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Photoionization of Highly Charged Ions Using an ECR Ion Source and Undulator Radiation
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Photoionization of Xe41 to Xe71 ions was studied by combining an electron cyclotron resonance
ion source with synchrotron radiation. Multiconfiguration Dirac-Fock calculations were performed to
interpret the data. Many autoionization lines were measured and identified, resulting from excitation
of a 4d electron intonf and np orbitals followed by Auger decay of the excited states. Continuum
photoionization is negligible for the higher members of the isonuclear series.

PACS numbers: 32.80.Fb, 32.80.Hd
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In this Letter, we present the results of new experimen
investigating the photoionization of highly charged ion
produced by an electron cyclotron resonance (ECR) i
source. Single and double ionization of Xe41 ions was
studied using photon beams of undulator synchrotr
radiation (SR) between 60 and 160 eV photon energ
revealing the existence of a large number of resona
transitions in which a4d electron is excited intonp and
nf orbitals. Single photoionization of Xe51, Xe61, and
Xe71 ions was also measured, allowing us to obser
intense 4d ! nf transitions. To interpret the data, a
multiconfiguration Dirac-Fock code was used to calcula
the energies and the oscillator strengths of the4d-
excitation transitions, and helped to identify most of th
resonances experimentally observed in the spectra. O
results provide a complete picture of the effect of th
change in the electronic charge along an isonuclear se
of a multiply charged ion.

Photoionization experiments on multiply charged ion
are of importance for atomic theory to test correlatio
and relativistic effects along isonuclear and isoelectron
series, and to provide useful data for plasmas physics a
astrophysics. Experimental studies have been hampe
however, by the difficulty in producing high enough
density beams of multiply charged ions. Most of th
information has been obtained so far from time-resolv
absorption experiments using two synchronized las
pulses [1,2]. The method has been widely used to inve
gate photoionization of relatively low-Z ions in low charg
states, and to follow the collapse of some specific wa
functions along isoelectronic and isonuclear sequen
involving 4d excitation in neighboring elements [3–5].
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The first measurements of photoionization cross se
tions on singly charged ions using SR were achieve
by photoion spectrometry [6]. Then, photoelectron spe
troscopy provided results on Ca1 and Xe1 ions [7–9].
Renewed efforts to exploit storage rings for the invest
gation of photoionization in ions have recently succeed
in providing detailed results for a few singly charged ion
[10,11] and for the doubly charged Xe21 ion [12], and in
obtaining preliminary results for the Xe31 ion [13]. This
Letter reports a significant new step in highly charge
ion physics by investigating the complete stripping of a
atomic shell electron by electron.

Because of the lack of experimental data, the ma
source of information on multiply charged ions was
for a long time, tables [14,15] reporting the results o
theoretical one-electron calculations for photoabsorptio
and photoionization cross sections up toZ � 30. Later,
the use of correlated wave functions allowed some te
of the validity of the one-electron model [16]. An
international effort was also developed in the Opaci
Project [17], whose aim is to calculate accurately th
opacities in stellar envelopes.

In the work presented here, we chose to address
physical problem requiring experimental investigatio
over a wide range of charge states in multiply charge
ions. We concentrated on photoionization processes
volving 4d electrons along the isonuclear series of xeno
For neutral xenon (XeI) atoms, there have been man
photoionization studies on the4d ! ´f cross section
since the first photoabsorption measurement [18]. The e
istence of a broad resonance in the4d cross section was
explained within the one-electron model [19], althoug
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the absolute values of the cross section and the energy po-
sition of the maximum could be reproduced theoretically
only when correlation and polarization effects were fully
accounted for [20]. The qualitative explanation resides in
the existence of a double well for the effective potential
[21,22]. In Xe I, the main part of the 4f-wave function
resides in the outer well. Therefore, the overlap of the
bounded 4d orbital is much larger with the ´f continuum
wave function than with the empty 4f orbital, explaining
the weak intensity of the discrete 4d ! nf transitions.
An efficient way to induce changes in the effective atomic
potential is to remove one or several electrons from the
outer shell. Recent measurements [12,13] have suggested
that the 4f orbital is already mostly localized in the in-
ner well for Xe21. Preliminary results on Xe31 ions [13]
indicate that the discrete structures near the 4d threshold
dominate over direct photoionization of 4d electrons, as
was already observed in Ba21 ions [4].

In our investigation, we studied photoionization of ions
over the isonuclear series of xenon, from Xe1 to Xe71,
thus providing a complete picture of the charge-state
dependence of the observed features. Our data for Xe1

to Xe31 ions confirm the previous observations [11–13].
Here, we present results for the higher members of the
series, i.e., for Xe41 to Xe71 ions. The experiments
were performed at the SR source Super-ACO. The
main novelty in our experimental setup is the ECR
ion source used to provide beams of highly charged
ions for SR studies, as was already suggested some
years ago [23]. The ECR source used is a compact
10 GHz permanent magnet source providing, in the
interaction region, electrical currents of about 100 nA
for ionic charges up to 81. After extraction and charge
selection by a Wien filter, the ions are decelerated
before being deflected by a quadrupolar electrostatic
deflector. Their trajectory is then colinear, over an
interaction length of 20 cm, with the monochroma-
tized photon beam emitted by the SU6 undulator. After
deflection by a variable electrostatic field, the ions are
counted with a multichannel plate array. A chopper
allows us to record the ion signal measured with and
without photons and to determine the contribution of
collisional processes to the measured data. In our experi-
ments, we tuned the energy of the photon beam over
the 60–160 eV energy range with a spectral resolution
varying between 0.15 and 1.0 eV.

To interpret the data, we used a multiconfiguration
Dirac-Fock (MCDF) code [24], accounting for the Breit
interaction and for radiative and finite nuclear mass cor-
rections. This program has been used to calculate en-
ergy levels, and photoexcitation and photoionization cross
sections. Calculations of the decay rates were also per-
formed, showing that the Auger rates are larger than
the radiative rates by a factor of 100 to 1000. For
the calculations of the 4d-excitation spectrum, we de-
scribed the initial states by the following configurations:
436
�4d10�-5s25p2 for Xe41, -5s25p for Xe51, -5s2 for Xe61,
and -5s for Xe71. In the operating mode of our ECR
source [25], we assumed statistical populations of the ini-
tial levels for a given ionic stage. For Xe41, we checked
that introducing an additional configuration �5s25p2 and
5p25d2) has a negligible effect on the results. We con-
structed the excited states from the 4d95sm5pm0

np �n �
5 7� and 4d95sm5pm0

nf �n � 4 7� configurations, with
m � 1 and 2, and m0 � 2, 1, and 0. The oscillator
strengths were calculated using the velocity form of the
electric dipolar operator. To compare the results of our
calculations with experiment, we assumed a Lorentzian
profile for the shape of each excitation line due to the
finite lifetime of the state [we fixed a full width at half
maximum (FWHM) of 100 meV, close to the value of the
4d width in neutral xenon]. Then, the resulting theoretical
spectra was convolved with a Gaussian profile accounting
for the instrumental function (0.2–0.5 eV FWHM).

As an example of our results, we show in Fig. 1 (upper
panel) the variation of the cross sections for single and
double ionization of Xe41 ions. Because of the lack of
information on the overlap of the photon and ion beams,
our experimental results are given in arbitrary units.

FIG. 1. Experimental spectra for single and double ionization
of Xe41 ions. The discrete lines result from autoionization
of Xe41 excited states, the continuous lines from single 4d
photoionization of part of the Xe41 ions (see text), and from the
Auger decay �320� of the core-ionized Xe51 ions. The results
of our MCDF calculations for the 4d excitations in Xe41 are
shown in the lower panel. DP identifies the double ionization
threshold.
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The single photoionization spectrum (resulting from
measurements of the Xe51 signal) shows many discrete
lines followed by a continuum on the high-photon-energy
side. The weak double ionization spectrum (measured
from the Xe61 signal) is displayed with a magnification
factor of 20. Its intensity rises from the double ionization
threshold and then decreases continuously with increasing
photon energy. The lines with significant intensity are
numbered in sequence. In the lower panel of Fig. 1,
we show the results of our theoretical calculations. The
spectrum results from the addition of the calculated inten-
sities of all possible transitions from the 4d105s25p2 3P0,
3P1, 3P2, 1D2, and 1S0 initial levels. The calculated
position of the many 4d-ionization thresholds is indicated
by vertical bars. Note that most of the energies of the
4d-ionization thresholds are lower than the double ioniza-
tion (DP) threshold.

Below the 4d-ionization thresholds, the final states of
Xe51 can be reached by following two different ways.
The first way follows the resonant excitation of a 4d elec-
tron into np (n $ 5) or nf �n $ 4� orbitals, populating
intermediate Xe41� excited states followed by autoioniza-
tion in final states of Xe51. The second way is the 5p
or 5s photoionization of the Xe41 ions. Our measure-
ments show that the resonant way is the dominant one.
The route followed to reach the 4d105s2 1S0 Xe61 final
state proceeds via single photoionization of a 4d electron,
leaving the intermediate Xe51 states in a 4d95s25p2 con-
figuration. The core-ionized Xe51 states whose excitation
energies are higher than the energy of the DP thresh-
old can then decay by Auger relaxation into the ground
state of Xe61. The other 4d core-ionized Xe51 states can
decay only by radiative transitions. Our measurements
indicate that the dominant processes are the discrete ex-
citations of a 4d electron into np and nf empty orbitals,
and they confirm that most of the oscillator strength is
now concentrated in the discrete part of the spectrum.

Our experimental and theoretical results are in good
agreement for the general shape of the spectrum, although
the relative intensities differ for some of the discrete
lines. The theoretical energy values of the most intense
resonant structures differ usually by no more than 1 eV
from the experimental results, and some times by much
less. It should be noted that each observed resonance
line is not due to a single excitation transition but to the
sum of several transitions which are not experimentally
resolved. The most intense line (7) results from the
decay of many excited states built on a strong mixing
of the �4d95s25p2�-4f -6p, and -5f configurations. The
4d ! nf transitions have the highest oscillator strengths
and form Rydberg series (e.g., 4d ! 5f and 6f, lines
9 and 10, respectively), converging to the 4d-ionization
thresholds of Xe41. One can note, however, the large
difference between the measured and calculated intensities
of the second member of the series (line 9). Preliminary
calculations seem to indicate that this difference could
be accounted for by strong differences in the auto-
ionization rates of the �4d95s25p2�-4f and -5f states. We
also calculated transitions from metastable states with a
4d105s25p4f configuration and can conclude that their
contribution is weak in the experimental spectrum.

In Fig. 2, we show the single photoionization spectra
for the higher members of the isonuclear sequences, i.e.,
Xe51, Xe61, and Xe71, and in Fig. 3 our theoretical
results. The 4d ! nf series dominates the spectra. The
intensities of these resonance lines decrease regularly
with increasing values of the principal quantum number
of the excited electron. For Xe61, we checked that
the signal due to single photoionization is negligible
above the 4d ionization thresholds within our detection
sensitivity. For Xe51, we did not measure any signal
in the double photoionization continua, which confirms
that direct double photoionization in the outer shell is
negligible. The theoretical results are in very good
agreement with the experiment for Xe51 and Xe61 ions,
but, in Xe71, the line due to 4d ! 4f excitation is
missing in the experimental spectrum. The explanation

FIG. 2. Experimental single photoionization spectra of Xe51,
Xe61, and Xe71 measured below the 4d-ionization thresholds.
Autoionization lines following 4d ! nf excitations dominate
the spectrum. Weaker lines are due to the decay of excited
states formed by 4d ! np �n . 5� excitations.
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FIG. 3. Photoexcitation spectra of Xe51, Xe61, and Xe71

resulting from our MCDF calculations.

for this apparent disagreement is simply that the energies
of the Xe71 4d94f5s excited states are lower, by more
than 1 eV, according to our calculations, than the energy
of the Xe81 4d10 1S0 state, and then these excited states
cannot autoionize. Thus, the overall agreement between
theory and experiment is excellent.

In conclusion, we have succeeded in measuring pho-
toionization spectra of highly charged ions using ion
beams from an ECR ion source and photon beams de-
livered by an undulator. The MCDF calculations for the
Xe41 to Xe71 sequence are in good agreement with the
438
experimental observations. Our results provide a com-
plete picture of the behavior of resonant and continuum
photoionization processes along an isonuclear sequence.
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of the manuscript.
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