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Abstract

Experimental and theoretical cross sections are reported for single-photon single ionization of
W ions. Absolute measurements were conducted employing the photon—ion merged-beams
technique. Detailed photon-energy scans were performed at (67 4= 10) meV resolution in the
20-160 eV range. In contrast to photoionization of tungsten ions in lower charge states, the cross
section is dominated by narrow, densely-spaced resonances. Theoretical results were obtained
from a Dirac—Coulomb R-matrix approach employing a basis set of 457 levels providing cross
sections for photoionization of W>* ions in the 4f'45525p%5d 2Dj, ground level as well as the

4f145525p%5d D5/, and 4f145525p%6s 2S;,, metastable excited levels. Considering the
complexity of the electronic structure of tungsten ions in low charge states, the agreement

between theory and experiment is satisfactory.

Keywords: photoionization, VUV, tungsten

(Some figures may appear in colour only in the online journal)

1. Introduction

Tungsten and its ions in low charge states are prototypical for
heavy atoms with a complex electronic structure. While level
energies and cross sections for fundamental processes of light
few-electron systems are fairly well understood, computations
for many-electron systems are limited in accuracy by the
complexity of the underlying physics and the limitations
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in the available computing resources. Progress towards
improved prediction and description of the structure and the
dynamics of complex atoms is highly desirable for funda-
mental and application-related reasons.

A very important application of tungsten is in its envi-
saged use in controlled-nuclear-fusion reactors. Its unique
physical and chemical properties make it the most suitable
material for the wall regions of highest particle and heat load in
a fusion reactor vessel [1]. The downside of tungsten as an
impurity is its extremely high potential for radiative plasma
cooling [2, 3]. For modeling and controlling the plasma it is
essential to understand the collisional and spectroscopic prop-
erties of tungsten atoms and ions. In order to meet some of the
most important data requirements, dedicated experimental and
theoretical projects have been initiated with the goal to provide

© 2019 IOP Publishing Ltd  Printed in the UK
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Figure 1. Schematic sketch of the experimental setup. Reproduced with permission from [17] 2007.

cross section data and spectroscopic information on tungsten
ions interacting with electrons and photons [4—6]. The present
work provides experimental and theoretical cross sections for
single-photon single ionization of W ions. It completes a
series of photoionization studies on tungsten atoms [7] and ions
in low charge states [8—13]. It is noted that radiative properties
and core-polarization effects in the W™ ion have been inves-
tigated by Enzonga Yoca et al [14].

Photoionization of tungsten atoms and ions, although not
of direct relevance to fusion research, is of plasma-related
interest nevertheless because it can provide details about
spectroscopic properties of tungsten which are needed for
plasma diagnostics. The present Dirac—Coulomb R-matrix
approximation is one of the most advanced theoretical tools to
generate data on electron—ion and photon—ion interactions.
Studies on photoionization of tungsten atoms and ions with
their complex electronic structure featuring open d and f
shells and comparison of experimental and theoretical results
can provide benchmarks and guidance for future theoretical
work on electron—ion and photon—ion interaction processes of
complex many-electron systems.

In this paper we report on experimental and theoretical
cross sections for single photoionization of W>* ions. The
layout of this paper is as follows. Section 2 details the
experimental procedure. Section 3 presents a brief outline of
the theoretical work. Section 4 presents a discussion of the
results obtained from both the experimental and theoretical
methods. Section 5 summarizes the results and draws con-
clusions from the present investigation.

2. Experiment

For the experiments on photoionization of W™ ions the ion-
photon beam (IPB) endstation (see figure 1) of beamline

10.0.1.2 at the Advanced Light Source (ALS) in Berkeley was
employed. The measurement of absolute cross sections made
use of the merged-beams technique [15]. The general layout
of the IPB setup and the associated experimental procedures
were previously documented by Covington et al [16]. Since
then significant technological improvements have been
implemented. A detailed description of the methodology used
for the photoionization of tungsten ions has been provided in
our publication on the results for W™ ions [11] and most
recently in connection with our results on W* jons [13].
Here, only an overview of the experiment is presented
with specific aspects of the present measurements illuminated
in more detail. The experimental arrangement is sketched in
figure 1. Tungsten ions were produced by leaking W(CO)¢
vapor via a needle valve into the plasma chamber of a
10 GHz electron-cyclotron-resonance (ECR) ion source. A
discharge was maintained by adding Ar or Xe as a support
gas. The ions produced in the source were extracted and
accelerated by a voltage of U, = 6 kV. An ion beam was
formed by a suitable set of electrostatic focusing elements. By
a subsequent 60° dipole magnet the ion beam components
were dispersed according to their charge and mass. The
desired '*® W™ beam component was selected and trans-
ported to an electrostatic spherical 90° deflector (the merger)
which directed the ion beam onto the photon beam axis. Ion
currents of collimated beams of isotope-resolved W>" jons
employed in the present experiments reached 58 nA.
Beyond the merger the selected W™ ion beam passed the
interaction region which was defined by an electrically iso-
lated drift tube of 29.4 cm length. For the measurement of
absolute cross sections the interaction region was set to a
potential of up to Up = 1 kV in order to tag product ions
with electrical charge 6e arising from within the interaction
region by their final energy SeU,. + eUp. A 45° dipole
magnet, the demerger, separated the W>" parent ion beam
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from the W®" products which were further deflected out of
plane by a spherical 90° deflector and directed toward a
single-particle detector with close to 100% efficiency. The
energy difference eUp between product ions from outside and
from inside the interaction region was sufficient for complete
separation of the two components by the demerger magnet.
The primary ion beam current was collected by a large
Faraday cup inside the demerger magnet. Separation of
photoionized ions from background was accomplished by
mechanically chopping the photon beam and by phase-sen-
sitive recording of detector pulses.

For absolute cross section measurements the beam
overlap factor [15] was determined by scanning x- and y-
profiles of the ion beam and the counter-propagating photon
beam at three positions in the middle and at the front and rear
ends of the interaction region. By energy-tagging the product
ions the length of the interaction region was defined as the
length of the isolated drift tube needed for absolute cross-
section determinations. The error budget of the absolute cross
sections obtained by this procedure has been discussed pre-
viously [18] and a total systematic uncertainty of 19% was
estimated. This uncertainty does not address problems with
the purity of the two merging beams. In a thorough invest-
igation described by Miiller er al in the context of photo-
ionization of W™ ions [11], energy-dependent fractions of
higher-order radiation in the photon beam up to the sixth
order could be detected and quantified. A procedure for cor-
recting measured apparent cross sections was developed both
with respect to correct normalization of photoionization signal
to the photon flux and removal of surplus signal arising from
photoionization at the higher energies nkE., of the nth order
radiation fractions. We note that even-order contributions
could be only partly suppressed by tightly closing the baffles
downstream of the monochromator and thereby losing most
of the flux of the photon beam. Corrections were made for the
second- and third-order contaminations of the photon beam,
neglecting the smaller effects of radiation orders n > 4. The
uncertainties of this procedure were added to the total pos-
sible error of the measured absolute cross sections as
described previously [11]. The uncertainty of the energy scale
in the present experiments is estimated to be £200 meV.

A further problem in experiments employing beams of
ions with a complex electronic structure is the possible pre-
sence of ions in long-lived excited states. Obvious candidates
for metastable excited states in W' are associated with the
5p°5d ground-state and equal-parity 5p°6s configurations.
W has a 5p°5d 2D3,, ground level, with an ionization
potential of 64.77 + 0.4 eV [19]. The least-excited meta-
stable levels are 5p°5d ?Ds , and 5p®6s 2S; /, with ionization
potentials of 63.69 and 54.92 eV, respectively. In addition to
these outer-shell excited levels, states within inner-valence-
shell excited configurations, such as 5p°5d?, 4f'3542, and
4f135d6s with ionization potentials less than about 31 eV,
must be considered.

In separate experiments, cross sections and detailed
energy-scan spectra have been measured for electron-impact
ionization of W ions [20] employing an ECR ion source
identical to the one used in the present photoionization

experiment. On the basis of detailed calculations of cross
sections for electron-impact ionization of W>" jons in dif-
ferent long-lived levels, their fractional abundance in the
parent ion beam used for the measurements was analyzed
[20]. The analysis indicated that (85 £ 9)% of the ions in the
primary beam were in the ground configuration. Since the ion
source for the present experiment was operated similarly to
optimize W>' production, the ion beam compositions are
expected to be similar. Comparison of the present exper-
imental results with the present calculations suggest a 2.5%
fraction of W3*(5p6s 2S;,,) ions in the parent ion beam
employed for the measurement of photoionization cross
sections (see section 4).

3. Theory

The present work employs an efficient parallel version
[21, 22] of the Dirac-Atomic R-matrix-Codes (DARC)
[23-27] developed for treating electron and photon interac-
tions with atomic systems. This suite continues to
evolve ([28] and references therein) in order to address ever
increasing expansions for the target and collision models used
in electron and photon impact with heavy atomic systems.

For a quantitative understanding of the experimental
results on photoionization of W™ ions, theory faces a number
of problems which are much less pronounced for light, few-
electron atoms and ions.

One difficulty has already been addressed in section 2,
namely, the possible presence of ions in long-lived excited
levels in the W>T parent ion beam that was used in the
experiments. While such metastable levels can also be
populated in light, few-electron systems, their number is
particularly large in complex ions such as W>'. Beside the
5p%5d D3, ground level, the excited fine-structure level
5p%5d ?Ds;, of the ground configuration and the lowest
excited configuration 5p®6s with the level 2S; /, contribute to
the measured signal. Moreover, contributions from levels in
the 5p°5d* and 4f'35p%5d? inner-subshell-excited config-
urations have to be considered as demonstrated by Jonauskas
et al [20] who found a negligibly small contribution (~0.7%)
of levels in the 4f'35p%5d6s parent-ion configuration. The
number of levels in the remaining two initial configurations
amounts to 45 4+ 81 = 126, a number that is prohibitively
large for DARC calculations of photoionization of a complex
multi-electron ion such as W>". Even at the most powerful
supercomputer facilities used world wide, the present calcu-
lations would exceed the limitations of presently available
computing resources. These contributions from 126 levels on
top of the 3 initial levels considered, were neglected in the
present theoretical modeling of the experimental data.

A further difficulty originates from the relatively close
energy-spacing between the outermost 4f, 5s, 5p, and 5d
subshells in the parent ions and an even more dense multitude
of autoionizing levels that can be excited by the incident
photons. The associated configuration interactions and
correlation effects require very large basis sets for a
suitable description of the electronic structures and the
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Table 1. Comparison of the NIST [19] tabulated data with the present theoretical energies obtained by using the GRASP code [29]. Relative
energies with respect to the ground state are given in Rydbergs. A sample of the lowest nine NIST levels of the residual W jon are

compared with various levels of GRASP calculations.

Level Config Term J NIST  GRASP GRASP GRASP

energy” f:nergyb energy® energyd

(Ry) (Ry) Ry) (Ry)

1 4f145525p0 IS 0 0.00000 0.00000 0.00000 0.000 00
2 4f135525p054  (7/2,3/2)° 2 2.83806 2.82664 294975 2.98381
3 (7/2,3/2° 5 2.89952 290287 3.02561 3.06043
4 (7/2,3/2° 3 292237 292561 3.04983 3.08525
5 (7/2,3/2)° 4 293908 294311 3.06837 3.10409
6 4f"55%5p°5d  (3/2,3/2)° 0 287285 2.82441 295654 2.99351
7 (3/2,3/2)° 1 290602 2.86927 299914 3.03556
8 (3/2,3/2° 2 3.05290 299162 3.11510 3.15063
9 (3/2,3/2)° 3 3.05431 3.02244 3.15012 3.18691

’ Energies from the NIST Atomic Spectra Database [19].

" GRASP theoretical energies from the 60-level approximation.
° GRASP theoretical energies from the 98-level approximation.
* GRASP theoretical energies from the 457-level approximation.

photoionization cross sections. Again, the presently available
computing resources put serious limits on the number of
configurations and levels that can be integrated into the basis
set used in the DARC calculations. In order to provide a
suitable representation of experimental results with the given
constraints, an optimized basis set has to be constructed that
contains the most important configurations and associated
levels and thus, although being finite, gives the best possible
representation of the physics behind the investigated problem
within the limitations of the computing resources. Although
hundreds of levels of the W®" target ion are included in the
present treatment, the accuracy of the calculated resonance
features (resonance energy and strength) cannot be expected
to be completely satisfactory.

3.1. Electronic structure

The investigation of single photoionization of the W ion began
with a simple 60-level approximation for the residual W° target
wavefunctions arising from the 7 configurations 4f'*5s25p9,
4f14555p05d, 4Af'45525p>5d, 4f'45p05d>, 4f'45s25p76s,
4f145525p36p, and 4f135525p®5d. To this a further set of 4
configurations; 4f145s25p>6d, 4f'*5s25p>7s, 4f'45525p>Tp,
and 4f'45525p>7d was added, resulting in a 98-level model for
the residual target wavefunctions.

In order to explore electron correlation further, the 60-
level model was extended by providing for one- and
selective two-electron promotions to the 5d, 6s, 6p and 6d
orbitals. This included one-electron promotions from
the 4f-shell to the 5d, 6s, 6p and 6d orbitals, giving
the additional configurations 4f'35525p°6s, 4f'35s25p%6p,
and 4f135525p%6d. We also added selective two-electron
promotions, namely, 4f145525p*5d?,  4f'455%5p*6s2,
4fl45S25p46p2, 4f145S25p46d2, 4fl45p66S2, 4f145p66p2,
4f145p%64?, and 4f'*5525p*5d6s. This gave us 19 config-
uration-state functions for our model and a total of 457

levels forming the basis for describing the residual
WO+ jon.

Table 1 compares the excitation energies of the lowest
WO levels listed in the NIST Atomic Spectra Database [19]
with the results obtained from three different approximations
used to describe the residual W° ion by employing the
GRASP code [29]. As can clearly be seen from table 1 the
energy levels are only slowly converging as noted in our
previous studies on low charge states of tungsten ions
[11-13]. Even with the largest calculation for the 457-level
approximation, the reference energies provided by the NIST
Atomic Spectra Database [19] are only approximately
reproduced by the GRASP calculations, with discrepancies of
up to about 2.2 eV. Given the limitations in existing com-
puting resources this present approximation cannot be sub-
stantially extended and improved with respect to an
appropriate target representation for subsequent scattering
models.

3.2. Photoionization calculations

For the 5p%5d ?D; , ground level, as well as the 5p°5d °Ds ,
and 5p%6s 2S; s, metastable initial levels of the tungsten ions
studied here, the outer region electron—-ion problem was
solved (in the resonance region below and between all
thresholds) using a fine energy mesh with steps of
~24.5 peV, and =245 eV in the region where no pro-
nounced resonances are observed. The jj-coupled Hamilto-
nian diagonal matrices were adjusted so that the theoretical
term energies matched the recommended NIST values [19].
This is meant to improve the positioning of resonances rela-
tive to all thresholds included in the calculations. The theor-
etical DARC photoionization cross sections from the 457-
level calculations were convoluted with a 67 meV full-width-
at-half-maximum (FWHM) Gaussian function in order to
simulate the experimental photon energy resolution.



J. Phys. B: At. Mol. Opt. Phys. 52 (2019) 195005

A Mdiller et al

40F E
a) experiment
20
0 Eoeoeboretressetseemrme
= 100F 5+ 2
g E ) W™ (5d D, )
~ 50 E i
c ¥ i
o [ bt ]
B 0he \ : : M‘J :L"m Y T ‘ A
8 100} ¢ . ]
@ W*(5d °D,,)
[%] L |
8 50
0 Lo ‘ TS H‘“ﬁ'%lr‘“_‘m:'HH‘HHHH‘_Hl “““
1500 F d) 5+ 2 E
W™ (6s S
1000 F ( )
500 E
oL P R Ll L b P DT AT AT H N H R S S S R TR
40 60 80 100 120 140

Photon energy (eV)

Figure 2. Overview of the present experimental (panel (a)) and theoretical (panels (b)—(d)) photoionization cross sections for W>" ions as a
function of photon energy. The experimental cross sections are shown by a solid line with light (yellow) shading. The theoretical cross
sections for the three lowest even-parity levels of W' are presented as the solid lines with gray shading with each panel showing the
spectroscopic notation of the associated parent ion level. The calculated cross sections were obtained from the 457-level approximation and
were convoluted with 67 meV FWHM Gaussians to model the experimental energy resolution.

4. Results and discussion

An overview of the experimental and theoretical results for
single photoionization of W>" is presented in figure 2. The
experimental cross section in panel a is represented by the
measured energy-scan results normalized to a number of
absolute measurements (not shown). The spectrum features
numerous significant contributions of strong narrow reso-
nances. Thus the character of the W photoionization cross
section is strikingly different from all of the results obtained
along the tungsten isonuclear sequence for W?" with ¢ = 0,
1, 2, 3, and 4 which are all characterized by broad cross
section features, showing a transition from moderately
structured spectra to mostly smooth continua as the charge g
decreases [7, 11-13]. The experimental data were measured at
a constant energy resolution which was not a priori known.
Fits to the narrowest resonances in the spectrum suggest an
experimental energy spread of (67 £ 10) meV. The data were
taken during a number of beamtimes at the ALS within a time
span of two and a half years. At least parts of the energy scans
of the fine cross-section structures were repeated several times
over the years and provided identical results. This is note-
worthy because it highlights the reproducibility of ion-source
performance and of the output of W>T ion beams with a
certain composition of ground-level and metastable states.
The theoretical cross sections for W3T(5p®5d ?Dj ),
W3Ht(5p%5d 2Ds /) and W3*H(5p%6s 2S;,,) are shown in
figure 2 panels (b), (c), and (d), respectively. The theoretical
spectra were convoluted with 67 meV FWHM Gaussians to
simulate the experimental photon energy resolution. When
comparing the experimental and the theoretical photoioniza-
tion spectra, the strongest resonance in the experiment
near 56.4 eV is well matched in position and shape by the
dominant resonance in the photoionization spectrum of
W3*(5p6s 2S;5). The peak heights are very different,
though, with only about 40 Mb in the experiment and about

this experiment
—~40 - —— fit to experiment PR ]
§ — pedestgl from fit "’\. f J':\\
-~ . F theoretical model ¢ . 0
30 - 4 T ]

= ¢
RS - i
8 20 i %
o L ! ‘ 1
(2] 4 '
8 o‘ ! %
S 10+ . g

0 ‘ w ‘

55.5 56.0 56.5 57.0

Photon energy (eV)

Figure 3. Detail of the experimental photoionization measurement
(solid dots) for W2 ions showing the strongest resonance feature in
the spectrum. Statistical error bars are smaller than the size of the
symbols. The dashed line is the scaled result of the present DARC
calculation for W>* in the 5p%6s 2S, /, excited level. The scaling

factor is 0.025, suggesting a fraction of 2.5% of W3*(5p%6s 2S; /) in

the parent ion beam. The solid (red) line shows the result of a three-
resonances-plus-background fit to the experimental data. The
horizontal solid line represents the fitted continuum cross section.

1500 Mb in the theoretical result. Although the calculated
spectra for W3*(5p®5d 2Ds /5) and W3*(5p®5d 2Ds ,) parent
ions show resonance groups at energies similar to measured
dense populations of resonances, a one-to-one mapping of
theoretical and experimental cross-section features is not
possible.

To explore the similarity of the experimental and theor-
etical peak feature at about 56.4 eV, figure 3 zooms in on the
photon energy range 55.0-57.2 eV. The experimentally
observed peak clearly shows a double structure with a few
small ‘wiggles’ in the tails that may be associated with further
small resonances. The theoretical peak was scaled down by a
factor of 0.025 so that the areas under the experimental and
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Table 2. Experimental and theoretical resonance parameters for the fine-structure levels of the W3+(5p36s2 ?P) term. E,., denotes resonance
energy, I' total width, and & resonance strength. Uncertainties of the experimental quantities in the last digits are given by the numbers in
brackets. They only refer to the uncertainties of the fit. On an absolute scale the resonance energies can deviate by 0.2 eV, the resonance
strengths by 19%. The difference between experimental and theoretical resonance strengths is due to the small fraction of only 2.5% of the

ions in the parent ion beam residing in the 5p®6s 2S level.

Py 12 Py )y
Eres I o Eres T b
Exp. 56.275(3) 0.119(2) 5.47(12) 56.448(1) 0.2004) 10.78(16)
DARC 56.334 0.142 226.3 56.466 0.215 420.1

theoretical resonances match. Apart from the smaller energy
splitting in the theoretical double-peak feature, there is
remarkable agreement between the measured and calculated
results. The factor 0.025 can readily be explained by a frac-
tion of 2.5% of W>*(5p%6s 2S;,,) ions in the parent ion
beam that was used in the measurements. On the basis
of Cowan-code calculations [30], we suggest that the
observed double peak is due to photoexcitation of
W3H(5p%6s %S 2) — W3H(5p°6s2 Py 5. 3/2), for which a
calculated excitation energy of 56.93 eV is found, in good
agreement with the measured value of 56.4 eV.

For extracting the resonance parameters a fit was applied
to the experimental data. Except for one, the ‘wiggles’ in the
tails of the double-peak structure were neglected in the fit.
Thus, the fit function comprised three Voigt profiles super-
imposed upon a linear continuum function. The solid (red)
line through the data points in figure 3 is the resulting fit
curve. The extracted parameters are listed in table 2.

For further comparison of theory and experiment the
composition of the parent W ion beam has to be assessed.
A beam containing levels k with fractions f; gives rise to an
apparent cross section

o =3 f o (1)
k

with the cross sections oy for the contributing levels k& and
with }~, f, = 1. If theory provides good approximations gtheo
for o4, the sum in equation (1) should agree with the
experimentally determined apparent cross section o“”” with
appropriate fractions f;. In the present case the fraction f; of
ions in the level 5p°6s 2S; , was estimated by comparison of
experiment and theory as discussed above. For the 5d 2D
ground term a similar assessment of fractions f; and f> of the
two fine-structure levels appears to be impossible on the basis
of the data shown in figure 2. However, as mentioned above,
fractions of different levels in a W>™ ion beam produced with
an identical type of ECR ion source were inferred by com-
parison of experimental and detailed theoretical calculations
of apparent cross sections for electron-impact single ioniz-
ation of W>* [20]. Under the assumption that levels within a
given configuration are populated according to their statistical
weights, a fraction of (85 £ 9)% of ions in the ground con-
figuration was present. With the statistical weights 4/10 of
the 2D; , level and 6/10 of the ?Ds , level, the fractions for
these two levels are f; = 0.34 and f, = 0.51.

Since the present DARC calculations are limited to
contributions of W>" ions in levels 5d 2D s2 (fraction

fi = 0.34, calculated cross section 0P*RC), 54 2Ds /, (fraction
f> =0.51, calculated cross section o5“RC), and 6s %S/,
(fraction f3 = 0.025, calculated cross section O’?ARC), the
contributions of the remaining 12.5% of the ions present in
the parent W are not accounted for. Hence, the incomplete
sum

oo = 0.340PRC 4 0.510548C + 0.02505AR¢

@)

is compared in figure 4 with the experimental photoioniza-
tion data.

Obviously, contributions to the measured cross section
are missed by the theoretical model. Naturally this is true for
all photon energies below the 65 2S; /, ionization threshold at
about 55 eV. A broad hump found in the experiment with an
onset at about 52 eV reaches up to 62 eV and is not repro-
duced by the present calculations. It is most likely associated
with excitations from the metastable levels in configurations
5p°5d* and 4f'35d. Clearly, there is also part of the cross
section above the 4f and 5p ionization thresholds missing in
the theoretical cross section. The differences around 110 eV
are about 15%-20% which can be rationalized by the missing
12.5% of parent W>" ions in the theory. Assuming identical
cross sections for the ionization of inner-shell electrons for
ions with different valence-shell configurations, a 12.5%
reduction of the experimental cross section should match the
theory model. The remaining small difference is very well
within the experimental systematic-error bars of 19%.

With the densely spaced resonances in the photon-energy
range 72-105 eV, which are most likely due to excitations
S5p — nf and 4f — nf’, it is difficult to find unambiguous
matches between theory and experiment. Clearly, the sizes of
the cross sections are similar in both data sets while resonance
positions do not appear to match well. The reason has already
been discussed in the context of section 3.1, where deviations
of level energies by up to 2 eV are discussed. Nevertheless,
apart from an obvious energy shift, quite good agreement of
theory and experiment can be recognized in the photon-
energy range 63—69 eV. The broad resonance peak observed
in the experiment at about 66.1 eV is particularly well
reproduced, though shifted, in the theoretical model.

Comparison of theory and experiment is obscured by the
numerous resonance features present in both spectra. To
remove some of the nontransparency introduced by the many
details in the measured and calculated spectra, it is instructive
to examine the data ‘from a distance’, that is, to make the
comparison after washing out the fine details by a convolution
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Figure 4. Experimental (solid black line) and incomplete theoretical (violet dotted line, see equation (2)) photoionization cross sections for
W>T ions at (67 & 10) meV energy resolution are shown in the energy range 26116 eV where resonant contributions dominate the
spectrum. Characteristic energies and ranges of energies are indicated: the dark (blue) vertical lines in the upper panel show the ionization
thresholds of the 5d ?Ds, ground level and the first two excited levels, 5d ?Ds/, and 6s 2S; /5, of W3* obtained from the excitation energies
and the ground-state ionization threshold of W>* listed in the NIST Spectroscopic Database [19]. The lighter (green) vertical bars show the
same thresholds calculated on the basis of the Cowan code [30]. Also calculated with the Cowan code are the (red and dark cyan) vertical
bars in the upper left corner of the upper panel. They show ionization thresholds associated with the levels in the 4f'355?5p%542 and the
4f145525p55d? excited configurations that fall within the present energy range. The boxes in the lower panel show six ranges of direct inner-
shell photoionization thresholds for different configurations of W>* ions. The configuration-average ionization thresholds for removal of one
5p or 4f electron from three parent configurations were calculated employing the Cowan code. The two parent configurations identified by the
subshell of the outermost valence electron (5d, and 6s) have the core configuration 4f'#55%5p°. The parent configuration described by
413542 has closed 5s and 5p subshells. Thresholds for direct 5p subshell photoionization are within the (black-framed) boxes that have a
smaller height. The (red-framed) boxes containing the thresholds for direct 4f subshell photoionization have a slightly increased height.

of both theory and experiment with a Gaussian energy reso-

. . . 20 - experiment
lution of 1 eV FWHM. The theoretical spectra resulting from 5p%6s 25 — 5p%6s? 2P ~ _ - 457-level model
the 457-level and 60-level models are shown in figure 5 60-level model

15

together with the convoluted experimental spectrum. The
457-level model reproduces the main features of the exper-
imental cross section rather well. The size of the cross section
and the overall structure are adequately reproduced. In con-
trast, the 60-level DARC model shows serious disagreement
with the experiment. For example, the resonance associated by D R R
with the transition W3+(5p06s 2S) — W3+(5p°6s2 2P) is well N Y O, ‘ ‘
reproduced by the 457-level calculation, but strongly shifted 50 60 70 80 90 100 110
in energy when the 60-level approximation is applied. While Photon energy (eV)

-
o

Cross section (Mb)
[&)]

the relative sizes of the experimentally observed resonances
are not well reproduced by the 60-level model, the continuum
cross section at energies beyond about 105 eV calculated in
the same approximation approximately matches the experi-
ment. Clearly, the calculations employing the much larger
457-level basis set are superior to the 60-level model. It
should be noted in this context that as discussed above,
contributions from 12.5% of the parent ions are not accounted
for in the theory.

Figure 5. Comparison of the present experimental and theoretical
photoionization cross sections after convolution with 1 eV FWHM
Gaussians. The (red) dashed—dotted line represents the 457-level DARC
model. The (gray) dotted line shows the result of the 60-level model.

5. Summary and conclusions

Experimental and theoretical photoionization cross sections
for W>" ions are presented. The experimental cross sections
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were measured on an absolute scale employing the photon—
ion merged-beams technique. The theoretical data were
obtained from large-scale close-coupling calculations within
the Dirac—Coulomb R-matrix approximation (employing the
DARC suite of codes). Comparison of the measured and
calculated results for W is complicated by the presence of
many long-lived excited states in the parent ion beams used
for the experiments. The true difficulty, however, is in the
calculation of the exact electronic structure of the W ion
with its high degree of complexity, particularly in the many
excited autoionizing levels.

The DARC calculations for Wt with ¢ = 0, 1, 2, 3, and
4 show increasingly better agreement with experiments along
the sequence of increasing charge states. This was expected
because the physics of more highly charged ions becomes
simpler in that the electron—nucleus interactions become more
prominent relative to the electron—electron interactions that
are difficult to treat. In photoionization of W>" the sequence
is disrupted, as the character of the experimental cross section
changes from a few broad peak features to a multitude of
narrow resonances. The sophisticated DARC calculations
provide only semi-quantitative predictions for this case. At
first sight, this is surprising, since the ground-state config-
uration of W is characterized by a single 5d electron outside
closed electron shells, that is, ground-term Wt is a quasi-
one-electron system. However, the photoexcited levels feature
two or mostly even three open subshells with vacancies in the
5p or the 4f subshells. This makes the exact calculation of
individual narrow resonances almost impossible. Hence,
while broad photoionization features in W?" ions with
q < 4are forgiving of small deviations in energy calcula-
tions, the narrow-resonance photoionization spectrum of W>"
clearly reveals the limitations of calculations for such com-
plex ions, even when hundreds of basis states are considered.
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