to each of the possible N-electron O configurations to complete the so-
called (N + 1)-electron description. This represents the initial, neutral oxygen atom, the O *-plus-electron
photoexcited resonances, the single-photoionization states, and, importantly, the Oz+-plus-two-e1ectron states.
The latter include both the desired double photoionization states and the photoionization-plus-excitation states
that are manifested as Feshbach resonances embedded in the two-electron continuum. To compensate for the
enforced orthogonality, an additional (N+1)-electron basis is also included, giving additional 15*25°2p°,
15°252p"nl,a + b= 5and 152252p¥nln'l'; a + b = 4 configurations.

In order to compute a double ionization cross section within the RMPS method, the usual single
photoionization-excitation cross sections are first computed to each excited pseudostate of O (e.g.,
hv + 2p* — 2p”nle, 1), and for all those pseudostates with relative energies exceeding the ionization potential of
O, The approximation involved is that the second liberated continuum electron e, is discretized viaa
pseudoorbital representation, so that the double photoionization process can be interpreted as a sum over all
partial cross sections to pseudostates that lie energetically above the O*" threshold:

ottt = Z o;(E; > IP). 6)

1

By using the above procedure, the RMPS double photoionization cross section was calculated and is
presented in figure 3. Also shown are the O" pseudostate thresholds generated from the same RMPS calculation.
The pseudostate energy density gives a sense of how well the second electron continuum orbital is represented by
an expansion of pseudoorbitals. Of course, the final pseudostates plotted correspond to pseudoorbitals #] with
several different angular momenta and/or couplings to the O*" core, so the actual density per continuum
orbital representation is much less than the total pseudostate energy density shown. In fact, since it is known that
there are only 8 pseudoorbitals per continuum (3 < # < 10) spanning this region, the density must be only about
8 states per 20 eV. However, since the total cross section is given as a sum over all n;1; ¢;1 states, and some
averaging of oscillation occurs from each pseudostate contribution to the total cross section, the total
pseudostate density still reveals a sense of how smoothly the introduction of each new threshold approximates
the true continuum.

A characteristic feature of RMPS cross sections for double ionization is the unphysical jitter and oscillations
associated with the discretized representation of the second continuum. This jitter is reduced as the pseudostate
density is increased (as with any Fourier expansion). However, a fairly crude basis of orbitals, as we have here
(3 £ n < 10), will inevitably result in unconverged, jittery cross sections, as is demonstrated in figure 4. Here the
structurally simplest (and least computationally demanding) He case, as implemented in the converged atomic
study in earlier work [4], is revisited. The ‘converged’ calculation used the larger basis n < 30 and 71.,,,; < 80, and
yields an RMPS cross section that tracks the smooth experimental data [35]. On the other hand, the smaller
calculation, using only a n < 10 and n,,,,; < 25 basis, shows much more erratic pseudoresonance jitter as well as
slow oscillations of the RMPS background cross section about the smooth experimental background. The
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Figure 5. Oxygen double photoionization cross sections: ALS experimental results (red) and theoretical RMPS results
(blue).

savings in computational time is significant, as expected. The larger converged case required 2000 minutes of
CPU time whereas the smaller, unphysical case required only 0.20 minutes on the same workstation.

The present RMPS calculations for oxygen used the same orbital basis size (n < 10, #1.5,,; < 25) as the smaller
He case. However, because of the many more resulting pseudostates via multiple core couplings, etc., the total

Hamiltonian is much larger, and the computational time is much greater, requiring days to finish on the HPCC
massively-parallel machine verses less than a minute for He. Thus we can conclude two things about the RMPS
cross sections for oxygen. First, as with the small-basis He cross section shown in figure 4, unphysical jitter and
oscillations are expected in our RMPS oxygen cross section, and indeed that behavior, shown in figure 3, is thus
explained—it is due to an insufficient pseudoorbital and continuum orbital basis. Second, any attempt to reach

similar convergence for oxygen as was achieved for the larger He case (in figure 4) will require about four orders
of magnitude more computational effort, an increase from a day to decades with the same machine and an

increased number of processors used.

5.Results

In order to analyze the double photoionization cross section most effectively, the experimental results are
shown in figure 1, where several interesting features should be noted. First, there is general agreement between
the latest and earlier experimental results, although the resolution has now been improved greatly. In fact, the
new experiment, similar to the measurements of He, Moberg, and Samson [14], allows a detailed mapping of
the threshold region, revealing a nearly-linear cross section at threshold, in accordance with the expected
Wannier threshold law [36], that persists for roughly 10 eV above threshold. According to this law, the
behavior is linear at threshold if electron-electron correlation is neglected, but once correlation is considered
yields a power-law threshold behavior

ot = CE™ %)

m= L[ [1092=9" 1) _ 55803 (®)
sV Tz -1

for the case of Z = 2 here. An experimental least squares fit of the data over a 3 eV range from the double
ionization threshold to just below the first resonance arrives at a value of 1.038 £ 0.004. Interestingly, the
Wannier cross section is surprisingly good up to about 10 eV, as seen in figure 1,

Also revealed are the signatures of multiple Rydberg resonance series that are superimposed on the smooth
background cross section (figure 1). Beginning from threshold to higher photon energies, there first appears to
be weak Rydberg series 25*2p*(' D)nl, converging to the first excited O*"*[25°2p*(' D)] threshold at 51.25 eV, that
can autoionize to the O**[25°2p*(’P)] + e second continuum; whether this is a single series or several
corresponding to different values of /is not entirely clear. Above the first excited threshold, a second series of
resonances emerges, accumulating to the O*"*[2s*2p*(*S)] threshold at 54.09 V. This next series, converging to
the O*"*[(252p*)(°S)] threshold at 56.22 eV, seems to be perturbed by the lower members of a higher-lying

where



Rydberg series. Proceeding above this threshold, the most prominent Rydberg series is seen converging to the
Oz+*[(252p3 YD)] threshold at 63.62 eV, with no discernible perturbation from the next highest, weak series.
Thelowest, strong (1 = 3) resonance of this series at 58.32 eV lies 4.03 eV below the 63.62 eV threshold, and by
using a quantum defect description (in eV)

AE = 4.03 = 13.606/(3 — )%, ©)]

a quantum defect of ;1 = 1.2 is revealed, which suggests this is the [(252p”)(*D)] 3p resonance.

As demonstrated in figure 1, the rather linear direct double ionization cross section is enhanced by fairly
well-defined Feshbach resonance series. In contrast, the RMPS cross section in figure 3 shows somewhat
oscillatory background and more randomly positioned jitter. By comparing the two results—experimental and

theoretical—in figure 5, it is seen that, while the RMPS calculations reproduce the overall magnitude and general
behavior of the experimental cross section, there is noticeable oscillation of the RMPS background about the

smoother experimental background. This is associated with the rather coarse 3 < n < 10 pseudostate
representation of the second continuum contributing to the direct double photoionization cross section. Given
that the second-electron continuum orbital is poorly spanned, it also follows that the infinite series of Rydberg

resonance orbitals 3 < nl < co will be insufficiently represented by this 3 < n < 10 pseudostate basis. As a result,
even after factoring for the unphysical, slow oscillations of the RMPS background, the RMPS resonances do not

seem to align with the experimental resonances that well, and, indeed, do not show the clear Rydberg series

accumulations to well-defined thresholds. It should also be noted that the lowest-lying O autoionizing

Feshbach resonances, such as the (15°25*2p*(' D))31 doubly-excited states, have resonance energy positions that
are most uncertain, from a theoretical standpoint, and the detailed RMPS resonance structure is affected

even more.

Itis also clear from figure 5 that above about 62 eV, experiment and theory part ways. This occurs for the

same reasons that were discussed in connection to the He case shown in figure 4. The orbital basis size used in the
RMPS calculation for the double photoionization of atomic oxygen is simply too small to meaningfully cover the

region of the double photoionization spectrum above 62 eV. And, even without resorting to comparison with
experiment, the abrupt change in the overall slope of the cross section above 62 eV indicates that something is
wrong here.

6. Summary

New experimental results for the double photoionization of atomic O are presented, with accompanying RMPS
calculations, revealing prominent resonance structures. These Feshbach resonances are attributed to
photoionized-excited intermediate states of the O***nl + ¢ type, autoionizing to the doubly-photoionized
O?* + e, + ¢ continua. The experimental cross section also demonstrates a Wannier nearly-linear threshold
behavior for about 10 eV above threshold. The RMPS calculations involved orders of magnitude more channels
than the simpler two-electron systems studied in the past, and thus were limited toasmall 3 < n < 10
pseudoorbital basis to represent each channel’s second-electron continuum orbital, whether continuum el or
valence nl (3 < n < —). While the general magnitude and behavior of the RMPS cross section were similar to
experiment, the limited basis representation led to unconverged, oscillatory behavior of the RMPS direct double
continuum cross section, and erratic pseudoresonance approximations to the actual, infinite number of
resonance contributions. A much larger basis set and computational effort would certainly reduce the present
RMPS inaccuracies, and could help further explain the complicated Rydberg resonance spectra revealed in the
new, highly-resolved experiment.
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