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Photoionization of singly and doubly charged aluminum ions in the extreme ultraviolet region:
Absolute cross sections and resonance structures
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Absolute measurements of the photoionization cross sections of Al1 ions ranging from 20 to 160 eV and of
Al21 ions from 70 to 105 eV have been performed utilizing a merged-photon–ion-beam setup with synchro-
tron radiation from an undulator. The continuum cross sections are in good agreement with published theoret-
ical predictions. Structures resulting from excitation of valence or inner-shell electrons are resolved, identified,
and compared with assignments from earlier spectral measurements. The analysis of the spectra is performed
with the support of multiconfigurational atomic structure calculations.
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I. INTRODUCTION

The development of computational methods for the p
diction of atomic properties, such as oscillator strengths
inner-shell photoexcitation or absolute cross sections
inner-shell photoionization, has created a strong need for
perimental data to test the predictions and to guide fut
theoretical developments. Absolute photoionization cr
sections in particular are required for an in-depth understa
ing of many laboratory plasma and astrophysical pheno
ena. It is also possible to understand features in atomic s
tra from a knowledge of the intensities of autoionizin
transitions in the experimental spectra, by calculating the
cillator strengths of the transitions from the absolute cr
section data. The requirement for data of this kind is evid
from the fact that several large theoretical programs h
been devoted to the task, in particular the Opacity@1#, OPAL
@2#, and IRON @3# projects as well as a large number
predictions published in individual articles.

The ongoing development of synchrotron radiation~SR!
facilities, leading to much improved photon flux from inse
tion devices such as undulators, has now made it possib
perform detailed tests of theoretical predictions. Experim
tal facilities aimed at measuring absolute photoionizati
cross-sections for singly and multiply ionized ions have be
developed at Berkeley~ALS!, Paris~LURE!, Tsukuba~Pho-
ton Factory!, and Aarhus~ASTRID!. Absolute photoioniza-
tion cross-section data were first reported more than a de
ago@4# from the Daresbury Laboratory by Lyonet al. utiliz-
ing photons from a bending magnet, but the limited pho
flux made it possible to study only ions exhibiting large cro
sections (Ca1, Sr1, Ba1, K1, Zn1, Ga1), in contrast to
many of the ions of astrophysical importance~for example,
C1, N1, O1, and Mg1!. Improvements in SR light source
since that time have made it possible to make measurem
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of ions of astrophysical interest, most recently C1 @5# and
Mg1 @6#, where the latter has a cross section of only 0.2 M
close to the threshold region. These studies have also b
able to yield more information about the structure associa
with autoionizing transitions, and have led to alternati
identifications, as was the case with the 2p→ns and 2p
→nd excitations in Mg1. For some time it has been know
that configuration interaction influences the strengths and
sitions of the transitions observed in Mg1, but it became
clear from determinations of the oscillator strengths that t
interaction may have been overestimated in earlier calc
tions performed to account for the original experimental d
obtained by Esteva and Mehlman@7# from vapor plasma
discharge measurements.

In contrast, the situation for the corresponding transitio
in the photoionization of the Al1 ion may be more complex
Costelloet al. @8# performedab initio atomic structure cal-
culations in order to analyze their dual-laser plasma meas
ments carried out in the same spectral region as that of
paper, and were able to identify most of the structure se
Contributions from photoexcitation of the metastab
3s3p 3PAl1 ion have also been identified@9#. Of particular
interest was the prominence of doubly excited states invo
ing the 3p2 configuration, and the strong interaction of the
with the single-electron transitions.

In the present experiment we are able to provide relia
values both for the absolute continuum photoionization cr
sections, making tests of theoretical predictions possible,
to provide new information about the resonance structu
including the relative intensities of the lines by calculati
their oscillator strengths from the absolute cross sections
this way we can provide new or additional information o
their identity. The1S0 ground state of the Al1 ion has the
configuration 2p63s2, with an admixture of the 2p63p2 con-
figuration @10#. The production of pure Al1 ground-state
beams is difficult due to the existence of the long-lived me
stable 2p63s3p 3P state, leading to a minor contaminatio
of the ground-state beam. The extent of this contamina
can, however, be established so that absolute measurem
can still be obtained.
r-
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In addition, we have been able to carry out similar me
surements on the Al21 ion. Direct comparisons can therefo
be made with the isoelectronic Mg1 ion, with the advantage
that the Al21 spectra are spread over a wider energy ran
This simplifies identification of the structure, given the res
lution limitations of our experiment. Related studies of t
doubly charged aluminum ions have been performed
Brilly et al. @11#, who investigated the photoabsorbtion spe
trum of Al21 using the duo-laser plasma technique, w
emphasis on excitation of the 2p electrons, and by Thoma
son and Peart@12# who studied electron-impact ionization o
Al21, a topic that has attracted significant theoretical int
est, see Teng@13# and references therein.

It should be noted that a recent introduction to the field
vacuum ultraviolet photoionization of atoms, ions, and m
ecules is available@14#, and that the wide use of electro
spectroscopy in connection with synchrotron studies of
oms has been covered by Schmidt@15#.

II. EXPERIMENT

The experiments were carried out using a merged-be
layout very similar to that used by Lyonet al. @4#. A full
description of the experimental layout has been given
Kjeldsen et al. @16#. In summary, the interaction betwee
ions and photons was obtained by merging a 2–4 keV be
of Al1 or Al21 ions with a synchrotron-radiation beam ov
a distance of 50 cm. The single- and double-photoioniza
cross sections were determined from the photoioniza
yield of ions having lost one or two electrons. The expe
ment was set up on an undulator beam line at the 580-M
storage ring ASTRID at the University of Aarhus. Phot
fluxes of typically;1012 photons/sec 0.1% bandwidth we
obtained and detected by a calibrated Al2O3 photodiode. The
photon-energy resolution varied between 60 meV and 1.0
in the experiments described here, but spectra at higher r
lution were also taken in the fourth order and assisted
identifying much of the weaker structure not resolved in
first-order spectrum. As in the previous work, the photo
energy calibration~which includes a small Doppler shift! is
expected to be correct within620 meV and was performe
using autoionizing resonances in He~at ;60 eV! and Kr
(;90 eV!, observed in a noble-gas ionization chamber. T
required resonance energies were obtained from the litera
@17,18#.

The Al1 and Al21 ions, respectively, were produced
their ground state in a Nielsen-type ion source@19#, acceler-
ated to 2 or 4 keV and then deflected by an electromag
that allowed only the ions of interest to pass. The calibrat
procedures and beam profile measurements were carrie
as described previously@16#. The expression

s5S
e2hvF~Dx!~Dy!

IJVl
~1!

was used to calculate the single-photoionization~or double-
photoionization! cross section from the experimental me
surements.S was the recorded count rate of doubly or trip
charged ions produced in photoionization,e the electronic
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charge,F the form factor that is a measure of the overl
between the photon beam and beam of singly charged
Dx and Dy the sampling intervals in the measurements
the beam profiles,I the current of target ions measured by t
Faraday cup~for doubly charged target ionsI was replaced
with I /2), J the photodiode current,h the photodiode effi-
ciency, V the efficiency of the Johnston multiplier for de
tecting photoionized ions with the concerned energy a
charged andl the interaction path length.

In the case of the Al1 beam, a minor contamination of th
ground-state beam was observed from the spectra record
the 70–72 eV region, representing the excitation of the me
stable 2p63s3p 3P ion to the 2p53s23p 3S, P, or D states.
On the basis of intensity measurements of t
2p63s3p 3P2–2p53s23p 3D3 line, representing the meta
stable component, and of the 2p63s2 1S0–2p53s24s 1P1
line, representing the ground-state component, and utiliz
the calculated oscillator strengths for these two transiti
@9#, it was possible to determine the content of the metasta
component in the ground-state beam to be 5%. It was p
sible by lowering the anode voltage to reduce the conten
the metastable component to 3%, but the intensity of
ground-state beam was thereby also reduced to a level m
ing the measurements difficult and time consuming.

The accuracy of the absolute cross sections is estimate
be 10–15 %.

III. CALCULATIONS

We have used the multiconfiguration Hartree-Fo
~MCHF! method@20# in a manner described before, see R
@21#. We have used a level of configuration interaction s
ficient to allow us to assign spectral lines with some con
dence. Specifically, the three electrons in orbitals higher t
n52 were permitted to make all 3s, 3p, 3d, and 4s substi-
tutions, as well as 2p6, consistent withLS coupling and
parity constraints. The programGENCL @22# was used to gen-
erate a list of interacting configurations that typically num
bered between 20 and 40. The energy level was assig
based on the largest mixing coefficient. All orbitals we
allowed to vary, and the program’s default parameters w
used throughout.

For a configuration with three open shells, such
2p53s3p2, many terms are possible and we have limited o
examination to terms excited from the ground-state confi
ration that can yieldJ51; i.e., 3S, 1P, 3P, and 3D. Par-
entage considerations yield two3S, three 1P, four 3P, and
three 3D terms. In the cases where excitation of the me
stable component is investigated a larger set of terms
been considered, taking terms withJ51, 2 or 3 into consid-
eration.

For the Mg1 and Al21 assignments, a configuration inte
action ~CI! calculation was performed because the levels
interest lie close together and strongly interact. The 2p5 elec-
trons were coupled last to the outer electrons to try to sim
late realistic coupling. The outer electrons were configu
as 3p2, 3s3d, 3s4s, 3s4d, and 3s5s and all coupling com-
binations leading to2,4S, 2,4P, and 2,4D were included for a
total of 27 such configurations. However, there is a progra
9-2
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PHOTOIONIZATION OF SINGLY AND DOUBLY . . . PHYSICAL REVIEW A63 052719
ing dimensional limitation of 20 configurations so the calc
lation was performed in steps dropping the least interac
configurations when adding additional ones and checking
self-consistency throughout. The programs utilized from
atomic-structure package of Froese Fischeret al. @20# were
GENCL, BREIT, CI, MLTPOL, andLSJTR.

IV. RESULTS AND DISCUSSION

A. Al¿

The continuum photoionization cross section of groun
state Al1 ions can be divided into the following energy r
gions.

~a! The region above 91.71 eV, representing the photoi
ization of a 2p electron and at some higher energies of as
electron. Since the cross section for photoionization of
inner electron is hardly influenced by the valence electro
the admixture of metastable ions can be neglected.

~b! From threshold for production of Al21 ions at 18.83
eV, representing photoionization of a 3s electron, to the
threshold for photoionization of a 2p electron. In this energy
region the cross section is dependent on the valence e
trons. The admixture of metastable ions will lead to the cr
section being too large if a correction is not made.

In Fig. 1 we show the total continuum cross section
gether with the cross sections for single and double ion
tion in the energy region above the 2p threshold. The con-
tinuum cross section reaches a maximum value near 100
at a value of 5.0~5! Mb and slowly decreases to 3.3~4! Mb
near 160 eV. The main contribution comes from the dou
ionization channel. Superimposed on the smooth continu
cross section, resonance structures can be seen in this
nel below 105 eV, and in both channels around 122 eV
132 eV. These structures will be discussed below.

Theoretical predictions of the 2p photoionization cross
section have been available for quite some time and they
generally in good agreement with, but slightly larger than
present experimental observations. Combet Farnoux

FIG. 1. The partial Al1 photoionization cross sections for pro
duction of Al21 ~full line! and Al31 ~dashed line! and the sum of
these two cross sections~dotted line!, which is the total photoion-
ization cross section in the photon energy region 80–160 eV.
features numbered are listed in Table I.
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Lamoureux@23# predicted a maximum cross section of 6
Mb at 100 eV, using the central-potential model followed
a decrease to 3.5 Mb at 160 eV, whereas Deshmukhet al.
@24# obtained a slightly lower maximum~5.5 Mb! from a
relativistic random-phase approximation calculation, bu
similar cross section near 160 eV. The latter calculation a
indicated a small increase in the cross section with the o
of the 2s threshold near 137 eV, but the change is too sm
to be observed in the experimental data.

The continuum cross section in the region from t
threshold for production of Al21 ions to the photoionization
of a 2p electron is much smaller than the cross section d
cussed above. Figure 2 shows the photon region 30–50
The absolute photoionization cross section in this energy
gion will consist not only of a contribution from photoioniz
ing a 3s electron from the ground state or from the me
stable beam, but also of a contribution from photoionizing
3p electron in the metastable component. The ratio betw
the cross sections for photoionizing the Al1 ion having a
3s3p compared to a 3s2 valence shell is very close to 1.25
according to calculations performed within the OPACIT
project in the 30–50 eV region. We have used this ratio
establish the absolute cross section for the Al1 ground-state
ion, taking into consideration that our beam contains 5%
the metastable level 3s3p3P. Thus the maximum cross sec
tion for 3s photoionization, which appears around 32 e
will have a value of 0.38 Mb, decreasing to approximate
0.24 Mb at 50 eV. This is in relative good agreement w
the values predicted from the OPACITY project@25#, from
which a cross section ranging from 0.34 Mb to 0.28 Mb w
reported for this energy region.

The resonance structures appearing in Fig. 1 are du
excitation of a 2p or a 2s electron. Since the ground state
Al1 is best described by the 2p63s2 configuration with a
contribution from 2p63p2 and there also is a minor admix
ture of metastable 2p63s3p 3P ions in the primary beam we
have to consider excitations of all three configurations
explain the observed structures. The dominant structures
pear in the single-ionization channel between 82 and 92

e

FIG. 2. The~single-! photoionization cross section for Al1 in
the photon-energy range 30–50 eV. The experimental data~solid
circles and statistical error bars! were recorded with a Mg-foil in-
serted in the photon beam to eliminate higher-order radiation;
theoretical data~full line! are from the Opacity project@25#.
9-3



l
target

J. B. WESTet al. PHYSICAL REVIEW A 63 052719
TABLE I. The energies, oscillator strengths (f values!, and assignments for the spectral features of A1

numbered in Fig. 1. Thef values were obtained assuming 100% population of the ground state in the
beam.

Line No. Energy~eV! Energya ~eV! Assignmenta Oscillator strength n*

1 82.15 82.15 2p53s@3p2(1D)# 3D1 0.035 2.38b

2 82.47 82.45 2p53s@3p2(1D)# 1P1 0.022 2.36
3 82.81 82.77 2p53s(1P)3p2(3P) 3P1 rev 0.028 2.47b

4 83.79 83.77 4s(1P)1 0.014 2.62b

5 84.19 84.17 4s(3P)1 0.012 2.61
5a 84.44 84.50 2p53s@3p2(1S)# 3P1 0.002 2.75b

6 84.79 84.78 2p53s@3p2(1S)# 1P1 0.042 2.72
7 84.99 84.99 3d(1P)1rev 0.051 2.83
7a 85.36 85.26 3d(3D)1rev 0.005 2.81
8 85.57 85.56 3d(3P)1rev 0.014 2.86b

8a 87.68 87.65 5s@3/2,1/2#1P 0.010 3.69b

9 87.96 87.93 4d@3/2,5/2#1P 0.034 3.83b

10 88.37 88.31 4d@1/2,3/2#3D 0.023 3.80
11 89.41 89.33 5d@3/2,5/2#1P 0.025 4.86b

12 89.81 89.73 5d@1/2,3/2#3D 0.015 4.88
13 90.18 90.10 6d@3/2,5/2#1P 0.013 5.98b

14 90.61 90.52 6d@1/2,3/2#3D 0.012 6.02

aFrom Ref.@8# and the present calculations.
bCalculated using the2P3/2 ionization limit.
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and in the double-ionization channel below and above
threshold for 2p ionization. Far above the 2p photoioniza-
tion threshold Fano-type resonances can be seen around
eV and 132 eV.

The rather intense structures between 82 and 92 eV
due to 2p→nd transitions, withn being 3 or larger, followed
by weaker structures of 2p→ns with n being 4 and 5, but it
is not surprising that configurations including the 3p2 struc-
ture also are populated to a significant extent. Calculati
showed that the dominant line 7 should be assigned to
2p63s2 1S0→2p53s23d 1P1 transition, with line 8 repre-
senting1S0→3P1. These assignments differ, however, fro
the previous assignments@8#, since line 7 in that work was
attributed to the1S0→3P1 transition. However, the intensi
ties of the two lines are inconsistent with the previous id
tification. The higher members of the 2p→nd Rydberg se-
ries can be identified, in good agreement with o
calculations. Due to the strong spin-orbit coupling for t
excited states it can also be expected that singlet→triplet
transitions may be rather intense~peaks 10, 12, and 14!,
which is in good agreement with our calculations. Only t
total angular momentum J is a good quantum number for
excited triplet states that may either have a3D or 3P term as
the leading eigenvector.

The 2p→ns transitions are weaker than the 2p→nd tran-
sitions, as also noticed for the similar transitions in the M1

ion @6#, but in Al1 these transitions are better separated fr
the nd series, so peaks 4 and 5 can be assigned unamb
ously to transitions to the 2p53s24s1P1 and 3P1 states. Due
to the multiexcitation processes taking place during exc
tion of an inner electron and since the ground-state confi
ration of the Al1 ion contains a contribution from 3p2, it is
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to be expected that excited states containing the 3p2 struc-
ture will be strongly populated. From our calculations we s
that this is particularly noticeable for line 6, the transition
the 2p53s(1P)3p2(1S0)1P1 state; our assignments for line
1–3 show that other 3p2 terms also are involved as a resu
of multielectron excitation.

Table I lists the prominent lines from Fig. 1 in the ener
region from 82 eV to 92 eV. Given the limited resolution
our experiment, not all calculated lines are shown since t
could not be observed; in the higher resolution experime
of Costelloet al. @8# for Al1 and Brilly et al. @11# for Al21

additional lines are identified. The energies, oscilla
strengths, and assignments are given together with the e
tive quantum numbers, which are calculated on the basis
all the lines we observe converge to the2P1/2,3/2 limits.
These limits were taken from Ref.@8#, where they were cal-
culated from known values of the ionization potential of A1

and the transition energies 2p63s(2S1/2)→2p53s(2P1/2,3/2).
The assignments given in Table I have also been taken f
Ref. @8# and confirmed or modified by our own calculation
the latter being markedrev in the table. The first revision is
the assignment of the 2p53s(1P)3p2(3P)3P term to the line
at 82.77 eV. Our calculations show this term to be 2.4
lower than the 2p53s(3P)3p2(3P) 3P term that would pro-
duce a likely blend with 2p53s23d 3D. The second is tha
we assign the transition at 85.26 eV to the 2p53s23d 3D
term. This replaces the 2p53s(3P)3p2(3P) 3D assignment
of Ref. @8#, since this transition would have a lower-sta
counterpart of 2p53s(1P)3p2(3P) 3D that we calculate to
be a full 5-eV lower in energy. There are no lines at th
energy in the spectrum, and since these two states
strongly mixed it is hard to see why one would contribute
9-4
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the spectrum while the other would not. The assignment
lines 7 and 8 have also been revised for the same reaso

The optical configuration of the grazing incidence mon
chromator used for this work was selected to enhance
order-sorting properties, but it has been known for some t
that the selective-reflection principle on which it relies is n
effective at low photon energies@26#. We have been able to
take advantage of this, fortuitously, in the case of our m
surements of Al1 by observing the fourth-order spectrum
where the resolution is enhanced. This was possible in s
of the fact that the fraction of fourth-order radiation w
small (;1.3% of the total flux! because the peak cross se
tions due to excitation of the 2p electrons are much large
than the continuum cross section in the threshold region.
results are shown in Fig. 3, and we have used this spec
to identify additional lines 5a, 7a, and 8a, also listed w
their effective quantum numbers in Table I and the assi
ments of the nearest lines from Ref.@8#. Furthermore, by
using these data it was possible to give more reliable va
of the oscillator strengths of transitions that were hardly
solved in the first-order spectrum. The first-order spectru
free from higher-order radiation, was used to provide
oscillator strength of a group of partly resolved lines, and
fourth-order spectrum then used to separate the contribut
of the individual lines. Also shown in Fig. 3 are members
the 3pns series, seen in first order and appearing as wind
resonances. They are in excellent agreement with our MC
calculations and with the predictions of Butleret al. @25# ~see
Table II!.

The presence of metastable ions in the ion beam is cle
evident from the resonance structures observed with
72-eV photons. These structures are shown in Fig. 4 with
prominent structures identified as due to the 2p→3s excita-

FIG. 3. The apparent single-photoionization cross section
Al1 from 20–26 eV. Contrary to the data shown in the other figu
the data shown in this figure are significantly influenced by high
order radiation. The fourth-order spectrum for the yield of Al21 ~the
numbered features that are also listed in Table I! is prominent,
covering the same range as in Fig. 1 but with enhanced resolu
the top axis shows the photon energy multiplied by 4 in order
facilitate comparison with Fig. 1. The structure in the first-ord
spectrum is marked by arrows; see Table II.
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tion of the metastable ions@9#. It should be noticed that no
structures withJ50 are observed, confirming that the exc
tation involves only the metastable3P2, and 3P0 compo-
nents, whereas theJ51 component, which is mixed with the
short-lived 1P1 component, will decay to the ground sta
during the flight time from the ion-source to the interacti
region. In contrast, spectra obtained from a laser-produ
plasma@9# contain resonance lines originating from excit
tion of the two short-livedJ51 levels, illustrating that the
excitation takes place within a few nanoseconds after p
duction of the ions.

The resonance structures seen between 82 eV and 8
in the double-ionization channel~see Figs. 1 and 5! are iden-
tical to, but much weaker than, the resonance structu
present in the single-ionization channel. Since the pho
energy available is sufficient to remove two electrons fro
the target ions, the identity of the spectra indicates that
resonance structures originate from the same excited st
However, above 88 eV there is a significant difference
tween the two channels. Whereas the structures appearin
the single-ionization channel can be accounted for by e
tation of the ground-state ions~see Table I!, the origin of the
much weaker resonance structures in the double-ioniza
channel may be different.

The evidence of further structure in the spectrum res
from the comparison between the Al21 and Al31 spectra
shown in Fig. 5 in the region between 88 and 92 eV, wh

r
s
r-

n;
o
r

TABLE II. Members of the 3pns series shown in Fig. 3.

Energy
~expt.! ~eV!

Energy
~theory!~eV! @25#

Energy
~theory! ~eV! Identity

21.71 21.84 21.76 2s22p63p5s 3P
23.18 23.22 23.21 2s22p63p6s 3P
23.94 23.94 23.97 2s22p63p7s 3P
24.40 24.38 24.42 2s22p63p8s 3P
24.67 24.66 24.71 2s22p63p9s 3P

25.48 2s22p63p2P-limit

FIG. 4. The apparent photoionization cross section of the 3s3p
metastable level of Al1; the assignments follow those given i
Costelloet al. @8#.
9-5
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J. B. WESTet al. PHYSICAL REVIEW A 63 052719
we attribute to excitation of the metastable component.
propose that these structures are associated with excitatio
the metastable 3s3p3P state of Al1, and in fact belong to
the higher members of a 2p53s3pnd series converging to
the 2p53s3p ionization limit at 98.3 eV. The energies o
these levels would have to exceed the 2p53s2 2P3/2,1/2
thresholds at 91.71 eV or 92.16 eV, respectively, in orde
autoionize into an excited state of Al21, which would then
decay by an Auger transition to yield Al31. It should be
noted that the metastable 3s3p 3P state is located 4.63 eV
above the ground state; thus the structures observed in
double ionization channel above 88 eV are located energ
cally above these thresholds, if they originate from the me
stable component. We have carried out calculations to de
mine the energies of the proposednd levels and obtained
energy values supporting the assignment of the domin
structures around 88.9 and 90 eV ton55, 6, and 7. The
complexity of the calculations does not allow us unambig
ously to determine the dominant eigenvectors.

The assignment of the structure seen in the region ab
92 eV ~Fig. 1! has proved to be difficult. Here two window
resonances, located at 93 eV and 96 eV, respectively,
observed in the double-ionization channel; these resona
were also observed in Ref.@8#, but not identified. The photon
energy excludes transitions from the 3s2 ground-state com-
ponent, whereas excitation from either the 3p2 or metastable
components may be possible. In case of the latter it is, h
ever, necessary to assume two-electron excitation, w
may be doubtful. It is not possible to identify these windo
resonances unambiguously, but our calculations indicate
they are due to transitions from the 2p63p2 1S component of
the ground state to the 2p53p2(1D)3d 1P and 4s 1P states.

The high-energy region of our spectra~Fig. 1! contains a
prominent line at 122 eV followed by a weaker line at 1
eV. The analysis of these is relatively straightforward, rec
ing that in the corresponding region for Mg1 members of the
2s→np series could be identified, converging to a limit
107.5 eV, close to the value expected theoretically. To
knowledge there are no corresponding experimental or th

FIG. 5. Comparison of the measured single-~full line! and
double-photoionization~dashed line! cross sections of Al1 in the
photon-energy range 81–93 eV. Also shown is the doub
photoionization cross section multiplied by 20~dotted line!.
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retical data for the 2s ionization potential for Al1, but the
energy of theL I edge for neutral aluminum is 117.7 eV
measured using electron spectroscopy on a solid sample@27#.
We would therefore expect the value for Al1 to be somewhat
higher than this, so the strong line at 122 eV can be identi
as the first member of the 2s→np series, withn53; then
54 member is the line just discernible at 132 eV. A simp
Rydberg analysis puts the series limit at 138~1! eV, in agree-
ment with our Hartree-Fock calculated value of 139 eV.

B. Al2¿

The photoexcitation and ionization of the Al21 ion have
been studied over a limited photon-energy range, focusing
the resonance structures created by excitation of a 2p elec-
tron. Figure 6 shows the experimental data for Al21 together
with the data for the isoelectronic Mg1 ion, which recently
was the subject of a study in our laboratory@6#. There are
clear similarities with the Mg1 spectrum, and the results ar
to be compared not only with our Mg1 measurements, bu
also with the dual-laser plasma measurements, assignm
of Brilly et al. @11#, and the MCHF calculations performed i
connection with the present study.

The absolute continuum cross section is rather sm
;0.4 Mb over most of the energy region studied and dom
nated by photoionization of a 3s electron, but above 105 eV
the cross section increases due to the opening of thep
ionization channel. Above 105 eV the cross section reach
value of;6 Mb, in good agreement with the prediction b
Combet Farnoux and Lamoureux@23#. The main effects of
increasing the nuclear charge, in going from the Mg1 to the
Al21 system, are that the 3s3d states appear at lower photo
energies than the 3s4s states, whereas this order was r
versed for Mg1, and the spectrum is spread out over a larg
energy range. The oscillator strengths for the 2p→nd exci-
tations are also increased considerably~Table III!, indicating
a much stronger transition moment between the wave fu
tions involved for Al21 than for Mg1. Furthermore, the con
figuration interaction between the 3p2 1D and 3s3d 1D
states is less prominent in the Al21 ion, owing to the in-

-

FIG. 6. Comparison between the photoionization spectra
Mg1 @6# and Al21 in the energy regions for excitation of a 2p
electron.
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TABLE III. The energies, identities, effective quantum numbers, and oscillator strengths (f values! for
the 2p lines observed in Al21. The 1s22s22p5 part is omitted from the configurations.

Oscillator strength
Line No. Energy~expt.! ~eV! Identity n* Expt. Calculated

1 72.91 (3s2 1S)2P3/2 1.94 0.047 0.064
2 73.33 (3s2 1S)2P1/2 1.95 0.028 0.032
3a 85.94 @(3p2 1D13s3d 1D)2P1/2# 2.51 0.007 0.013
3b 86.07 @(3p2 1D13s3d 1D)2P3/2# 2.52 0.010 0.024
4 Not observed
5 89.34 (3s3d 3D)4D 2.76 0.068 0.036
6 89.89 (3s3d 3D)2P, 2D 2.81 0.377 0.377
7* 91.41 (3s4s3S)2P 2.96 0.043 0.029
7

8

92.06

92.52

(3p2 1S)2P3/2

(3p2 1S)2P1/2

3.03

3.08

0.019

0.014

0.015

9

10

11

96.56

96.83

97.33

J~3s 3P0,1,2!4d@5/2,3/2#
3.72

3.78

3.89

0.061

0.078

0.064

J 0.260

12 99.55 (3s3P0,1,2)5d@5/2,3/2# 4.58 0.061
series limit 105.460.3a

aThe series limit for the 2p21 series was estimated by fitting Rydberg series to the 3d, 4d, and 5d lines and
to the 3s and 4s lines, respectively.
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creased influence of the nuclear charge. This may exp
why less of the oscillator strength contained in the 2p→nd
transitions moves elsewhere in the spectrum, in compar
with the case for Mg1.

The lines appearing at 72.91 eV and 73.33 eV~lines 1 and
2! can be assigned to the 2p53s2 doubletP term, exhibiting
an intensity ratio close to two as also observed for Mg1. The
following peaks at 85.94 eV and 86.07 eV can, with analo
to the Mg1 study, be attributed to the doubletP state of the
(3p213s3d)1D complex with the dominant eigenvector b
ing attributed to 3p2. The most intense feature in the Al21

spectrum is, as also observed for Mg1, line 6 that has a
weaker structure, line 5, on its low-energy side.

On the basis of the theoretical calculations by Ivanovet
al. @28# for photoabsorption and photoionization of the Mg1

ion it was argued by Kjeldsenet al. @6# that line 6 in the
Mg1 spectrum ought to include the 3s3d 1D term as the
dominant eigenvector and consequently peak 6 should
assigned to the upper2P component of the (3s3d
13p2) 1D complex, whereas peak 5 could be accounted
by the doubletP component from the 2p53s3d 3D excita-
tion. In addition, due to insufficient resolution it could not b
excluded that the excitation of the 2p53s4s 3S component
also contributed to peak 5. The calculations performed
connection with the present study have also included ca
lations of the resonance structures in the Mg1 ion. Because
configuration interaction is included by definition in th
MCHF calculation it is considered more reliable than t
random phase approximation with exchange~RPAE! calcu-
lations @28#; the RPAE method is in effect a one-electro
calculation and is better suited to calculations of interacti
between the continua of different ionization channels. It
therefore necessary to reassign the peaks 5 and 6 in the1
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spectrum. Although they are still associated with the 3s3d
configuration, our calculations indicate that they origina
from the 2p5(3s3d 3D)2P component, rather than th
2p5(3s3d 1D)2P component originally proposed. Peak
can be attributed to the4D term, with an admixture from
(3s4s 3S)2P, while the intense peak 6 should be assigned
a mixture of resonances originating from th
2p5(3s3d 3D)2P and 2D terms. Due to configuration inter
action the strength of the 3s3d 1D component is spread ou
over many, but weaker, resonance components. There
none of the observed structures can be assigned
3s3d 1D as the dominant eigenvector. See Table IV.

For the Al21 ion the intensity ratio between peak 5 an
peak 6 is smaller than observed for Mg1. This observation
can be accounted for by the displacement of the 3s4s con-
figuration relative to the 3s3d configuration. The
2p5(3s4s 3S)2P component will no longer contribute to
peak 5, but will appear as a separate structure and has
identified as peak 7* in the Al21 spectrum. Peak 6 will have
the revised origin we have proposed above for the Mg1 ion;
peaks 7 and 8, tentatively identified as the doublet 3p2 1S
2P3/2,1/2 in Mg1, could be identified similarly in Al21, but
Brilly et al. place these peaks at an energy just below p
7* rather than above it so their identity must remain unc
tain. Table III contains the assignments of all the structu
observed in Al21 in Fig. 6 together with the effective quan
tum numbers, the measured, and the calculated oscill
strengths. Our CI calculation yielded oscillator strengths
46 levels belonging to 27 terms that we have used to help
to make assignments. The present assignments are gen
in good agreement with those put forward by Brillyet al.
@11#. The agreement among the experimental observati
the associated calculations for the present study, and the
plasma study by Brillyet al gives confidence in these assig
9-7
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TABLE IV. The energies, identities, and oscillator strengths (f values! for the 2p lines observed in Mg1.
The 1s22s22p5 part is omitted from the configurations.

Oscillator strength
Line No. Energy~expt.a! ~eV! Identity Expt.a Calculated

1 49.90 (3s2 1S)2P3/2 0.049 0.054
2 50.18 (3s2 1S)2P1/2 0.025 0.027
3a 59.21 (3p2 1D13s3d 1D)2P1/2 0.006 0.005
3b 59.30 (3p2 1D13s3d 1D)2P3/2 0.010 0.009
4 60.71 (3p2 3P)2P 0.002
5 60.98 (3s3d 3D)4D, (3s4s 3S)2P 0.040 0.037
6 61.34 (3s3d 3D)2P, 2D 0.122 0.134
7 62.71 (3p2 1S13s2 1S)2P3/2 0.003
8 63.00 (3p2 1S13s2 1S)2P1/2 0.002
9 64.19 3s3P24d3/2, 3s 3P25s1/2, 0.013 0.007

3s 3P14d3/2,5/2

10 64.48 3s 3P15s1/2, 3s 3P04d3/2, 0.039 0.022
3s 3P05s1/2, 3s 3P24d5/2

11 64.90 3s 1P15s1/2, 3s 1P14d3/2,5/2, 0.010 0.006
12 65.61 Sum of~3s6s! and ~3s5d! lines 0.026

aFrom Kjeldsenet al. @6#.
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ments. In Table IV we give the new assignments of the M1

resonances seen in Fig. 6 together with the previously m
sured@6# and the new calculated oscillator strengths. A co
parison between Tables III and IV illustrates the effect of
increased nuclear charge changing from Mg1 to Al21.
Whereas the oscillator strengths are nearly the same fop
excitation to thens series, the oscillator strengths for thend
series are much larger for the Al21 ion, as seen both from th
experimental data and from the calculated values.

V. CONCLUSION

The present measurements of the absolute photoioniza
cross sections for Al1 and Al21 ions show that the previ
ously published calculated continuum cross sections
these ions are reliable and can be used for modeling of
trophysical and other plasmas. The resonance structure
vestigations have shown good agreement between
present data and structures observed from laser-prod
plasmas, but additional structures have been observed
as a series of window resonances of the type 2p63pns be-
longing to the Al1 ion together with a collection of struc
tures related to core excitation of the 2p63s3p or 3p2 con-
S
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figurations. Further studies are needed to give unambigu
assignments for the latter. The Al21 spectra exhibit many of
the same resonances also observed for Mg1, but the oscilla-
tor strengths for the 2p→nd transitions are much larger fo
Al21 than for Mg1. The comparison between the synchr
tron radiation spectra of the isoelectronic Mg1 and Al21 ions
have resulted in a revision of the recent assignment of
dominant resonance structure belonging to Mg1. This revi-
sion indicates that advanced calculations are needed for
port of assignments where configuration interactions do
nate the spectra.
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