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We present a study of characteristics of autoionization spectra for the Mg 3pns Rydberg series. The
calculations were performed using multichannel quantum-defect theory combined with two versions of
K matrices. The systematic investigation of states from the lower- to higher-lying members of the Mg
3pns Rydberg series allows one to reach a deeper understanding of physical manifestations involved.
The calculations permit a detailed interpretation of recent experimental measurements in atomic mag-
nesium. Energy levels are identified and assigned to the Mg 3pns autoionizing states for n greater than 6.

A comparison with available experiments is provided.

PACS number(s): 32.80.Dz, 32.80.Fb, 31.20.Di

I. INTRODUCTION

For the past two decades, the autoionization process of
the alkaline-earth elements has drawn much attention of
physists [1-5]. However, due to experimental inconveni-
ence, only recently the total and differential cross sections
of autoionization for the lighter elements, such as atomic
Mg, have been studied intensively [6—9], which makes a
comparison between the experiment and theory possible.

The line shapes of the transitions from the Mg 3sns to
the 3pns autoionizing Rydberg states were studied experi-
mentally and reached excellent agreement with mul-
tichannel quantum-defect theory (MQDT) [6]. However,
the energy levels of the Mg 3p;ns autoionizing states were
not given there. To our knowledge, the Mg 3pns states
were only identified for n =4-12 without the resolution
of the 3p; core fine structures [10], where j=71 or 3.
Furthermore, the study of the 3pns autoionizing states is
especially appealing as J =1 is the only allowed final
excited-state angular momentum. In this paper, we
present a study of the energy levels of the 3pns autoioniz-
ing states with the 3p; fine structures resolved. Taking
advantage of recently published experimental data for the
Mg 3sns 'S, Rydberg states [6], we have systematically
investigated the spectra of the Mg 3pns autoionizing
states for n =6-22. The assignments of energy levels to
the 3p;ns states are given with the full widths at half
maximum (FWHM) of their profiles. In addition, the
variations of quantum defects for each autoionizing Ryd-
berg series and various manifestations due ' to
configuration interactions (CI’s) are demonstrated. The
physical insight under these phenomena is explored and
discussed.

MQDT was first introduced by Seaton [11,12] as an
empirical approach. Since then it has been reformulated
by Fano and co-workers [13—-15]. In the early stages of
its development, applications of MQDT involved the
empirical determination of a set of parameters represent-
ing the interaction between specific channels by fitting
the measured peak positions and widths of Rydberg
states. MQDT treats the bound autoionizing states and
the adjoining continuum states in a unified fashion and
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enjoys great success in various applications.

Over the past decade, MQDT, combined with the R
matrix [16—19], has been used with extraordinary success
in predicting the photoabsorption cross sections of
alkaline-earth atoms in the energy range up to about 5 eV
above the lowest ionization limit. Applications on vari-
ous molecular systems [16,20] performed by Greene and
co-workers were also quite successful. In this paper, we
used precalculated K matrices [6,9] to derive the MQDT
parameters U;, and u, necessary for carrying out our
study.

The combination of MQDT with the precalculated K
matrices has been utilized to calculate the spectra of the
Mg 3pns autoionizing states. The comparison between
the theory and available experimental data for those
states is made to seek the possibilities of improving the K
matrices. The K matrix, as we know, was transformed
from the R matrix calculated within a certain reaction
volume V. The radius of ¥V, called r, is critical to the
R-matrix calculation, the K-matrix calculation, and the
final results of MQDT treatments. The possible impacts
of the ry value on the Mg 3pns spectra have been investi-
gated using two versions of K matrices, with r,=12 and
20 a.u., respectively.

II. THEORETICAL FRAMEWORK

Nowadays, calculations of autoionization spectra for
the alkaline-earth atoms may follow a standard routine of
MQDT, whose parameters may be determined by trans-
forming the K matrix. Here we do not intend to give a
complete description of the theory. Instead we only
briefly outline the relevant portions of the theory for the
sake of convenience to discuss results in Sec. III. The
readers interested are directed to Refs. [16—19] for a full
exposition of the theory.

The K matrix taken from either Ref. [6] or [9] is for the
three LS-coupled terms by which the J =1, odd-parity,
3sep, 3pns, and 3pnd configurations may be described.
The elements of the matrix are slowly varying functions
of energy and are given at three energies, which cover a
wide range of 4400 cm~!. In our calculation, as stated in
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Ref. [6], interpolation or extrapolation is necessary to ob-
tain a K matrix at all the energies we need. The matrix is
provided in the LS-coupled form; we transform it to the
Jjj-coupled form most suitable for MQDT analysis of au-
toionization spectra.

Diagonalization of a K matrix in the jj coupling gives
directly two sets of MQDT parameters U,, and u,. In-
terpretations of these parameters as a function of energy
give rise to valuable insight into the underlying dynamics
of the system, as well as providing energy levels, oscilla-
tor strengths, etc. U,,, an element of the unitary trans-
formation matrix U, connects the ith collision channel
and the ath eigenchannel. p, is the quantum defect of
the a channel. The two sets of parameters are related by

det{ U, sin[m(v; +u,)]1} =0 . (1)

For a closed channel, v; is the effective quantum number
of the ith channel; for an open channel, v;= —7,, where
T, is the phase shift for the pth open channel.

The wave function of a final state is described by the
mixing coefficients 4P’ or BY. [ A/P’)?, usually called
the spectral density, plays an important role in final au-
toionization spectra, which may be determined by

AP'= U,,cos[m(v;+p,)1BP , )
a

where p runs from 1 to 2 since we have two open chan-
nels; v; is related to the bound energy W; with

W,=—R /v}, 3)

where R is the mass-corrected Rydberg constant for
atomic Mg. The simultaneous solutions of Egs. (1) and
(3) immediately yield the energy positions of every au-
toionizing state.

In this paper, a seven-channel MQDT model is used to
study the Mg 3pns, J =1 states. The assignments of
seven channels are given in Table 1.

In the case of energy below the Mg 3p,,, ionization
limit, the first two jj-coupled channels in Table I are open
and the rest of the channels are closed. In this energy re-
gion, the principal quantum number n of the Mg 3p, ,nl
Rydberg series may be up to 35, which infers that the in-
teractions between the two series converging to the 3p, ,
and 3p; /, limits cover a great number of Rydberg states.

With the above knowledge, one may obtain the dipole
matrix elements D; and then the cross section of photo-
ionization. D; is the product of radial and angular parts
of the dipole matrix element. In our case, the radial parts
for two core tramsitions 3s,,,—3p; are virtually the
same, which yields a constant contribution to the final
spectrum. On the other hand, the angular parts, called
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overlap integrals, may be expressed as

2(vy; )Zsin'n'(uj —v)

0,= ,
2)

J

4)

US/ZV(U}—U

where j=1 or 3. Physically, O; represents the spatial
overlap between the wave functions of the outer electron
before and after the core excitation. v; are the effective
quantum numbers relative to the 3p,,, or 3p;/, ion limits
(at 35669 and 35761 cm ™!, respectively).

Finally one is able to obtain the cross section for exci-

tation of the doubly excited state, i.c.,

ocxow 3 | 3 D4, (5)
p={n,} |i=34

where o is the laser frequency of the core excitation and
n. is the number of open channels. Variation of ¢ with
energy gives rise to the autoionization spectra of the Mg
3pns states, from which the peak positions and widths
may be determined with great confidence. It is found
that the classification of all the peaks with their quantum
defects relevant to the 3p; limits may assist in assigning
them to different 3p;ns states. It is useful especially for
the higher-n states with n > 15. For the lower-n states,
the profiles of the features (including their shapes and
widths) are found to be more helpful than quantum de-
fects in determining which state a peak should be as-
signed to. The details of our assignments are described in
the next section.

III. RESULTS AND DISCUSSION

One of the advantages of MQDT is to treat all the
states in terms of channels, each channel containing an
infinite number of states characterized by a nearly
energy-independent quantum defect. Generally, a spec-
trum of an autoionizing state contains contributions from
all the possible channels. - One may in turn decompose a
spectrum into several components in terms of channels.
As a result, one may easily understand the physical pro-
cesses under the shadow of complex manifestations. Fig-
ures 1 and 2 show two examples of such an attempt.

Figure 1 contains the spectrum of the 3p;12s autoioniz-
ing state, with which spectra of two spectral densities 43
and A2, corresponding to the 3p;ns channels, are put to-
gether. In order to obtain a whole picture, the two over-
lap integral squareds O%,, and 0O}, are placed at the top
of the figure. Examination of Fig. 1 shows immediately
that the features of o can be classified into two groups:
the left one is mainly from 4% or the 3p, ,,12s state and
the other one is overwhelmingly from 43 or the 3p;,,12s
state.

TABLE 1. Assignments of J =1 channels in LS and jj couplings.
Labeling 1 2 3 4 5 6 7
Coupling
li) 35128P1 2 351,28P3 2 3p1,2n81 .2 3p3ansy 3p1pands 3p3pnds ), 3pspnds),
la) 3sep 'P, 3pns 'P, 3pnd 'P, 3sep °P, 3pns 3P, 3pnd 3P, 3pnd °D,
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FIG. 1. Line shape of the 35125 —3p;12s transition. From
the top to the bottom the spectra are for O}, 43, 4%, and 03,15,
respectively, where j =1 and 2.

On the other hand, the 3p;ns features are clearly locat-
ed below their corresponding O 1-2 profiles, which indepen-
dently indicate their own characters. Furthermore, the
3p,213s feature does not appear in the final spectrum as
expected since it locates near 96500 cm ™', where 0%,
reduces to zero.

Precise assignments of spectral features may be much
more apparent if one examines Fig. 2, which shows the
spectra of the 3p;12s autoionizing state and spectral den-
sities of all bound channels. Obviously, two broad
features may be identified as the 3p,,,12s and 3p;,,12s
states, respectively. All the sharp features in the figure
are due to configuration mixing with the Mg 3pnd J =1
states. This is evident if one examines the contributions
from various channels.

Note that the widths of the 3pns and 3pnd states with
the same n value are substantially different due to their
distinct coupling strengths with the 3sep; continuum
channels. Stated more explicitly, these 3pns autoionizing
states decay much faster than the 3pnd states to the 3sep;
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FIG. 2. Illustration of the classification of the features in
terms of the calculated constituent spectral density. The spec-
tral densities for the five bound channels are calculated as a
function of term energy. From the top to the bottom the spec-
tra are A3 to A2, and O3p125, Tespectively. Some peaks in the
final spectra originate from common features in several spectral
densities.
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continua. This phenomenon may be understood in a sim-
ple classical picture. Since the ns electron corresponds to
the larger eccentricity of the elliptical orbit or smaller
perihelion distance, the overlap between the 3pns and
3sep radial wave functions is significantly better than that
between the 3pnd and 3sep radial wave functions, leading
to the higher autoionization rate of the 3pns states and a
broader spectral feature. Note that since the magnitudes
of the 3pnd features are much greater than those of the
3pns features, to bring them together in the same scale re-
quires one to artificially magnify the 4? relevant to the
3pns channels. As a result, only the energy positions of
A} in Fig. 2 are of interest to us.

To investigate the interactions between the Rydberg
series converging to the 3p; ionization limits as well as
those between different channels in a quantitative
manner, it is helpful to calculate how much contribution
each channel makes to a specific 3p;ns spectral feature.
Tables II and III are results of this kind; detailed descrip-
tions of assignments of the levels tabulated will be fur-
nished later. One may see from Tables II and III that al-
most none of the 3pns features contain solely a contribu-
tion from a single channel. Actually, the excitations of
the 3pnd states are profound in many cases. This is due
to the nonpure character of the initial state of the excita-
tion. In some cases, different series make a comparable
contribution to a final 3pns feature, which means that
there exists heavy mixing between two 3p;nl series. On
the other hand, the 3p;ns and 3p;nd channels converging
to the same 3p; limit sometimes share a single 3pns
feature, which indicates strong coupling between chan-
nels. Above all, CIs are not only extensive, but also in-
tensive for the Mg 3pns autoionizing Rydberg series.
This sort of manifestation was observed previously in the
case of the Mg 3pnd (J =3) series [7]. As explained in
the 3pnd cases [7,8], a very small 3p; fine-structure split-
ting (~92 cm ™) is responsible for strong CIs in atomic
magnesium. As a reference, atomic barium has a very

TABLE II. Configuration mixing of five bound channels for
the 3p, ,ns series.

E (cm™!) A3 A3 A? Al A3}

91588.4 0.58 0.22 0.06 0.00 0.14
93544.3 0.83 0.17 0.00 0.00 0.00
94 650.5 0.89 0.11 0.00 0.00 0.00
953325 0.92 0.08 0.00 0.00 0.00
95785.3 0.87 0.06 0.00 0.00 0.07
11 96102.1 0.74 0.06 0.06 0.00 0.14
12 96318.1 0.64 0.00 0.00 0.06 0.30
13 96493.4 0.51 0.00 0.00 0.39 0.10
14 96 625.4 0.94 0.00 0.00 0.00 0.06
15 96724.3 0.77 0.23 0.00 0.00 0.00
16 96 810.0 0.88 0.12 0.00 0.00 0.00
17 96 879.1 0.75 0.05 0.06 0.00 0.14
18 96931.5 0.63 0.00 0.00 0.28 0.09
19 96977.3 0.90 0.05 0.00 0.00 0.05
20 97016.0 0.90 0.10 0.00 0.00 0.00
21 97048.6 0.74 0.00 0.00 0.00 0.26
22 97076.3 0.92 0.08 0.00 0.00 0.00

—_
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TABLE III. Configuration admixture of five bound channels
for the 3p; , ns series.

E (cm™) Al A2 A} A% A?

n
6 91872.6 0.20 0.69 0.05 0.00 0.06
7 93708.5 0.12 0.78 0.05 0.00 0.05
8 94 780.6 0.08 0.83 0.04 0.00 0.05
9 95443.6 0.05 0.87 0.04 0.00 0.04
10 95 885.4 0.00 0.90 0.10 0.00 0.00
11 96 193.4 0.00 0.85 0.15 0.00 0.00
12 96428.9 0.00 0.61 0.28 0.00 0.11
13 96 592.7 0.05 0.84 0.05 0.00 0.06
14 96 720.7 0.31 0.69 0.00 0.00 0.00
15 96 822.8 0.6 0.86 0.00 0.00 0.08
16 96 902.9 0.00 0.64 0.34 0.00 0.00
17 96971.1 0.13 0.81 0.00 0.00 0.06
18 97025.2 0.00 0.95 0.05 0.00 0.00
19 97071.0 0.08 0.86 0.00 0.00 0.06
20 97 108.1 0.00 0.89 0.11 0.00 0.00
21 97 141.7 0.15 0.76 0.00 0.00 0.09
22 97168.8 0.22 0.78 0.00 0.00 0.00

large 6p; fine-structure splitting (~ 1690 cm™!) so that
the 6p,,ns series solely interacts with the lowest
members of the 6p; ,ns (n <10) series. In contrast, the
Mg 3p,,,ns series interacts with all member of the
3p; s ns series, where n is up to 35.

To test the theory, we make a comparison with the ex-
periment [6] and reach good agreement with it. In calcu-
lations we have employed two versions of K matrices
with ry=12 a.u. [6] and 20 a.u. [9], respectively, to ob-
serve the impacts by the choice of r,. Figures 3 and 4
show two examples of the performance. They expose the
properties of the 3p;6s and 3p;11s autoionizing states. In
Fig. 4 the experimental spectrum is put in for handy
comparison. Detailed examinations of many 3pns states
(n=6-22) reveal that two versions of K matrices give
virtually the same results for most of the states, as ex-
pected. However, the differences between the two-
version calculations are profound for the lowest members
of the 3pns states. For those states, the experimental

6 (arb. units)

0 1 1 1
91000 92000

93000
Term Energy (cm™!)
FIG. 3. Line shape of the 3565—3p;6s transition. The top

one is from the K matrix with »,=12 a.u., the bottom is from
the K matrix with »,=20 a.u.
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FIG. 4. Line shape of the 3s11s—3p;11s transition. Two
calculated spectra in the bottom are from the K matrices with
ro=12 a.u. (dashed line) and 20 a.u. (solid line), respectively.
The experimental spectrum [6] is shown on the top for direct
comparison.

spectra with resolution of the 3p; fine structures have
been unavailable, making a direct and systematic com-
parison difficult. To our knowledge, only a few calcula-
tions and experiments for the lowest members (n =4-5)
of the 3pns and 3pnd (J =1) series by means of multipho-
ton ionization, are available [21-23]. It is apparent from
Figs. 3 and 4 that the smaller r; is in better agreement
with the experiments, which is understandable if one re-
calls the process of generating the R matrix and then the
K matrix. The K matrix with small »;, makes final spec-
tra more accurate, whereas the K matrix with a large r,
taking into account higher-order interactions neglected in
the small-r, K matrix, is less accurate due to divergence
of the wave functions as r increases. Thus, for the lower-
n states, autoionizing states lying energetically lower, the
profound dominance of short-range interactions is ex-
pected. The above manifestations indicate that r,=12
a.u. is large enough to enclose all of the “correlated” re-
gions in which the probability of finding two electrons is
non-negligible.

Now we are in a position of assigning all the 3pns
spectral features to correct 3pjns states. We have per-
formed configuration assignments with three different ap-
proaches. First, we calculated many spectra of the 3pns
states, n ranging from 6 to 22, and merged them in a suit-
able way so that we could clearly see the patterns of the
3pns and 3pnd profiles. Starting from the lowest 3pns
state in this study, where states with different quantum
numbers are impossible to confuse, one may assign each
peak with considerable confidence. Figures 5 and 6 show
two examples of such performances, which cover most of
the states concerned here. However, for the peaks lying
energetically higher, the situation becomes more compli-
cated. More explicitly, the spacings between successive
Rydberg states are comparable with the ion fine-structure
splitting; the widths of the 3p;ns states are comparable
with those of the 3p;(n —1)d autoionizing states. The
regularity of spectral patterns becomes ambiguous, which
is most evident for n around 14. In this n region the
spectra indeed exhibit noticeable interference effects due
to the overlap interference [6].
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FIG. 5. Line shapes of the 3sns —3p;ns transitions, where n
is from 6 to 10. Spectral densities for the five bound channels
are calculated to assist in identifying each peak. From the top
to the bottom the spectra are for 4% to A2, and T3p;ns» TESpEC-

tively. Again, some peaks in the final spectra originate from
common features in several spectral densities.

Under these circumstances, a more reliable way is to
sort peaks by their quantum defects, which are in general
a constant for high-lying autoionizing states in any Ryd-
berg series. An alternative approach to avoid possible
confusion is to calculate the configuration admixture
coefficients to find out the profound dominance of one or
two channels, as shown in Tables II and III. Armed with
these approaches, one is able to assign all the peaks to the
3pns or 3pnd autoionizing states confidently.

The results of the assignments are shown in Tables IV
and V. There are corresponding to two versions of K ma-
trices with r,=12 and 20 a.u., respectively. In the tables
the quantum defects (QDs) and the FWHM widths of
states are also tabulated. For the purpose of compar-
ison, in Table VI the experimental energy levels and
widths extracted from the experiment of the line-shape
study [24] are shown.

The energy levels predicted by the two versions of K
matrices furnished a quantitative way for verification of
some findings in Sec. II. Both versions reach satisfactory
agreement with the experiment to some extent, either for
energy levels or widths. We also noticed that there are
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FIG. 6. Same as Fig. 5, except these spectra are the line
shapes for the 3sns — 3p;ns transitions, where n is from 11 to 22.
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TABLE 1V. Energies and widths (FWHM) of Mg 3pns au-
toionizing states in cm ™! (calculated with a K-matrix of r,=12
a.u.).

Mg 3p,,,ns states Mg 3p,,,ns states

n Energy QD Width Energy QD Width
6 915884 1.63 44.0 91872.6 1.56 400.4
7 935443 1.62 34.1 93708.5 1.57 126.4
8  94650.5 1.61 26.0 94780.6 1.57 122.1
9 953325 1.60 13.2 95443.6 1.57 74.1

10 957853 1.60 17.7
11 96102.1 1.58 12.8
12 963184 1.63 7.2

95885.4 1.57 46.5
96193.4 1.58 26.6
96 428.9 1.53 15.2

13 96493.4 1.61 8.8 96 592.7 1.56 15.2
14 96625.4 1.60 9.6 96 720.7 1.57 6.4
15 967243 1.63 12.0 96 822.8 1.56 15.2
16  96810.0 1.59 2.4 96 902.9 1.58 4.9
17 96879.1 1.55 33 96971.1 1.55 4.8
18  96931.5 1.58 3.1 97025.2 1.55 7.0
19 969773 1.57 52 97071.0 1.53 3.6
20 97016.0 1.55 1.6 97 108.5 1.54 4.0
21 97048.0 1.57 1.2 97 141.7 1.52 2.8
22 97076.3 1.54 24 97 168.8 1.53 1.2

small shifts in energy between resonance peaks of the
theory and experiment for several autoionizing states.
The widths given in tables follow a dependence on the
quantum number n as qualitatively expected. For the
3pns 1P1 series, the width of a state decreases with in-
creasing number n, due to the weaker electron-electron
Coulombic interaction, as a consequence of the decreas-
ing overlap of their orbitals. In general, the calculated
widths are found to be larger than those of the experi-
ment. It is worth noting that in some regions the widths
of the 3p;ns states do not follow the mentioned tendency.

TABLE V. Energies and widths (FWHM) of Mg 3pns au-
toionizing states in cm ™! (calculated with a K-matrix of r,=20
a.u.).

Mg 3p,,,ns states Mg 3p,,ns states

n Energy QD Width Energy QD Width
6 915884 1.63 24.0 91852.6 1.57 360.4
7 93546.3 1.62 18.2 93714.5 1.57 186.2
8 94 650.5 1.61 18.0 94 788.6 1.57 102.1
9 953325 1.60 14.2 95441.6 1.57 61.1

10 95786.1 1.59 12.1 95883.8 1.58 39.3

11 96 102.9 1.58 8.0 96 191.8 1.59 24.0
12 96317.6 1.63 7.2 96428.9 1.53 11.7
13 96 492.6 1.61 6.4 96592.7 1.56 11.2
14 966254 1.60 7.2 96 720.7 1.57 4.8
15  96725.1 1.63 12.8 96 823.6 1.56 11.2
16  96810.0 1.59 2.4 96 902.9 1.58 4.3
17 96879.1 1.55 24 96971.1 1.55 4.1
18 96931.5 1.58 3.1 97025.2 1.55 6.2
19 96977.3 1.57 4.0 97071.0 1.53 2.8
20 97016.0 1.55 0.8 97 108.1 1.55 32
21 97047.6 1.58 1.6 97 141.7 1.52 2.8
22 97076.3 1.54 24 97 168.8 1.53 1.2
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TABLE V1. Energies and widths (FWHM) of Mg 3pns au-
toionizing states from the experiment [24] (in cm ')

Mg 3p;,ns states
Energy QD Width

95 883.8 1.58 42.8
96191.8 1.59 25.1

Mg 3p,,ns states
n Energy QD Width

10 95786.1 1.59 15.1
11 96102.9 1.58 13.0

12 96317.6 1.63 3.8 96428.9 1.53 9.4
13 96492.6 1.61 4.1 96 592.7 1.56 10.1
14 96625.4 1.60 6.5 96 720.7 1.57 4.7
15 96725.1 1.63 12.7 96 823.6 1.56 9.8
16  96810.0 1.59 1.9 96902.9 1.58 3.8
17 96879.1 1.55 2.1 96971.1 1.55 3.8
18  96931.5 1.58 2.8 97025.2 1.55 5.6

For instance, widths of the 3p;14s and 3p;15s states
behave quite differently. The widths are changed dramat-
ically around these states because of the “overlap in-
terference” mentioned earlier. The manifestation may be
explained by the fact that there is a coincidence that the

spacing between the n =14 and 15 states matches the ion
fine-structure splitting.

IV. CONCLUSION

We have presented a systematic study of the spectro-
scopic characteristics of the Mg 3pns autoionizing Ryd-
berg states. The combination of MQDT with the K ma-
trix enjoys great success in predicting energy levels and
widths as well as providing a detailed interpretation of
physical manifestations for the series. The calculations
allow one to identify and designate all the spectral
features with great reliability. The study also shows that
the improvements for experiment and theory are desir-
able.
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