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Photoionization of isoelectronic ions: Mg¿ and Al2¿
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High-resolution measurements of the photoionization cross sections of the Na-isoelectronic ions Mg1 and
Al21 are presented, to be compared with earlier measurements in which structure in the most prominent peaks
was unresolved. These measurements have been normalized to the earlier ones in order to provide values of the
oscillator strengths of the newly resolved peaks, and comparison is made with multiconfiguration Hartree-Fock
calculations.
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I. INTRODUCTION

The ready availability of access to synchrotron radiat
from undulators on electron storage rings has led to a ma
increase in experimental data on photoionization of ato
ions, and in particular on absolute measurements. This
made it possible to carry out long awaited checks on th
retical data from major computational programs such as
OPACITY @1# and IRON @2# projects. Both the limitations
and successes of those calculations have come to ligh
can be seen in a recent review on this topic@3#. Such com-
parisons with theoretical calculations make a fundame
contribution to our understanding of basic atomic physi
probed by the photoionization process. The measurem
are also relevant to the modeling of both stellar atmosphe
bearing in mind that the vast majority of matter in the u
verse is in ionic form, and laboratory plasmas.

Although the first absolute measurements were m
some time ago@4#, using the merged beam technique, th
were limited to cross sections*10 Mb since they were car
ried out on a bending magnet source having limited pho
flux. An undulator source, besides being much more inten
also has the advantage that the radiation is well collima
both vertically and horizontally, and is therefore idea
matched to the merged beam type of experiment. T
method has now become a standard in synchrotron-radia
laboratories in Japan at the Photon Factory and Spring-8
France at Super-ACO, in the USA at the Advanced Lig
Source, and in Denmark on the storage ring ASTRID.

It is instructive to study both isonuclear and isoelectro
sequences, to observe the evolution of spectral structure
cross sections. To date, the majority of such experime
have been carried out using laser plasma sources@5#, which
have good access to highly charged states; an example
very different behavior that can be observed is the Ar i
electronic sequence of ions@6#. Recently, however, electro
cyclotron resonance~ECR! sources have been used with t
merged beam method for measurements on the mult
charged ions of Xe, Ba, and C@7–9#. This kind of ion source
1050-2947/2003/67~1!/012701~8!/$20.00 67 0127
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is not always well suited to absolute measurements sin
owing to the high energy of the electrons in the plasma,
parent ion beam may well contain a large fraction of me
stable states, but it does give access to highly charged i
The experiment undertaken here makes use of an E
source, but relies for the absolute values of the cross sec
on measurements made earlier with a low-energy discha
ion source. The earlier measurements@10# were carried out
on a beam line with substantially lower resolving power, a
although absolute, much of the structure could not be
solved and thereby identified with certainty; comparison w
theoretical calculations was therefore not definitive. This
periment demonstrates the complementarity of the two
periments, the earlier one providing the absolute basis for
measurements, to which the results of the experiment
sented here could be normalized, thereby providing abso
measurements with state-of-the-art spectral resolution.

II. EXPERIMENTAL METHOD

The experimental work was carried out on beam li
10.0.1 at the Advanced Light Source at the Lawrence Ber
ley National Laboratory. This is an undulator beam line fitt
with a spherical grating monochromator covering the pho
energy range 17–340 eV. Typical photon fluxes at a pho
energy of 65 eV were between 231012 and 431013 photons/
sec for bandpasses in the range 6–60 meV; further detai
the specification and performance of this beam line are to
found in Refs.@12# and@13#. The exit beam from the mono
chromator and its postfocusing optics were merged with
ion beam over a length of 29 cm@14#; the ions were gener
ated in an ECR source containing a resistively heated ove
vaporize the metal samples.

Although the experimental equipment contained the be
scanners and calibrated detectors required to make abs
measurements, as pointed out earlier this was unneces
for the measurements presented here, where the emp
was on spectral resolution. Given the weakness of the pa
ion beam—typical currents for Al21 were in the range 1–10
©2003 The American Physical Society01-1
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A. AGUILAR et al. PHYSICAL REVIEW A 67, 012701 ~2003!
nA—each spectrum consisted of several overlapping sc
with a dwell time of 2 sec/point, to minimize the effects
drift in the ion-beam or photon-beam overlap. A chopper
the photon beam enabled measurements of the backgrou
the ionization signal channel to be measured, and for the
shown here this background has been subtracted. As se
some of the spectra shown, this can result in a negative
nal where the signal was low and dominated by statist
fluctuations. The data were corrected for varying ion curre
and incident photon intensities.

III. THEORETICAL CALCULATIONS

Calculations were performed using the atomic struct
package of Froese Fischeret al. @15# in a manner similar to
that described previously@10#. The large number of energet
cally, closely spaced, interacting states calls for
configuration-interaction~CI! type of calculation. The wave
functions were obtained using the multiconfigured version
the program~MCHF! in steps. The 1s, 2s, 2p, and 3p orbit-
als were obtained by calculating the 1s22s22p53p2 2P term,
multiconfigured, and then keeping these orbitals fixed
subsequent steps. The 3s and 3d orbitals were obtained by
calculating the 1s22s22p53s3d 2P term, also multiconfig-
ured, but with only the 3s and 3d orbitals varying. The 4s,
4p, 4d, 5s, 5d, and 6d orbitals were likewise obtained in
six steps with only those orbitals varying in each step. T
2P terms were used throughout as being representativ
the configuration average, but only for the purpose of obta
ing the wave functions.

Once the wave functions were obtained, a CI calculat
was also performed in steps. Only those odd-parity ene
levels that have dipole allowed transitions from the grou
state were considered.LS coupling was used, though it is no
‘‘good,’’ so all odd-parity terms having levels withj 53/2 or
1/2 were considered. We eventually dropped4P terms, find-
ing that their levels had vanishingly smallf values. Starting
with the lower-lying configurations, we considered all leve
from the 2S, 2P, and 2,4D terms. The 2p5 subshell was
coupled last, so the configurations considered were
3s22p5, 3p22p5, 4p22p5, and the 3sn,2p5, with n, being
4s, 3d, 4d, and 5s, 5d, and 6d. In total, 52 energy levels
were considered for Mg1 but program limitations prevente
us from doing them all together. By dividing the proble
into manifolds by energy region, we were able to keep tra
of which terms were interacting the most, and assignedLS
term designations based on the predominant term for e
level considered.

When doing CI calculations such as these, the isoe
tronic nature of Mg1 and Al21 is not so useful and the ion
were treated individually with respect to level interactio
and the decisions taken for term designations. Even the s
wise process for performing the calculations was somew
different for the two ions, more as a consequence of
calculations being performed at different times on differe
computers than for any substantive reason. The descrip
given previously was for Mg1, but a very similar procedure
was followed for Al21.

Finally, a comment on the energy shift needed to comp
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to the experimental values seems appropriate. Because
ground state of both ions has a completen52 shell while all
of the excited states in these experiments have a prom
2p electron, the 2p orbitals for the ground state and excite
states would be quite different. The amount of multiconfi
uring needed for the ground state and excited states to
count for correlation would also be quite different, and wh
it is straightforward to extensively multiconfigure the grou
state, it is not straightforward~and maybe not even useful! to
extensively multiconfigure the orbitals for a CI calculatio
Because of this, the correlation offset between the gro
state andall of the excited states is different, and we ha
evaluated that difference to be 1.0 eV for Mg1. We have
chosen not to correct the tabulated numbers accordingly,
this error is not indicative of the relative placement of t
excited-state energy levels themselves.

IV. EXPERIMENTAL RESULTS

A. Mg¿

In order to guide the reader, we have reproduced in Fig
the figure for the spectra of Mg1 and Al21, from the previ-
ous paper@10# on these two ions. This gives the numberin
scheme which was used to identify the various peaks
served and which is used frequently in this paper.

We focus first on peaks 3, 5, and 6 between 59 and 6
eV, for which the data are shown in Table I. The peak at 6
eV is the most prominent in the spectrum and was the
whose assignment was a major point of discussion in
earlier papers@11,10#. Given the scatter in the data points,
seemed a reasonable simplification to use a Gaussian pr
for the spectral lines, so the continuous lines seen in
figures are Gaussian fits to the data. It was assumed tha
peak width would be the same for all the peaks, but t
width was allowed to vary during the fitting process. In a
the figures and text below, the spectral resolution given is
full width at half maximum~FWHM! obtained from the fit-
ting process, rather than the nominal value obtained from
monochromator exit slit setting; also, any contribution fro
the natural linewidth has been ignored. These fits were u

FIG. 1. The photoionization spectrum of Mg1 and Al21, taken
from Ref. @10#.
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TABLE I. Identities and parameters of the lines observed in Mg1 between 59 and 61.5 eV.

Energy~eV! Identity Oscillator strengtha

Line b Expt. Calc. Westet al. @10# This workc This expt. Calc.

3a 59.21 58.23 (3p2 1D13s3d1D) 2P1/2 (3p2 1D13s3d1D) 2P1/2 0.005 0.027
3b 59.3 58.32 (3p2 1D13s3d1D) 2P3/2 (3p2 1D13s3d1D) 2P3/2 0.01 0.049
4 d 60.71d 59.61 (3p2 3P) 2P (3p2 3P) 4D e 0

5 H60.95

60.98

61.0

59.96

60.02

60.12
(3s3d3D) 4D, (3s4s 3S) 2P H~3s3d 3D! 4D

~3s4s 3S! 2P

~3p2 3P! 2S

0.009

0.021

0.01

0.048

0.065

0

6 5
61.30

61.37

61.41

61.43

60.29

60.39

60.4

60.45

(3s3d 3D) 2P, 2D 5
~3s3d 3D! 2P3/2

~3s3d 3D ! 2P1/2

~3s3d 3D ! 2D

~3s4s 1S! 2P3/2

0.076

0.032

0.07

0.07

0.203

0.140

0.081

0.008

aExperimental values are620%.
bNumbering taken from Refs.@11,10#.
cAssignment for most prominent configuration.
dNot observed in this experiment.
eFrom current theoretical calculation.
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in partitioning the oscillator strength following normalizatio
to the earlier absolute measurements; an error of620% is
estimated for the values given in the tables. Varying reso
tions were used for the spectra taken; use of the hig
resolution of 7 meV was limited to the case where the cr
section was highest, as in the 3p→3d region of Mg1 shown
in Fig. 4. Elsewhere, a compromise between the count
and resolution was necessary to obtain spectra in a rea
able time period.

The data for peak 3 are shown in Fig. 2, where there
spin-orbit doublet 2P3/2,1/2 associated with the strongl
mixed 3p2 1D and 3s3d 1D configurations; this doublet is
now clearly resolved at the 18-meV resolution~FWHM! of
the current experiment. The ratio of the peak areas is 2.0
which is distinct from 1.7:1 found in the earlier work; bu
otherwise the results from the two experiments are identi
We note that peak 4 was not observed in the current w
The reason for this is not clear, but it was a weak feature

FIG. 2. The photoionization spectrum of Mg1 in the region of
peak 3; the experimental resolution was 18 meV.
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the narrow bandpass of this experiment would make it m
difficult to observe. Peak 5 is now seen to be three peaks
shown in Fig. 3, where the spectral resolution was 11 me

The spectrum in the region of peak 6 is shown in Fig.
where with a bandwidth of 7 meV, four lines are now clea
seen in this region. The peak positions and oscilla
strengths normalized to the earlier absolute measurem
are shown in Table I, together with the previous assignme
and those made in the present work based onMCHF calcula-
tions. The calculated energies should be shifted upwards
;1 eV; the value of this shift is taken from the experimen
and theoretical values for the position of the 2p53s2 2P1/2,3/2
doublet, which was well resolved in the early experime
@11# and for which the identity and energies are well know
Using this shift, and the relative calculated values of t
oscillator strengths compared to the experimental ones—
theory obviously overestimates the absolute values—it w
possible to assign the newly resolved levels as shown in
table.

FIG. 3. The photoionization spectrum of Mg1 in the region of
peak 5; the experimental resolution was 11 meV.
1-3
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A. AGUILAR et al. PHYSICAL REVIEW A 67, 012701 ~2003!
There are still ambiguities: the weak lines at 61.41 a
61.43 eV could both be assigned to the (3s4s 1S) 2P3/2,1/2
doublet, but the theoretical value for the splitting is 0.20 e
so the energies would not match the experimental one
well, after accounting for the 1-eV shift. In this instance t
relative calculated values of the oscillator strengths do
help; both indicate an order of magnitude of difference in
relative oscillator strengths, in clear contradiction with e
periment if the assignments shown are correct.

Even though the current experiment has a similar res
tion to that of Esteva and Mehlman@16#, comparison with
the earlier experiment~where the target species was pr
duced in a discharge! and their later revised assignments@17#
does not produce any new information. The weak lines
61.41 and 61.43 eV were not observed in the earlier exp
ment, but lines at 61.09 and 61.22 eV were in contrast to
more recent experiments@10,11#, including this one. The ma
jor difference was that Mehlmanet al. @17# assigned the lines
at 61.30 and 61.38 eV to (3s4s 1S) 2P3/2,1/2transitions@17#,
whereas these were originally reassigned to a mixture
(3s3d 3D) 2P, 2D transitions@10#. The basis for this reas
signment was that, in principle, 3s3d transitions were ex-
pected to be much stronger than 3s4s transitions. Configu-
ration mixing makes the situation far more complex, but
MCHF calculations supported this; also, absolute values of
oscillator strengths were available to assist in the analy
The current measurements support the more recent ana
and the newly resolved structure matches theMCHF calcula-
tions quite well, apart from the absolute values of the os
lator strengths. It was also possible to extend the analysi
proposing individual assignments for the fine structure
solved in the current work, as seen in Table I.

The region between 64 and 68 eV is shown in Fig.
where peaks were seen previously@11# but not resolved. The
Gaussian fits are not shown for this figure, but were use
calculating the oscillator strengths as before in those reg
where the structure was not clearly resolved or scatter in
data prevented the peaks concerned from being clearly
fined. This was particularly the case for the doublet in
region of 66.25 eV, and the peaks between 66.9 and 67.5
The two prominent features at;64.5 and 65.7 eV are seen
contain several lines. The analysis, summarized in Table

FIG. 4. The photoionization spectrum of Mg1 in the region of
peak 6; the experimental resolution was 7 meV.
01270
d

,
as

t
e
-

-

t
ri-
e

of

e
e

is.
sis

l-
by
-

,

in
ns
e
e-
e
V.

II,

is based on both theMCHF calculations and also on a simp
Rydberg calculation for annd series, based on the line a
61.3 eV being 3s3d and that at 64.46 being 3s4d; a quan-
tum defect of 0.19 was determined, consistent with ad se-
ries. This analysis gave some idea of where the promin
configurations might lie and are indicated by arrows in t
figure; the results are also shown in the table. The exp
mental oscillator strengths shown have been calculated
normalization to the earlier experiment.

The MCHF calculation predicts that there will be stron
interaction between the 3p2 1S and 3s4d configurations, and
for that reason it is impossible to be certain of the individu
assignments in the region around 64.5 eV. The promin
configurations are (3s4d 3D) 4D, (3p2 1S) 2P, and (3s4d
1D) 2D,2P, and since the fine structure in these configu
tions is not resolved, even at the much enhanced resolu
of the present experiment, the assignments are specula
Even so, we have made the assignments based on rel
values of the calculated oscillator strengths, as before. Th
is no good match to line 11 at 64.88 eV, seen in both this
the previous experiment, probably as a result of configu
tion interaction shifting this line by a greater amount th
predicted by theory. The possibility arises that it could
due to a 3s5s configuration, but ourMCHF calculation indi-
cates that thens transitions should have negligible oscillato
strengths. We return to this point below when discussing
Rydberg analysis of a possiblens series.

The second group of peaks at;65.7 eV was rather easie
to assign, since they are not so strongly perturbed and m
the theoretical calculations quite well; they are based prim
rily on (3s5d 1,3D) configurations. Above that, again th
assignments become somewhat speculative; it would be
sible to assign the triplet of lines at 66.24, 66.29, and 66
eV to the calculated 3s6d configurations at 65.19, 65.28, an
65.37 eV, in a way similar to the 3s5d lines, but it is not
clear that this would give the best alignment of the expe
mental energies with the theoretical values. In Table II, the
fore, the lines have been listed in their energy order. Ba
on the present calculation, it is difficult to be definitive o
the individual assignments of each line, but it seems cl

FIG. 5. The photoionization spectrum of Mg1 in the region
between 64 and 68 eV; the experimental resolution was 30 m
The arrows indicate the positions of lines calculated from a Rydb
analysis.
1-4
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TABLE II. Identities, parameters, and effective principal quantum numbers (n*) of the lines observed in Mg1 between 64 and 68 eV

Energy Identity Oscillator strength
Line Expt. Calc. Westet al. @10# This work Expt. Calc. n* Energy~eV!

9 64.21 63.28 H3s 3P2 4d3/2

13s 3P2 5s1/2

13s 3P1 4d3/2,5/2

(3p2 1S) 2P3/2 0.013 0.005

10 H64.46

64.51 5
63.4

63.52

63.63

63.67
5

3s 3P1 5s1/2

13s 3P0 4d3/2

13s 3P0 5s1/2

13s 3P2 4d5/2

(3s4d 3D) 4D

(3p2 1S) 2P1/2

(3s4d 1D) 2D

(3s4d 1D) 2P

H0.023a

0.018a 5
0.004

0.007

0.006

0.005

3.81b 64.46

11 64.88 63.69 H 3s 1P1 5s1/2

13s 1P1 4d3/2,5/2

(3s4d 3D) 2P 0.009 0.014

12 H65.57

65.70

65.83

64.53

64.64

64.74

HSum of 3s6s

and 3s5d lines

(3s5d 3D) 4D

(3s5d 1D) 2P

(3s5d 3D) 2D

0.032

0.034

0.021

0.007

0.004

0.009

4.81 65.83

13c 5
66.24

66.29

66.42

66.55

66.72

65.19

65.26

65.28

65.37

65.81

(3s6d 3D) 4D

(3s6d 1D) 2D

(3s6d 1D) 2P1/2

(3s6d 3D) 2D

(3s6d 3D) 2P

0.01

0.011

0.008

0.006

0.01

0.002

0.001

0.001

0.005

0.002

5.81 66.55

1(3s6d 1D) 2P3/2

66.99 0.02 6.81 67.02
67.32 0.011 7.81 67.30
67.45 0.011 8.81 67.49

Series limit ` 68.2d

aThese values refer to the two lines observed at 64.46 eV and 64.51 eV in this experiment.
bThis assumes that the line at 64.46 eV is the 4d member of the Rydberg series.
cObserved by Kjeldsenet al. @11#, but not numbered by them.
dCalculated value.
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ion,
was
that this group of lines belongs to configurations of the ty
(3s6d 1,3D). At higher energies, no positive assignmen
can be made, although highernd transitions are likely to be
the most prominent. The series limit calculated from the R
dberg series analysis is at;68.2 eV.

An attempt was also made to calculate the positions of
ns series, using the position of the well-establish
2p53s2 2P3/2 line at 49.90 eV@11,16# and the 3s4s line that
is part of the line at 60.98 eV~see Table I!. A quantum defect
of 1.28 was obtained in this way, consistent with ans series,
and the positions of the higher series members did coin
with lines in the experimental spectrum; also the series li
was calculated to be at 68.3 eV, in fair agreement with t
for the nd series. However, in general, the calculated po
tions of thens series overlapped with lines already assign
to nd configurations. The only exception was the line
64.27 eV, calculated by the Rydberg analysis to be at 64
eV and therefore possibly 3s5s; the MCHF calculations puts
the (3s5s 3S) 2P3/2 line at 63.60 eV, somewhat closer tha
the 1-eV discrepancy expected. In view of this, the facts t
the ns series is expected to be very weak and the large
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gree of configuration interaction in the spectrum attempts
confirm the presence of anns series, were inconclusive.

B. Al2¿

The ion-beam intensity for Al21 was generally in the
1–10 nA range and did not remain stable for periods of m
than a few hours, thereby limiting the statistical accura
obtainable in the experiment. We therefore focused on
strongest peaks in the spectrum observed previously@10#,
numbered 5–12 originally; the summary of our results a
assignments and a comparison with the previous data
given in Table III.

The strongest of the lines is peak 6 situated at 89.89
and is shown in Fig. 6. These data were taken at a resolu
of 40 meV, and it is clearly seen that at this resolution pe
6 has two components. From the data in the main part of
6, it is not obvious that there is also a peak at 89.27
which was designated peak 5@10#. The inset shows the resu
of the sum of 15 scans through a narrower energy reg
indicating that we also see this peak. The main spectrum
1-5
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TABLE III. Identities and parameters of the lines observed in Al21.

Energy~eV! Identity Oscillator strength
Line Expt. Calc. Westet al. @10# This work This expt. Calc.

5 89.29 88.63 (3s3d 3D) 4D (3s3d 3D) 4D 0.053a 0.071

6 H89.72

89.88

89.90

88.95

89.06

89.19

(3s3d 3D) 2D, 2P
(3p2 3P2) 2P3/2

(3s3d 3D) 2P3/2

(3s3d 3D) 2P1/2,2D

0.081

0.164

0.132

0.097

0.205

0.421
7* 91.39 90.65 (3s4s 3S) 2P (3s4s 3S) 2P1/2 0.051 0.022
7 92.18 91.29 (3p2 1S) 2P3/2 (3s4s 1S) 2P3/2 0.011 0.001
8 b 91.69 (3p2 1S) 2P1/2 (3s4s 1S) 2P1/2 0
9

10

11

96.67

96.87

97.50

95.74

96.30

96.55
J (3s 3P0,1,2) 4d@5/2,3/2#

(3s4d 3D) 4D

(3s4d 1,3D) 2P1/2,3/2
c

(3s4d 3,1D) 2P1/2,3/2
d

0.063

0.081

0.059

0.034

0.462

0.044

12 99.53e (3s 3P0,1,2) 5d@5/2,3/2# 0.093e

aTo be compared with 0.068 from Ref.@10#; see text.
bNot observed in this experiment, but see text.
c(3s4d 1D) 2P1/2 1 (3s4d 3D) 2P3/2.
d(3s4d 3D) 2P1/2 1 (3s4d 1D) 2P3/2.
eTo be compared with 99.55 eV and 0.061 from Ref.@10#; see text.
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the result of three scans, so it was possible to estimate
oscillator strength of peak 5 by normalization to peak 6. T
gives approximate agreement with the previous result
peak 5 ~see Table III!, although the present result is le
reliable,; 650%, because the two experimental runs w
separated by several hours. Consequently, drifts in the o
lap integral for the ion and photon beams could render
comparison between two different runs in this way prone
error.

The region near peak 6 was scanned at higher resolu
~11 meV!, and the results are shown in Fig. 7. Now it is cle
that peak 6 actually has three components, with a spin-o
doublet at 89.88 and 89.90 eV. If we assume an energy
ference between theory and experiment of 0.82 eV for

FIG. 6. The photoionization spectrum of Al21 in the region
between 89.1 and 90 eV; the experimental resolution was 40 m
The inset shows the peak at 89.27 eV, where the data were t
over a much longer period~see text!.
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lower member of the doublet, according to ourMCHF calcu-
lation this member could be assigned to the (3s3d 3D)
2P3/2 configuration. The theoretical value of the splitting
then wrong by an order of magnitude, but the high oscilla
strengths calculated here support this assignment. The ca
lation also gives significant oscillator strength to the nea
2D configuration, which would not be resolved in our e
periment. The third component at lower energy would th
be (3p2 3P2) 2P.

The next region, between 91.2 and 92.6, is shown in F
8, taken with a resolution of 58 meV. Peak 8, originally se
at 92.52 eV with an oscillator strength of 0.014, was n
observed. Since this has an oscillator strength five tim
smaller than that of peak 5, which with the resolution of t
present experiment was very difficult to observe, it was
considered worthwhile to devote substantial time to furth

V.
en FIG. 7. The photoionization spectrum of Al21 in the region
between 89.6 and 90 eV; the experimental resolution was 11 m
1-6
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measurements on peak 8. The two peaks seen in Fig. 8
been identified with peaks 7* and 7, as numbered in th
previous work; although possibly as a result of the improv
resolution available to the current experiment peak 7 ha
slightly different energy of 92.18 eV compared with 92.
eV originally. To some extent this depends on the reliabi
of our Gaussian fit; the scatter in the data would not g
much confidence in the position we found for this peak,
we found that the fitting process would always converge
the same position even though the estimate was moved b
much as60.2 eV. Whereas the assignment for peak 7* is
unchanged, there is now confusion in the assignments
peaks 7 and 8, compared to the previous work. Given t
low oscillator strengths and the correlation with the calc
lated energies, these peaks could more reasonably be
signed to the (3s4s 1S) 2P doublet rather than the (3p2 1S)
2P thought originally. We assume, even though we do
observe it, that peak 8 exists with an oscillator strength ra
less than peak 7, noting that in the previous work they w
found to have comparable oscillator strengths. This diff
ence between the two experiments may arise because the
peaks were only barely resolved in the previous work.

Figure 9 shows our data for peaks 9, 10, and 11 in
96.4–97.4 eV photon energy region, where again there
slight energy differences from the earlier data, again pr

FIG. 8. The photoionization spectrum of Al21 in the region
between 91.2 and 91.6 eV; the experimental resolution was 58 m

FIG. 9. The photoionization spectrum of Al21 in the region
between 96.4 and 97.4 eV; the experimental resolution was 58 m
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ably due to the different resolutions used in the two expe
ments. No additional structure was seen in this region co
pared to the previous work, although the peaks are now q
clearly resolved with our 58-meV resolution. The detail
assignment of these lines is not clear, because the experim
tal energies do not correlate well with the calculated on
comparison with the structure and assignments given
Brilly et al. @18# does not help, because the energies of
lines we have measured do not coincide accurately w
theirs, and they do not provide any intensity informatio
Even so, it is clear that these lines are to be associated
configurations based on 3s4d transitions, as found in the
previous work. As above, our assignment has taken into
count the theoretical values of the oscillator strengths w
choosing the most likely configurations.

Peak 12 was also observed in the present experiment,
slightly different energy; 28 successive scans were neces
to see this peak clearly. The value of its oscillator stren
estimated from this experiment, given the uncertainty in o
normalization procedure where different experimental ru
were involved as outlined earlier, is likely to be less reliab
than the earlier value from Ref.@10#.

V. CONCLUSIONS

The order-of-magnitude improvement in resolution in t
results of this experiment in comparison to the earlier wo
@11,10# has permitted us to make more definitive assignme
of the most prominent spectral peaks. These peaks w
found to contain many more structures than observed or
nally, most of which were identifiable by means of ourMCHF

calculations. Also, the general behavior of the oscilla
strengths, in terms of relative intensities, is~to some extent!
borne out by the experiment, but agreement with the abso
values obtained by the experiment is rather poor. This
largely due to the strong mixing among different configu
tions, particularly in the region of the 4d excitations in Mg1,
which are strongly perturbed by the 3p2 1S0 configuration.
This particular perturbation is less obvious in the case
Al21, and in fact, as seen in Table III, we have changed t
assignment compared to the earlier work. It can also be s
that in general the agreement between experiment and th
in the case of the oscillator strengths is somewhat better
Al21 than for Mg1. This indicates that configuration inte
action is less prominent in Al21; simplistically, this would
be expected since the orbitals will be better localized in
field of the doubly charged ion.

The most reliable part of theMCHF calculation is in deter-
mining the energies of the various configurations; the ac
assignments are somewhat arbitrary because in most c
the levels are strongly mixed. The degree of this mixi
influences the calculated value of the oscillator strength;
this is the least satisfactory aspect of the present calcula
largely because of its sensitivity to the relative positions
the interacting configurations and the precise form of
wave functions, particularly for thed orbitals. Now that
much of the underlying structure has been resolved, it m
be worthwhile to attempt more refined calculations to i
prove this. Even within the limited abilities of the prese

V.

V.
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calculation, however, it has proved possible to identify m
of the clearly resolved features in the experiment, giving
much better understanding of the complex spectra of th
two isoelectronic ions.
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