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Complete Two-Electron Spectra in Double Photoionization: The Rare Gases Ar, Kr, and Xe
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A new spectroscopic technique, giving complete two-dimensional e -e~

coincidence spectra in

single photon double photoionization, is presented. The technique resolves the states of doubly charged
ions and provides spectra of the individual electrons emitted in formation of each final dication state.
Complete spectra for double photoionization of Xe, Kr, and Ar at photon energies up to 51 eV have been
recorded. Overall and surprisingly, the np* 3P, 'D, and 'S states are populated according to their
statistical weights. When the evident autoionization is excluded, the supposedly favored 3P states are in
fact disfavored. Detailed information on the autoionization processes is also made available.
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The formation of doubly charged positive ions by single
photon ionization is forbidden in the frozen orbital single
particle approximation, but occurs widely. Its intensity
depends strongly on electron correlation effects and has
therefore been intensively studied for many years [1-3].
Even the energy levels of dications have only recently be-
come accurately known through the advent of high reso-
lution techniques, particularly the study of Doppler-free
kinetic energy release from molecular double ionization
[4,5] and the registration of pairs of zero-energy electrons
in coincidence as a function of the photoionizing wave-
length [threshold photoelectrons coincidence spectros-
copy (TPEsCO) [6,7]]. This last method, which has
good resolution and is applicable to atoms and to both
bound and dissociative states of molecular dications, is
the most powerful technique available hitherto. Its limi-
tation is that the mechanism of production of zero-
energy electron pairs is unknown, so the meaning of
relative intensities in TPEsCO spectra is uncertain.
Furthermore, to measure zero-energy electrons only is
to neglect the main bulk of the double photoionization
process. The present technique uses all the electrons
emitted as pairs in double photoionization, measuring
the energy of each. It provides both the spectra of doubly
charged ions and the full distributions of electrons form-
ing each state. Double photoionization of Xe, Kr, and Ar
at photon energies up to 51 eV has been examined provid-
ing new, complete information on this process. It was
observed that the np* 3P, ' D, and 'S states are populated
according to their statistical weights, whereas favored
population of the 3P state was expected. In fact, when
the autoionization structure in the electron energy distri-
butions is excluded, the 3P states are disfavored. The
electron energy distributions also furnish information
on the autoionization processes revealing selectivity in
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the decay of some intermediate Xe*
Xe?* final states.

The basis of the new technique (Fig. 1) is time-of-flight
analysis and coincidence detection of electron pairs in a
magnetic bottle after photoionization by pulsed ultra-
violet light. A suitable pulsed light source has been de-
veloped providing the necessary short ionizing light
pulses (ca. 20 ns width) at kHz repetition rates. The
lamp combines the hollow cathode effect with a short
capillary discharge [8] in helium in a low-inductance
coaxial capacitor discharge design. After monochroma-
tization in a toroidal grating instrument and refocusing at
a toroidal gold mirror, its light intensity produces count
rates of several hundred per second from low pressure
(< 107! mbar) gas targets at 40.8 eV (30.4 nm) photon
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FIG. 1. Scheme of the apparatus. Pumping by turbo molecu-
lar pumps at both ends of the flight tube provides a base vacuum
of 2 X 1077 mbar.
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38.7 eV (32.0 nm), 48.4 eV (25.6 nm), and 51.0 eV
(24.3 nm).

Target gas is supplied as an effusive jet from a 1 mm
diameter Cu tube. The magnetic bottle time-of-flight
technique spectrometer is based on the original design
of Kruit and Read [9] as extended by Cha et al [10] and
Wang et al. [11], and is 5.5 m long from source to detector.
Electrons are guided along the flight path by a solenoidal
field of 6 X 10™* T after parallelization in the inhomoge-
neous field produced by a 90° conical soft iron pole piece
on a cylindrical rare-earth permanent magnet. The diver-
gent field forms a magnetic mirror so that electrons are
collected from almost the whole 47 solid angle.

In a magnetic mirror, reflection or loss of electrons
created on axis depends only on the angle of emission
and not on the electron energy [12]. From the field at our
interaction center (0.08 T) and at the pole face (0.23 T),
we calculate that over 90% of all electrons should be
detectable. By comparing electron pair counts with single
electron counts for Xe at 40.8 €V, where the partial cross
sections for single and double ionization are known, the
overall detection efficiency for electrons is measured as
65%. As this is essentially the efficiency of the multi-
channel plate detector, the collection efficiency must in-
deed be near 100%. Its energy independence was verified
by measuring single ionization spectra of atoms and
small molecules whose corrected photoelectron spectra
are known. No systematic deviation from uniform collec-
tion efficiency was found up to 35 eV.

The electron energy resolution has been measured us-
ing single ionization of rare gas and molecular targets. At
high electron energies (> 20 eV), resolution is limited by
the light pulse width and is proportional to the 3/2 power
of the energy. At intermediate energies (3—10 eV), it is
also limited by the degree of parallelization in the mag-
netic bottle, proportional to the ratio of magnetic fields in
the solenoid and at the source [9]. The measured line
width contribution is 1% while the fields indicate 0.7%.
At low energies (< 3 eV), an unknown mechanism, pos-
sibly electrical patch fields or magnetic field nonadiaba-
ticity, produces a minimum energy width of 40 meV. For
double ionization spectra, the accuracy of the energy
calibration also affects resolution, because of the wide
spread of energies between the two electrons. Calibration
lines from molecular spectra and rare gases can be fit
precisely to

t=1y+ D/(E + Ey)"? ¢))

with no additional terms.

Of the heavy rare gases, Xe has been most fully
studied. We first show the double ionization spectrum of
Xe at 40.8 eV. The two-dimensional map in Fig. 2 con-
tains a line for each of the five accessible states of Xe2™;
integration along the lines produces the spectrum of Xe?*
shown in Fig. 3. The intensity distribution along each line
shows how the excess energy is shared between the two
outgoing electrons in production of a single final state.
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FIG. 2. Complete double photoionization spectrum of Xe at
40.8 eV converted from flight time to energy. Spectrum accu-
mulation times are typically 24 h.

The distributions all run from zero to the maximum
electron energy and are symmetrical about half the maxi-
mum; at that point a gap appears because electrons of
exactly equal flight time are not registered. Any inter-
mediate state of Xe* which autoionizes to one of the final
Xe?* levels produces two peaks; the first electron is con-
ventionally the photoelectron, and the second, the Auger
electron. They can be distinguished because the Auger
electron is of the same energy at all wavelengths, while
the photoelectron energy varies but its binding energy is
always the same. The low-energy half of the distributions
for formation of four of the final states on a single electron
ionization scale are shown in Fig. 4.

At 40.8 eV, the intensities of the final states 3P,, 3P,
3P, 'D, and 'S are in proportions 6.5:1.1:2.3:5:0.8. These
are close to the statistical weights of 5:1:3:5:1, which is
surprising for reasons discussed below. They are some-
what different from the ratios reported from measure-
ments of threshold electron pair yields as a function of
photon energy [3,13]. Measurements at other energies
(Table I) also give near-statistical total population ratios
for the dication states at all photon energies more than a
few volts above threshold.
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FIG. 3. The spectrum of Xe?" states produced by photoioni-
zation at 40.8 eV.
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FIG. 4. Spectra of the electrons emitted in photoionization to
each of the lowest four states of Xe?*, equivalent to distribu-
tions along the lines in Fig. 2 on the e; energy scale. The
energy scale is the electron energy plus the formation energy of
the Xe?" state indicated and corresponds to the formation
energy of Xe™ states. The zeros are displaced, but a common
intensity scale is used for the four spectra.

The spectra of Fig. 4 not only show the existence of
autoionization, but also allow estimates of the direct
(continuum) and indirect (autoionization) contributions.
When the relative areas in the continua are taken, exclud-
ing the evident peaks, the intensity ratios at 40.8 eV
become 4.6:0.9:1.7:5:0.9 or 7.2:5:0.9 for 3P, 'D, and 'S.
Relative continuum intensities at 40.8 eV and other pho-
ton energies are given in Table I. The 3P, and 3P, levels
are populated by electron continuum processes almost
exactly in proportion to their statistical weights, but the
population of *P, seems to be deficient. Using published
data for the absorption cross sections [14] and ioniza-
tion yields [15], Table I can be transformed into partial
cross sections at each wavelength for double ionization
to each final state, separated into the direct and indirect
parts. Only the 'S states show the expected smooth rise
from threshold; the other states have roughly constant or
falling partial cross sections at all the measured pho-
ton energies, which are some 2 eV and more above the
onsets.

Electron distributions for forming the lowest states of
Kr?* and Ar’* at 48.4 eV are shown for comparison in
Fig. 5. The general features noted for Xe are true of these
atoms also; their 3 P states are populated statistically only
when autoionization is included.

TABLE 1. Xe?' state intensities in photoionization with
continuum parts in parentheses.

State (IP) 387 eV 40.8 eV 48.4 eV 51.0eV
3P, (33.1eV)  73(49) 65(46) 59(49) 48 (43)
3
°P, (342 eV) 1.1(1.2)  1.1(09)
3P, (344eV) 2423 2327 3969 3769
'D, (353eV) 5 5 5 5
1S, (37.6eV)  03(03) 08(0.9) 16(1.6) 14(1.7)
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The near-statistical population of dication final states
in single photon photoionization is quite unexpected.
First, if the ionization is mainly direct, the partial cross
sections for double ionization should rise approximately
linearly from zero at threshold (Wannier law). The lowest
final states are the furthest above their respective thresh-
olds, and thus have the largest energy factors in their
favor. Second, extended Wannier theory [16,17] states
that for reasons of symmetry the 3P final state, which is
the lowest, 1s the one most favored in direct double ioni-
zation near threshold, having no node in the final two-
electron wave function at the Wannier point. The other
final states have smaller (but nonzero) angular factors in
their theoretical cross sections [17]. Third, while direct
ionization produces part of the cross section, the spectra
show that indirect double ionization (autoionization of
Xe" intermediate states) also plays a major role, contri-
buting most strongly to the 3P state. Thus, for three
reasons we expect the 3P state to be most strongly popu-
lated. In fact, this level is populated only slightly more
than in proportion to its statistical weight when including
autoionization, and less if the evident autoionization is
not included (Table I). The extended Wannier rules are
based on an LS coupling model which is not appropriate
for Xe, but in the lighter rare gases, where the LS cou-
pling model should be more valid, the 3P final state is
relatively less populated by continuum double ionization
than in Xe. The degree of mixing of the equal-J levels can
also be calculated from the level positions [18]; it is never
more than 20%, which seems inadequate to explain the
observed intensities. The present measurements are per-
haps made too far above threshold for the Wannier ideas
to apply, but this observation adds no insight to the prob-
lem of the observed statistical branching.

In the autoionization spectra in Fig. 4, , Rydberg series
of Xe™ converging on higher Xe?* levels can be identified
and 3P1 and 'S series (not shown) are identified here for
the first time. A notable feature is the selectivity of some
autoionization branching; states energetically capable of
populating either the 3P levels or ' D almost all favor ' D,
and some favor individual spin-orbit levels of 3P. Here,
only the contrasting selectivity to branching of the two
series shown in Fig. 4 is presented. The series converging
to Xe>* (!D) is known from photoelectron spectra
[19,20] and identified as ('D)nd(*S, 2) The series con-
verging on 'S has been 1dent1ﬁed in resonant Auger
spectra [21] as ('S)nd. The states of the ('D)nd( Sy 5)
series, which can ionize to all three *P levels, do so
in accord with the statistical weights of the final levels.
On the other hand, the ('S)nd series shows strong selec-
tivity. The peak identified as ('S)9d(*P), for instance,
branches as follows: 'D (18), 3P, (5), 3P, (1), 3P, (not
detected), and other members of the same series behave
similarly.

According to the selection rules for autoionization [22]
and the propensity rules given by Berkowitz [23], purely
statistical branching is not expected. For the (!D)nd(*S¢)
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FIG. 5. Spectra showing the electron energy distributions in
formation of the 3P, states of Kr>™ and Ar** at 48.4 eV. The
energy scale is the electron energy plus the formation energy of
the doubly charged ion state indicated. Note the rather weak
continuum contributions. The deterioration of electron energy
resolution with increasing energy is clearly seen for Ar where
the full, symmetric spectrum is shown.

series of autoionizing states seen in the *P channels, the
open continua of even parity are (*P)es or (*P)ed, neither
of which has a QS‘I? P component; thus in strict LS cou-
pling this autoionization is forbidden. This might help
explain why the peaks are relatively sharp. If the main
autoionization is the favored [23] /-unchanging one, then
the Auger electron will be a d wave, but this gives no
allowed AJ = 0 autoionization for the 3PO level. Thus,
the existing rules with the present attribution of the series
seem to imply that specificity in branching ought to exist,
where in practice none is detected. However, an alterna-
tive attribution of the Rydberg series is suggested by
another analysis [6,24] of the equivalent series in Ar?t
and Kr' as (!D)nd(*D). With this attribution, which
predicts spin-orbit splitting of the lower series members
consistent with our spectra (Fig. 4), no forbidden chan-
nels arise.

For the series identified here only as (!S)nd, no restric-
tion is implied by the rules, as continua of overall doublet,
even symmetry are available by combining d waves
(l-unchanging transition) with the symmetries of all the
accessible final dication states. The observed autoioniza-
tion selectivity must be ascribed to some other cause, per-
haps related to the configurationally mixed nature of the
states involved, of which the labels applied here may be a
very poor representation.

An explanation of these observations may require nu-
merical calculations of the sort recently carried out for
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higher energy autoionizing states of Ar™ [25]. The overall
conclusion is that our understanding of the processes of
double photoionization and of autoionization branching is
still unsatisfactory. The widely quoted extended Wannier
rules seem to be practically irrelevant for relative cross
sections at energies of 5 eV or more above threshold.
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